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Abstract: The kinetics and uniformity of ion insertion reactions at the solid/liquid interface govern
the rate capability and lifetime, respectively, of electrochemical devices such as Li-ion batteries.
We develop an operando X-ray microscopy platform that maps the dynamics of the Li composition
and insertion rate in LixFePOs, and show that nanoscale spatial variations in rate and in
composition control the lithiation pathway at the sub-particle length scale. Specifically, spatial
variations in the insertion rate constant lead to the formation of nonuniform domains, and the
composition dependence of the rate constant amplifies nonuniformities during delithiation but
suppresses them during lithiation, and moreover stabilizes the solid solution during lithiation. This
coupling of lithium composition and surface reaction rates controls the kinetics and uniformity

during electrochemical ion insertion.

One Sentence Summary: X-ray microscopy reveals the nanoscale evolution of composition and

reaction rate inside a Li-ion battery during cycling

Main Text: The insertion of a guest ion into the host crystal is the fundamental reaction
underpinning insertion electrochemistry and has been applied to store energy (/), tune catalysts

(2), and switch optoelectronic properties (3). In Li-ion batteries, for example, Li ions from the
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liquid electrolyte insert into solid host particles in the electrode. Nanoscale intraparticle
electrochemical inhomogeneities in phase and in composition are responsible for mechanical strain
and fracture which decrease the reversibility of the reaction (4). Moreover, these nonuniformities
make it difficult to correlate current-voltage measurements to microscopic ion insertion
mechanisms. Simultaneously quantifying nonuniform nanoscale reaction kinetics and the
underlying material composition at the solid-liquid interface holds the key to improving device

performance.

A gold standard material for investigating ion insertion reactions is LixFePO4 (0<X<1), which
separates into two phases at equilibrium (5). Recent studies using in situ X-ray diffraction observed
a continuous distribution of lattice constants at high rates of (de)lithiation (6—9). This finding
supports the hypothesis that phase separation is suppressed during (de)lithiation and replaced with
a solid solution crystallographic insertion pathway (/0), consistent with theoretical predictions (71,
12). Precise quantification of the Li composition (X) is difficult because the lattice constant change
convolves information from both Li composition and mechanical strain (8). Whereas
heterogeneous current distributions between particles have been studied (7, 13, 14), there exists
little understanding of how compositional nonuniformities evolve within individual particles.
Diffuse interfaces have been proposed from diffraction patterns (7), but it is unclear where they
occur or how they develop over time. Even less understood is the effect of interfacial reactivity
on the single-particle lithiation pathway, which has been explored using models (/1, 15) but not

probed experimentally.

In LixFePOs, an insertion reaction changes X as well as the valence of Fe (13). Thus, tracking
the spatial and temporal evolution of the Fe oxidation state reveals both the composition and the
nanoscale insertion rate. Scanning electrochemical microscopy provides quantitative current-
voltage measurement but is insensitive to the Li composition (/6). Redox-sensitive liquid
microscopy techniques such as transmission hard X-ray microscopy (/7—19), fluorescence soft X-
ray microscopy (20), and transmission electron microscopy (TEM) (27) have been employed to
track Li transport with single-particle sensitivity (7, 20, 21), or within agglomerates (/7, 19) in
insertion electrodes. However, tracking the spatial evolution of lithiation within the same particles
under multiple electrochemical conditions in liquid has not been realized due to insufficient

spatial/temporal resolution, high beam-induced damage, and/or low absorption contrast.



Additionally, while three-dimensional X-ray microscopies have revealed significant insights on
morphology, strain, and dislocation of single particles (22—24), quantitative measurement of the

local insertion rate remains elusive.

We develop synchrotron-based liquid scanning transmission X-ray microscopy (STXM) to
probe the spatio-temporal evolution of the Li composition and insertion rate within primary
particles (Fig. 1A). Using a microfluidic electrochemical cell, we image the Li composition of ~30
single-crystalline, carbon-coated LixFePOjs particles (Fig. 1B,C) using soft X-rays while they
delithiate (charge) and lithiate (discharge) in an organic liquid electrolyte. This platelet particle
morphology has been used in fundamental studies of LixFePO4 (20, 25-27). The particles’ [010]
crystallographic axis, which is the fast Li diffusion direction (28), lies parallel to the X-ray beam.
We utilize operando STXM to track the change in the Fe oxidation state that accompanies lithiation
at the Advanced Light Source STXM beam line 11.0.2.2 and at 5.3.2.1 (29). By raster-scanning
LixFePOys platelet particles (~1 um wide and 150 nm thick, specific capacity: ~150 mAh g'!, Fig.
S1-3) with a 50 nm X-ray probe, we acquire the nanoscale X-ray absorption spectra at the Fe L3
edge (Fig. 1D), from which the local Li composition (X) is quantified (/3). Spectral analysis
confirms that the composition of solid solution and phase-separating LixFePO4 can be determined
through a linear combination fit of the end-member states (Fig. S4-6), consistent with previous
work (13, 20, 30).

The battery particles are housed in a multi-model microfluidic electrochemical cell
(Hummingbird Scientific), also used for liquid TEM (21, 317). The liquid electrochemical cell
consists of two sandwiched Si membrane chips, with 75-nm-thick SiNx windows and
fluoropolymer O-rings for imaging and sealing, respectively. The electrolyte (1.0 M LiClO4 in
tetraethylene glycol dimethyl ether) flows from the liquid inlet to the outlet, passing through the
~1 um gap between the chips (Fig. 1A). The thin spacing minimizes attenuation of soft X-rays,
and the flow of electrolyte minimizes interaction between the sample and the beam. The working
electrode consists of a single layer of LixFePOj4 platelet particles dispersed on a 1.2 x 1.7 mm Au
current collector (Fig. S7), which was evaporated on one of the SiNx membranes. By using a single
layer of particles with an electrode porosity > 90%, we minimize tortuosity and transport losses at
the electrode level. Low active material loading in this dilute electrode yields current density on
the order of 0.1 pA cm™ when normalized against the projected area of the current collector. This

is approximately 3 orders of magnitude less than typical porous electrodes. Finite element analysis
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confirms that the electrolyte salt concentration and potential do not deviate from open-circuit
values by more than 0.04 M and 2 mV, respectively, in the chip during cycling at C/5 and 0.2 M
and 15 mV at 2C (Fig. S8). The microfluidic cell has negligible capacitance or stray reactions
(Fig. S9) and employs a Li foil counter electrode (Fig. 1A). As a result, we observe the expected
voltage plateau at ~ 3.4 V (Fig. 1E) and stable capacity (Fig. S10) over multiple cycles despite a
low active material loading. At low rates, the electrochemical profile of the microfluidic cell is
similar to that of a LixFePOj4 electrode cycled in a coin cell (Fig. S3). At high rates, the profile
deviates somewhat from that of coin cells. We hypothesize these deviations arise from to
delamination of certain particles at higher rates; our analyses were conducted on particles that are

not delaminated.

Figure 2A shows operando spectroimaging of a typical particle undergoing multiple
delithiation and lithiation cycles. The hue represents the Li composition (green: X=0; red: X=1).
This result confirms that the particles successfully (de)lithiated electrochemically even after
repeated exposure to the X-ray beam, reflecting the low X-ray dose (Fig. SI11) and high
electrochemical fidelity. We track several particles (de)lithiate at 0.2C, 0.3C, 0.6C and 2C (Fig.
2A-C), where C indicates the rate it takes to (de)lithiate the entire electrode in 1 h. The Li
composition averaged over each particle (determined spectroscopically) tracks the mean
composition of the electrode (determined electrochemically) (Fig. S12). This implies that nearly
all particles are active, consistent with previous reports on this particle morphology (20). We
compute the single-particle C-rate in Fig. 2A-C and confirm that increasing the global current
increases the rate of (de)lithiation of individual particles. When lithiated at a high rate of 2C, the
operando Li composition maps (Fig. 2B, movie S1) show that the particles intercalate uniformly.
In other words, there exists little variation in composition across each particle, and the composition
changes continuously over time from X=0 to X=1, as also quantified using line cuts (Fig. 3A). We
interpret this as a solid-solution behavior. X-ray diffraction of the (020) reflection reveals
significant intensity between the Li-rich and Li-poor phases, suggesting that phase separation
along [010] — the direction parallel to the X-ray beam — is unlikely to explain the uniformly varying
Li composition. (Fig. S13) This finding is consistent with the high elastic strain energy penalty of

phase separation in that direction for our particle size (15, 32).



We also conducted an ex situ experiment by mapping the Li composition in half-delithiated
particles cycled at 1C and subsequently relaxed for ~12 h (Fig. 2D). These particles show sharp
phase boundaries between Li-rich and Li-poor regions. The phase boundaries follow the facets of
the particle, consistent with an elastically-driven process. The line cuts of X within a relaxed
particle (Fig. 3B) clearly show that the Li composition is binary, where X=0 or X=1 for nearly
every pixel. These observations, similar to previous ex situ studies (25, 26) and theoretical
calculations (75, 27), confirm that phase separation under the influence of elastic strain dominates

the equilibrium Li distribution.

A surprising observation for intermediate C-rates (0.2—0.6C) during lithiation and all rates
during delithiation is that regions of fast Li ion (de)insertion and slow (de)insertion are visible (Fig.
2B,C, movie S2). Fast regions (de)lithiate preferentially while the remainder of the particle lags
behind. We term these regions “domains” because their Li composition is not binary, but rather
varies continuously during cycling, as evident in the line cuts (Fig. 3A). This is a visualization of
the compositionally nonuniform solid solution pathway, where there exist many solid solution
domains in a single particle. At rates of 0.6C and higher, the electrochemical domains are largely
circular or ellipsoidal, without being oriented with respect to the facets. At rates of 0.2 and 0.3C,

the domain shapes contain both faceted and ellipsoidal features.

In contrast to standard phase separation models which incorporate moving phase boundaries
(5), intercalation waves (33), or domino cascades (34), we observe the fast domains (35) do not
grow significantly in size. Rather, lithiation is accompanied by continuously changing the Li
composition within each domain, with two or more concurrent solid solution processes (Fig. 3C).
Our results show that the presence of both Li-rich and Li-poor regions within a single particle do
not necessarily lead to moving phase boundaries. The slow growth of these domains can be
explained because gradient energies, as modeled by Cahn-Hilliard-based reaction kinetics (36),

slightly favor the (de)insertion of Li at domain boundaries (/7).

We quantify the local current density within individual particles, calculated by evaluating the
pixel-wise difference in X between sequential frames (35). Since LixFePOys is a one-dimensional
Li conductor (28), a change in X is attributed to ion insertion at the solid/liquid interface
perpendicular to the ion conduction channels. Figure 3D maps the current density of several

particles and shows domains of higher current density relative to the rest of the particle. the same



domains are fast under both lithiation and delithiation, thus confirming that the domain structures
do not arise from random nucleation sites or spinodal decomposition. We rule out spatial variations
in solid Li diffusion in the [010] direction as the origin of domain structures as the characteristic
solid Li diffusion time in LixFePO4 along the 150-nm-thick [010] direction is ~1 ms for X=0 and
~10 ms for X=1 (28), which are both much faster than total (de)lithiation times of 0.5 to 5 h. We
conclude that spatial variations in the insertion reaction kinetics at the solid/liquid interface give
rise to these domain structures. The surfaces of the fast domains are more reactive for all Li
compositions (Fig. S16). In this text, we use “heterogeneity” to describe spatial variations in
reaction rates, and “nonuniformity” to describe spatial variations in composition. Possible origins
for these reaction heterogeneities include inhomogeneous strain (24), variations in carbon coating,

and surface defects induced by cycling (18).

We quantify the degree of intraparticle composition uniformity by analyzing the standard
deviation of X in each particle at every recorded frame (Fig. 3E and S14). Our statistical analysis
confirms that higher cycling rates reduce the variations in composition within a particle, resulting
in more uniform intercalation (higher uniformity coefficient). Moreover, delithiation is
significantly less uniform than lithiation. The statistical analysis and direct imaging of the same
particle under different cycling rates show that LixFePOj4 exhibits (1) fully lithiated and delithiated
regions (i.e. phase separation) when relaxed for an extended period of time, (2) compositionally
nonuniform solid solution (i.e. domains) at intermediate rates, and (3) domain-free,
compositionally uniform solid-solution at high rates (summarized in Fig. 3F). In other words, the
difference in the Li composition between Li-rich and Li-poor domains diminishes at higher rates
of cycling, where the high applied overpotential stabilizes the uniform compositions for the same
reasons that solid solution is stable with faster cycling (6, 8, 9, 11, 15). Consistent with this physical
picture, restarting delithation on a relaxed, phase-separated particle brings the particle into a solid

solution, and a solid solution particle phase separates over time when it is idle (Fig. S15).

To understand the intrinsic ion-insertion rate constant as a function of the Li composition, we
identify a set of actively (de)intercalating pixels with approximately uniform composition in each
particle at low cycling rates, and then spectroscopically measure the current density for that set of
pixels. The chosen set of pixels lies within a single domain and intercalates uniformly. Because

there is a disagreement regarding the quantitative relationship of current and overpotential between



Butler-Volmer and Marcus kinetics (37), we limit our analysis to overpotentials <120 mV. In this
regime, the reaction models converge, and we use a linear relationship between current and voltage

to extract the exchange current density (jo) and quantify the reaction kinetics (35)(Fig. S16-18).

By measuring the nanoscale jo at the sub-particle level, our results show that the reaction rate
depends strongly on X, the local Li composition (Fig. 4A): jo is low for Li-poor and Li-rich end
members, likely due to low concentrations of Li ions and vacancies, respectively (36, 38, 39). The
magnitude of jo varies non-monotonically with Li composition, and, interestingly, peaks at a
composition of ~Lig25FePOa. For the particles measured, jo peaks between 6 x 102 and 1 x 102 A
m. This composition-dependent jo reflects the defect chemistry of LixFePOs (38) whereby X
modulates not only bulk thermodynamics and transport but also the surface kinetics of ion insertion.
The skewed jo—X relationship is in contrast to Newman’s model (39), which is symmetric about
X=0.5. A skewed jo—X curve was first proposed by Bazant using a general phase-field theory of
chemical kinetics based on nonequilibrium thermodynamics (36). Following Bai, Cogswell, and
Bazant (11, 15), we conduct a linear stability analysis of the model and confirm that such a skewed
Jo-X curve is a necessary condition to suppress phase separation above a critical lithiation current
(Fig. S19). In contrast, the theory predicts that the solid solution pathway is linearly unstable for a
Jjo curve symmetric about X=0.5 for all lithiation rates, although diffuse interfaces, or quasi-solid

solutions, may still form.

The strong spatial and compositional dependence of jo within individual particles explains why
domains persist more during delithiation than during lithiation. If the shape of the jo-X curve is
invariant between domains within a particle (Fig. S16), the fast domains must consistently exhibit
a higher jo for any X (Fig. 4B). During delithiation from X=1, the rate accelerates from X=1 to
X~0.25 (Fig. 4B). This positive feedback amplifies the difference in the reaction rate between slow
and fast domains: jy for the fast domain (which has a lower X) is much larger than jo for the slow
domain (Fig. 4C). On the other hand, during lithiation from X=0, the fast domain initially
accelerates from X=0 to X~0.25 , but decelerates once it passes X~0.25, when jy starts to decrease
with greater X. Because X is higher for the faster domain, this negative feedback diminishes the
difference in reaction rate between the two domains (Fig. 4D). The acceleration regime during
delithiation is about three times larger than in lithiation, and quantitatively explains why

delithiation is less uniform than lithiation. Thus, whereas high rates of lithiation yield nearly



uniform compositions and current densities, similar rates of delithiation are highly nonuniform
(Figs. 2C, 3A, 3E). This skewed relationship may also describe some of the observed asymmetries
in the voltage profile between charge and discharge. other factors, like an asymmetric charge

transfer coefficient (/3), may also contribute to the observed hysteresis.

In summary, we developed an electrochemical liquid spectroimaging platform that quantifies
nanoscale ion insertion kinetics in highly heterogeneous materials. By simultaneously mapping
the Li composition and the insertion rate with high spatial and temporal resolution, we track the
evolution of compositionally nonuniform solid-solution domains during (de)lithiation of LixFePOas.
We show that spatial heterogeneities in reaction rates account for the domains, and the skewed jo-
X relationship amplifies reaction heterogeneities during delithiation but suppresses them during
lithiation, consistent with theoretical predictions (/1, 15, 36). These results highlight the crucial
role of surface reaction rate for lithiation, and have implications for electrode engineering and
battery management. Higher rates of lithiation suppress compositional nonuniformities within
particles and minimize mechanical stress and have been shown to improve cyclability (4).
However, the same statement is not true for delithiation, where reaction heterogeneities manifest
in compositional nonuniformities. Beyond batteries, our work highlights the importance of

composition on ion-insertion kinetics, which affects a broad class of electrochemical materials.
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Figure Captions

Fig. 1. Liquid STXM nanoimaging platform. (A) Schematic of the operando liquid imaging
platform. The LixFePO4/Au working electrode is placed in the sandwiched SiNy stack, and the Li
foil counter/reference electrode is placed in a syringe outside of the chamber, connected ionically
via the electrolyte tube and electronically via a potentiostat. The inset in show a cross-sectional
view of the cell. (B) Bright field TEM and electron diffraction of a typical LiFePOg platelet particle.
(C) High-resolution TEM of the carbon coating (outlined) of a LiFePOy4 particle. (D) Typical X-
ray absorption spectra of a LiFePO4 and FePO4 particle in liquid. (E) Electrochemical cycling of
LixFePOg4 particles in the microfluidic liquid cell.

Fig. 2. Representative operando frames of Li insertion and extraction. (A) Operando Li
composition frames of a single particle over multiple (de)lithiation cycles. (B-C) Representative
frames of different particles taken at various lithiation and delithiation rates. (D) Ex situ frames of
Li composition for relaxed particles, showing the equilibrium distribution of Li within particles,
Because the particle loading on the electrode is low, each acquired image typically contains a
single particle, and this figure assembles multiple images together. The hue indicates the Li
composition X, where red is X=1 and green is X=0. The number below each frame indicates the
timestamp in minutes (white), and the C-rate of that particle in that frame (yellow, see
supplemental for calculation protocol). t=0 is defined as the time the (de)lithiation cycle started.

Fig. 3. Identification of domains in Li composition. (A) Line cuts of Li composition (X) of the
same particles under different cycling conditions. The same pixels in a particle were sampled. (B)
Line cuts of the relaxed, phase separated particles. (C) The fast domains, outlined in blue, do not
significantly grow in size. (D) Current density quantification reveals regions of higher insertion
kinetics, calculated from delithiation. The same fast domains are present in both charge and
discharge. (E) The uniformity coefficient increases with cycling rate, and is consistently higher
for lithiation than delithiation. This was calculated from the standard deviation of X in each frame
of a particle, where higher standard deviation indicates lower uniformity (see Fig. S14 for
definition). A coefficient of 0 indicates a binary distribution in the phase separation limit, whereas
a coefficient of 1 indicates the uniform solid solution limit. The value in parenthesis indicates the
number of particles analyzed under that condition. (F) Scheme of the insertion pathway as a
function of the lithiation rate. All images use a uniform scalebar.
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Fig. 4. Quantifying the insertion kinetics and exchange current density. (A) The measured
exchange current density (jo) varies non-monotonically with the Li composition X. Solid line is a
guide to the eye; k% is around 1 x 102 A m™. See supplementary text for error calculation. Each
marker in each color represents a different particle. The dashed lines show the shifted jo-X curve
due to uncertainty arising from the fact that the specific capacity of the particles is less than the
theoretical capacity. (B) Because the skewed jo peaks at X~0.25, jo for the fast domains is several
times larger than jo for the slow domains during delithiation, but the two quantities are comparable
during lithiation. (C) During delithiation from X=1 to X=0, the fast domains have lower X, which
amplifies the difference in current density between the two domains. (D) Upon lithiation from X=0
to X=1, the fast domains have higher X, reducing difference in the current density.
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Materials and Methods

Synthesis of LiFePO4

LiFePOq platelet particles were synthesized using a solvothermal method with a mixed water
and polyethylene glycol solvent, modified slightly from previous reports (20, 40). Care was taken
to ensure that the FeSO4 precursor is not exposed to dissolved oxygen in water. All precursors
were purchased from Sigma-Aldrich. 6 mL of 1M H3PO4uq was mixed with 24 mL of
polyethylene glycol 400. Afterwards, 18 mL of 1M LiOHq) was added to create the creamy-white
Li3POg4 precipitate. This mixture was bubbled with dry N> for ~16 h with a flow rate of ~50 mL/min
to remove dissolved oxygen. 6 mmol of FeSO4 -7 H>O was dried under vacuum in a Schlenk line
for ~16 h, while 12 mL of H,O was also bubbled under dry N, for ~16 h with a flow rate of ~50
mL/min. Next, the deoxygenated H>O was transferred to the dried FeSO4 powder, and stirred for
about 10 minutes, creating a lime-green solution. The FeSO4 solution was transferred to the LisPO4
suspension without oxygen exposure, and the entire mixture was transferred to a 100 mL teflon
lined autoclave. The autoclave was heated to 140° C for 1 h, then to 210° C for 17 h. This procedure
yields micron-sized LiFePOs platelet particles.

The white LiFePO4 particles were centrifuged 3 times with deionized water. Next, it was
mixed with sucrose at a ratio of 5:1 (LiFePO4:sucrose) without breaking the primary particles. This
sample was heated to 600° C for 5 hr in a tube furnace under flowing Ar to yield the carbon-coated
LiFePO4. Powder X-ray diffraction confirms that this is single-phase (Fig. S1), and transmission
electron microscopy (TEM) confirms that each particle is single-crystalline (Fig. 1B,C).
Inductively-coupled plasma, optical emission spectrometry gave a Li:Fe:P ratio of 1.01:1.00:0.98
(+/- 0.04).

The electrochemical performance of particles was tested in standard CR2016 coin cells. The
electrode film contains the carbon-coated LiFePOs platelet particles, carbon particles, and
polyvinylidene fluoride (PVDF) as a binder. First, PVDF was dissolved in N-methyl-
pyrrolidinone. Afterwards, Timcal C65 carbon black and carbon-coated LiFePO4 were mixed into
the suspension and stirred for ~ 24 h. The composition of the solids is 74 wt% LiFePOa, 20 wt%
carbon black, and 6 wt% PVDF. The mass ratio of the liquid to solid is 5:1. The suspension was
cast onto carbon-coated Al foil using a doctor blade with a nominal gap of 15 um, and dried under
vacuum at 90° C for ~ 12 hr. Next, coin cells were assembled in an Ar glove box using a 1 cm
diameter LiFePO4 electrode, 2 Celgard separators, and a 12-mm diameter Li metal counter
electrode (Alfa Aesar). The electrolyte was 1 M LiClO4 dissolved in a 1:1 (wt/wt) mixture of
ethylene carbonate (EC) and dimethyl carbonate (DMC), or 1 M LiClOy4 in tetraethylene glycol
dimethyl ether (TEGDME). The specific capacity is ~150 mAh g'! at a rate of C/10 (Fig. S2,3).

Relaxed particles

After cycling an electrode in a coin cell (electrolyte: 1M LiClO4 in EC:DMC) for 4 formation
cycles at a rate of C/10, we delithiated the electrode at a rate of 1C for 30 minutes, to a nominal
state of charge of 50%. The coin cells were rapdily disassembled in an Ar glovebox (~ 4 min), and
rinsed with excess DMC. Next, we dispersed the cycled particles onto lacey carbon TEM grids,
and imaged the Li composition using scanning transmission X-ray microscopy (STXM) at beam
line 5.3.2.2 at the Advanced Light Source. The particles were imaged ~ 12 h after disassembly.
The quantification was conducted by fitting a linear combination of fully-lithiated and fully-
delithiated reference spectra to the X-ray absorption spectra of each pixel, following previous work
(13).




Liquid STXM nanoimaging platform:

Chip fabrication: The Si/SiNy chips used for the working electrode were fabricated via a
standard photolithography technique. 4-inch diameter, 200-pum-thick wafers were cleaned using
the RCA method, consisting of 10 min in NH4OH/H>0, at 50°C, 10 min of HCI/H20, at 70°C, and
I min of diluted HF (50:1). 75-nm-thick SiNx was grown on the wafers using low-pressure
chemical vapor deposition. Next, photolithography was used to define the X-ray transparent SiNx
window on the backside of wafers, and reactive ion etching (RIE) was used to remove the exposed
nitride layers (SF¢/O2> =100/10). After removing photoresist in acetone, the exposed silicon was
etched through in 30% KOH bath at 80°C to create suspended SiNx window on the frontside (30
x 750 um). Each chip is ~ 6 mm long and 5 mm wide.

A second photolithography process was used to define the metal current collector pads (Fig.
S7A). 5 nm/20 nm Ti/Au was deposited by e-beam evaporator and unwanted metal was lift-off in
a Remover PG bath (Microchem). A 75-nm-thick SiNx passivation layer was grown by plasma-
enhanced chemical vapor deposition on top of the metal layer. This passivation layer protects the
exposed Ti adhesion layer at the edges of the Au current collector from reacting with the
electrolyte. The working electrode was defined by another photolithography step, and the
passivation layer was removed by RIE process to expose the metal current collectors. The
individual chips were cut using a wafer dicing saw, and cleaned in acetone, isopropanol, methanol,
and deionized water, consecutively. After being dried in a stream of dry Ar, each chip was treated
in Oz plasma (100 mtorr O2, 100 W, 2 min). The spacer chip design is identical to the one from ref
(41).

Particle loading: A single layer of between ~10,000 and 50,000 particles was dispersed on
the working electrode. The dimension of the working electrode is 1.2 x 1.7 mm, of which about
30 x 750 pm contain the X-ray transparent SiNx window for imaging. To disperse the particles,
we first sonicated them in isopropanol alcohol ~30 mins, and then dropcast or spincoated them on
the working electrode chip. Aggregated particle regions are stamped repeatedly by
polydimethlysiloxane (PDMS) for removal, leaving behind a single layer of isolated particles (Fig.
S7B).

To estimate the capacity, we charged the electrodes in the microfluidic cell to 4.0 V at a
constant current between 1 and 3 nA, then discharged to 2.5 V at the same current. The particles
in the electrode have a capacity ranging from 1 nAh to 10 nAh. The global C-rates are calculated
from applied current and this measured capacity. After computing the capacity, we lithiated and
delithiated the electrode at different rates during imaging, starting with low rates and ending with
higher rates. The current density employed minimizes concentration and potential gradients in the
electrolyte (Fig. S8). The capacity of our particles in the microfluidic cell is much higher than the
blank electrode without particles (Fig. S9), and is also stable over multiple cycles (Fig. S10).

PEEK tubing: A 50-cm long polyetheyer ether ketone (PEEK) tube connects the working
electrode (LiFePO4/Au) and the counter electrode (Li foil in a polypropylene syringe with a copper
tab for current collection). The tube was filled with 1.0 M LiClO4 in TEGDME electrolyte.
TEGDME was chosen as the solvent because its lower density (~1.0 g cm™ vs. ~1.3 g cm™ for EC)
minimizes the absorption of soft X-rays.

The resistance of the electrolyte through the PEEK tube was quantified by applying several
current pulses and measuring the voltage response. The resistance is typically about 100 MQ. This
results in an Ohmic loss of 100 mV for a 1 nA current. This Ohmic loss was corrected in all voltage
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plots and overpotential calculations. All electrochemical measuremetns were conducted using a
Biologic SP240 potentiostat with an ultra low current module.

X-ray imaging

STXM was conducted at beam line 11.0.2.2 and 5.3.2.1 of Advanced Light Source (ALS).
The operando STXM at 11.0.2.2 shown in this work utilizes a 45-nm zone plate. High-resolution
images were raster-scanned in 50-nm-steps, with a dwell time of 1 ms per pixel. The additional
operando STXM at 5.3.2.1 utilizes 60-nm zone plate.

X-ray radiation dose

The flux of the beam was controlled using a 10-pum dispersive slit and 10-pm non-dispersive
slit. The photon flux is ~3 x 107 photons/s. About half the flux is absorbed by the SiNx window
and the Au current collector, which is placed between the beam and the particle. Half the remaining
photons are absorbed by the 150-nm-thick LixFePOys particles. Thus, the flux on the particles is ~8
x 10% photons/s. The exposure time was ~ 1 ms per pixel, so the photon dose is ~8 x 10°
photons/pixel, which is ~9 x 107'* J/pixel when the photon energy is 700 eV. The density of
LiFePOy4 is 3600 kg m~, so the mass for a 150-nm-thick particle in each pixel is 1.4 x 10"'8kg. The
dose is calculated to be ~6 x 10° Gy per energy, which is 200 times lower than fluorescence X-ray
measurements(20), even though the pixel density is doubled. At 703 eV, below the Fe edge, the
dose is about 3-4 times lower.

High doses of X-rays have been known to lithiate, or reduce, LixFePO4 particles when in the
presence of a liquid electrolyte (20). In Fig. S11, we quantify the degree of beam-induced lithiation
by repeatedly measuring the Li composition of the same partially-lithiated particle at open circuit
under different aggregate doses. The Li composition was calculated by fitting a linear combination
of fully-lithiated and fully-delithiated references to the measured X-ray absorption. We show that
beam-induced damage is negligible even up to a dose of 60 x 10° Gy. After repeat imaging, the
maximum aggregate dose experienced by one of the particles in our operando experiment is ~25
x 10° Gy.

Determining the Li composition X
We determine the single-pixel Li composition from the X-ray absorption spectra at each pixel.
We first compute the optical density (OD) then fit a linear combination of the reference to the OD.

Optical density: The OD is calculated using:

I
0D = —II’IE (Sl)

where [ is the X-ray transmitted at every pixel, and Iy represents the transmitted X-rays in the
absence of a particle. Because each imaging frame is rectangular, the more-absorbing pixels
contain the LixFePOg particle, and the less-absorbing pixels contain the areas where there are no
particles. Iy is calculated by sorting the transmitted intensity of all pixels, then appropriately
obtaining the 80" percentile in intensity (see Fig. S4).

Particle thickness: The thickness (Th) of the particle equals the OD at the 703 eV pre-edge
multiplied by the attenuation length (Th = 4 x OD). At 703 eV, the attenuation length (1) of



LiFePO4 was calculated to be 434 nm (42, 43), so the average particle thickness is about 150 nm
for an OD of 0.3.

Reference spectra: The X=0 reference was taken from the X-ray absorption spectra of a
particle when the electrode is held at 4 V; the X=1 reference was taken from the same particle at
2 V. Due to high chemical contrast between the LiFePO4 and FePO4 phase at the Fe L3 edge (Fig.
1D), the OD at three energies is sufficient to precisely determine the Li composition. We used 703
eV, 706 eV, and 713 eV: 703 eV is the pre-edge absorption, and 706 eV and 713 eV are energies
of significant contrast between the LiFePO4 and FePO4 phases. We subtract the optical density at
703 eV from the optical density of the other energies, and record the four variables:

LFP707: Mean optical density of the lithiated particle at 706 eV
LFP712: Mean optical density of the lithiated particle at 713 eV
FP707: Mean optical density of the delithiated particle at 706 eV
FP712: Mean optical density of the delithiated particle at 713 eV

Image processing

Image alignment: All imaged frames for the same particle were aligned using the Lucas-
Kanade algorithm (44), creating a stack of OD images for every particle. Images for the same
particle taken at different times and cycling conditions were also aligned.

Determining the Li composition at each pixel: The composition is determined by solving
the following matrix equation, consistent with previous work (20):

5706] _ LFPy06 FP706] [a]
5713 LFP713 FPyi3]lb (82)
Here, S707 and S712 are the optical densities of each pixel at 706 and 713 eV, minus the OD at 703
eV. a and b represent the LiFePO4 and FePOy statefractions. To solve the Li composition (X in
LixFePO4), we used the following equation:

a
a+b (S3)

X =

In all images, the hue represents the Li composition X, where red indicate X=1 and green indicate
X=0. The brightness equals a+b. To verify that the references are fully-lithiated and fully-
delithiated, we calculate the Li concentration of the particle (Figs. S5, 6). Indeed, the X values are
uniform with the particle. The spectra are also consistent with previous work (73), including those
with materials prepared by chemical (de)lithiation (25, 45).

Movies: The movies were constructed from frames of Li composition. To improve the
viewability, the movies were linearly interpolated between consecutive frames of Li composition
map. The interpolation created 1 frame every minute from the 7 experimentally-acquired frames.

Error estimation of X: To calculate the error from signal-to-noise in X, we apply Eq. S2 to
the reference images to determine the local composition. Next, we calculate the standard deviation
of X from the variation between pixels, which is about 0.06. Thus, the 95% confidence for our



single-pixel measurement is + 0.12 of the measured value. Since each particle contains ~500
pixels, and the error scales by 77~ of the number of observations, the 95% confidence interval for
a single-particle composition measurement is = 0.005 of the measured value. A typical domain
contains about 100 pixels, so the 95% confidence interval for the domain composition is about +
0.01 of the measured mean.

Line cuts: The line cuts in Fig. 3(A,B) sample X along the lines drawn on the particle.
Because the images were aligned, we sample the same line along the particle under every cycling
condition. The line cuts were not averaged spatially.

We estimate the additional errors based on two possibilities: lithiated (X=1) or delithiated
(X=0) reference samples are not completely lithiated (X=0.89) or delithiated (X=0.11). Each case
will shrink our X value from right or left by 11%.

Supplementary Text

Image analysis
Identifying particles: We filtered out pixels whose a+b value (i.e., normalized single-pixel

thickness) is less than 50% of the maximum a+b of the frame. Since the platelet particles have
largely uniform thickness, this ensures that pixels which do not contain any particles are filtered
out and not analyzed. The white outlines in Figs. 2 and 3 identify the mathematically-defined
boundaries.

Identifying fast domains: In Fig. 3(C,D), we identify the fast and slow domains within a
particle. To determine the threshold for these domains, we first smooth the composition X of each
frame by utilizing a Gaussian filter with a standard deviation of one pixel. Next, we sort the pixels
of a particle in a frame by their X values, identify the 95" and 5™ percentile with regards to the
composition, and record them as Xos and Xs. The threshold between the fast and slow domains is
given by

thres — T (S4)

During delithiation, the fast domains are the pixels where X<Xmres. During lithiation, the fast
domains are the pixels where X>Xinrwes. The blue lines highlight the boundary between the fast and
slow domains, which are also areas where X=Xipres.

Li composition uniformity coefficient: We determine the composition uniformity
coefficient of a particle (Fig. 3E) by calculating the pixel-wise standard deviation of X as a function
of the mean X of that particle. We next calculate the standard deviation of the two limits as a
function of the mean X. In the compositionally uniform limit, where every pixel has the same X,
the uniformity coefficient is defined as 1. In the binary distribution limit, where every pixel is
either X=0 or X=1, the uniformity coefficient is defined as 0. Figure S14 shows the standard
deviation of a representative particle, and the two limits.

The uniformity coefficient of a particle at a given cycling rate is calculated by fitting a linear
combination of the two limits to the calculated standard deviation of the particle. The average



composition uniformity coefficient for every particle cycled at a certain rate is plotted in Fig. 3E.
The error bars represent one standard error of the uniformity coefficient between all the particles
(de)lithiated at the same rate.

Current density: To compute the current density, we first calculate the C-rate for each
pixel in a particle, using:

Crate = AX /At
(85)
where AX is the change in composition and At is the time elapsed between sequential frames in
hours. We then average the Crae of the pixels to obtain the single-particle C-rate. To obtain the
current density, we use the following expression from the single-particle C-rate:

Crate Th

53600 2 (S6)

j:

Here, e is the elementary charge, p the volume concentration of Li sites in LiFePOu (1.38 x 10%8
m~)(5, 13) and Th the particle thickness as obtained from the optical density. The factor of 2 result
from two reaction sites in a particle (top and bottom surface), and the factor of 3600 converts the
C-rate from hours to seconds.

Exchange current density: Because it is unclear to what extent the equilibrium voltage
changes with the composition, we use the mean voltage between the lithiation and delithiation
plateaus at low C-rates to calculate the equilibrium voltage. The overpotential 7 is defined as the
difference between the measured voltage (after the Ohmic correction for electrolyte transport) and
the equilibrium voltage. To prevent delamination and thus preserve the electrochemical fidelity,
these electrodes were not cycled at high rates prior to quantifying the exchange current density.

Because the relationship between current and voltage in LixFePO4 is not well known,
especially at high overpotential regime, we limited our analysis to low 17 (<120 mV) when it is
appropriate to use a linear approximation. Here, we calculate the exchange current density jo from
Jj using:

.. en
J = J0%eT (S7)

where e is the elementary charge, kp the Boltzmann constant, and T the temperature. To calculate
f(X), the normalized exchange current density, we fit the maximum value of the experimentally-

obtained jy to the following function: j,(X) = 3k°(1 — X)\/X(1 — X), where £’ is the fitting
parameter to be obtained. The \/X (1 — X) term accounts for the activity of Li atoms and vacancies
in the particle, consistent with porous battery electrode models. The (1 — X) is a simple expression
to capture the asymmetric dependence of j, on X (Fig. 4A) The factor or 3 was chosen to improve

readability by making the maxima of j, equal to k°. After obtaining the fitting parameter k’, we
arrive at f(x) in Fig. 4A, which is given by:

J
f(X) = k_?) (S8)



We note that it is possible that the bottom surface facing the current collector is inactive due
to electrolyte transport limitations. This would double the absolute value of the calculated
exchange current density, but not the shape of the jo-X curve (Fig. 4A). Additionally, because the
obtained specific capacity for the particles (150 mAh g™!) is less than the theoretical capacity (170
mAh g!),there is some uncertainty in the quantification of the Li composition. The uncertainty is
shown in Fig. 4A.

We conduct two sensitivity analyses to ensure robustness. Fig. SI7A assume a Butler-Volmer
relationship between current and voltage, and qualitatively observe the same trends:

o ean] | e(1—a)y
J = Jo €Xp [kB_T] — Jo €Xp [— —kBT l
Here, a is the charge transfer coefficient and assumed to be 0.5.

The next sensitivity analysis uses a regular solution model to obtain the equilibrium voltage
profile as a function of X (36). Here, the overpotential equals the applied voltage minus the
equilibrium voltage, and Eq. S7 is used to calculate the exchange current density. The equilibrium
voltage is given as:

(89)

X
1-X (S10)

kgT
veax) =v> — (1 - 2X) + %m

Here, VO is the voltage calculated from the mean of the charge and discharge plateaus. We use a
regular solution parameter Q of 3 k:%T, which correspond to a voltage gap of ~22 mV. This is

somewhat lower than previous predictions that yield a voltage gap of 76 mV (11, 13, 15), but we
experimentally observe a voltage gap of ~25 mV (Fig. S18). Figure S17B plots the jo—X curve
assuming this model for the equilibrium voltage.

Error estimation of the exchange current density: The fractional error in the exchange
current density is calculated from the spread of the exchange current density within each particle.
It equals two times the standard error (95% confidence interval) in the calculated pixel-wise.

Reaction-limited spinodal decomposition

Linear stability analysis of the phase field model: To determine whether the compositionally
uniform solid solution is stable, we conduct a linear stability analysis of the phase field model of
LiFePOg4 upon lithiation. A short summary of the derivation is given here, and the full details are
in ref. (/7). The lithiation stability boundary of the solid solution is the critical current where the
single-particle voltage as a function of composition shifts from monotonically decreasing (i.e.,
stable solid solution) to one where it curves up in lithiation (Figs. 4-5 in ref. (//)). To conduct the
stability analysis, we apply a uniform X across a particle and apply a constant current, then
examine the growth of small perturbations in X as a function of position z and time ¢:

1 (%2dXx ,
Xperturbed(Z,£) = X + tzfo Edz + exp(ikz) exp(st) (S11)
Here, X is the uniform Li composition, representing the solid solution state. The second term is

the time ¢ multiplied by a non-dimensionalized average current expression, in which Z is the length
of the particle. The third term is the perturbation, where k is the wavenumber, z is the spatial



position, i is the imaginary number, and exp(st) is the growth of the perturbation over time. When
5<0, the system is stable with regard to the composition. When s>0, the solid solution is unstable
with regard to the perturbation. The stability criteria was derived by Bai, Cogswell, and Bazant
(11), and the dimensionless growth factor s, scaled to the rate constant %, is given below:

’ _ j2 F’ (X 1
s(ej,X) = (& +KH)fng+%+<Fé;+5Kw>; (s12)

where « is the dimensionless Cahn-Hilliard gradient energy coefficient and j equals the applied
current density j divided by the exchange current density jo. The bar accent indicates evaluation at
the homogeneous base state, and the prime denotes d/dX. i is the homogeneous diffusional

chemical potential with strain effects (/5) and C = dit/dX reads,

, 1
i =|-20+——"—|+B
H xa-xol* (S13)

where Q is the dimensionless regular solution coefficient and B is the dimensionless minimum
elastic strain energy of a flat interface in the [101] direction, both terms normalized by the kgT at
room temperature. To calculate the neutral stability boundary s(0, j, X) = 0, we use dimensionless
Q=4.49 and B=3.73, derived with the parameter values used by Cogswell and Bazant (15).

Exchange current density function: The exchange current density jo can be written as a rate
constant k” multiplied by a function of the Li composition F(X):
Jo =k°F(X)
(S14)
Four different models of F(X) are evaluated in Eq. S12. These are plotted as a function of X
in Fig. S19(A,C):

6 1
F(X) =§\/Mexp [59(1_2)()] (S15)
FOX) =3(1-X)yX(1-X) 16

F(X)=2/X(1-X) (S17)
F(X) =05 (S18)

Eq. S15 is the skewed function from Cogswell & Bazant (/5), and Eq. S16 is the skewed
function obtained from experimental results, shown as the guideline in Fig. 4A. Eq. S17 contains
a symmetric function with regards to X=0.5 and taken from Thomas, Darling, and Newman (39),
and Eq. S18 is the baseline case assuming no dependence on X The neutral stability boundary of
s=0 from Eq. S12) are plotted in Fig. S19(B,D), under the condition k=0 consistent with ref. (/7).
These curve represents the onset of where the compositionally uniform solid solution is stable. The
unshaded areas indicate regimes where the solid solution is stable, whereas the shaded areas
indicate unstable solid solution. We note that the unstable regime may still create a quasi-solid
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solution (/7), implying that the composition is not spatially uniform, but there is insufficient time
to completely phase separate.
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Fig. S1.

X-ray diffraction of the LiFePQ4 particles synthesized for this experiment, plotted on a
logarithmic scale. Rietveld refinement to powder diffraction file 00-040-1499 reveals no impurity
phases and yields lattice constants of a=10.327(3) A, b = 6.006(2) A, and ¢=4.692(2) A, with a
unit cell volume of 291.0(3) A3. This unit cell volume indicates negligible anti-site defects (46).
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Fig. S2.

Electrochemical cycling of the LiFePQg4 platelet particles used in this experiment. This
electrode was cycled in a coin cell with 1.0 M LiClO4 in EC:DMC.
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Fig. S3.

Electrochemical profile of the particles in a 1.0 M LiClO4 in TEGDME electrolyte. The charge
capacity is somewhat higher than the discharge capacity, consistent with previous observations by
Srinvasan and Newman (47). We propose that the hysteresis in the voltage is connected to the rate-
and direction-dependent heterogeneity observed at the single-particle level in this work.
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Fig. SS.

Validation of the linear combination method for determining the Li composition. (A) The X-
ray absorption spectra for different compositions of LixFePOs. Linear combination spectra
analyses show that the solid solution Lip.sFePOjs gives a Li composition of 0.58. Solid solution was
achieved by chemical delithiation and annealing at 400° C, and was confirmed by X-ray
diffraction. The X=0 sample was prepared by charging to 4V. (B) Spectra evolution of electrodes

at different lithium compositions obtained electrochemically shows an isobestic point and validates
the linear combination approach.
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X=0.97 X=0.03

Fig. S6.

Uniformity of the reference samples. We quantified the composition of our reference particle,
and show that they are uniform. Deviations arise from random noise combined with the constraint
that the composition of each pixel must be fitted to between 0 and 1. The mean compositions are
not precisely X=1 and X=0 because there is a spread of calculated compositions arising from
random noise, but the pixels with X>1 were floored to X=1, and the compositions less than X<0
were ceilinged to X=0.
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Fig. S7.

Particle dispersion on the SiNx chip. (A) Scanning electron micrograph (false colored) of the
working electrode chip, which consists of three Au pads passivated at the edges by SiNy. We use
the larger center pad for this experiment. (B) Low resolution STXM image of the SiNx window
showing a single layer of particles in liquid.
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Finite element analysis of the channel confirms that there is negligible concentration and
potential gradients in the electrolyte, a result of the low current densities employed. Simulation
was conducted at a rate of C/5. (A) Schematic of the working electrode chip showing the
microfludic channels. The top spacer chip (purple) defines a 1-micron-channel above the working
electrode. The fluid reservoir outside the spacer chip area is at least 200-pm-thick and fed by the
external flowing electrolyte. We assume the >200-um-thick reservoir contains no concentration or
potential gradients. The side view omits the O-ring. (B) Horizontal linecut of the time-dependent
salt concentration in the middle of the electrolyte channel. (C-D) Steady-state salt concentration
and electrostatic potential of the electrolyte. The yellow and black boxes show the boundary of the
gold current collector and the imaging window, respectively. The diffusivity and conductivity are
1 x10"° m?s! and 3 x 107" S m! (48), respectively. This model neglects convective flow in the
channel, which should further decrease gradients in concentration and potential. We note that there
are about 10 times as many moles of LiClO4 in the channel as LiFePO4 on the working electrode,
so even high rates of (de)lithiation will not deplete the salt concentration in the channel.

bt
0

Position (mm)
(=]
o
&
LiCIO, Molarity (mol L")
Position (mm)
Electric Potential (mV)

o
o

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Position (mm) Position (mm)

17



—10F
100 705}
20.0 M
~ Pkl ek PR
D051 -
e L 3
=~ 50 T 10k ] ] 1
] 25 30 35 40
s Voltage (V)
>
o Lithiation
e ]
©
-50 -
= |iFePO, Electrode
-100 = = = = Blank Electrode
| | | |
25 30 35 4.0
Voltage (V)

Fig. S9.

Electrochemical profile of the microfluidic cell with LiFePO4 and the blank electrode without
LiFePOQ4 particles. The inset shows the dQ/dV of the blank electrode. The negative dQ/dV during
delithation arise because the voltage of LiFePOs does not monotonically increase during

delithiation (49).
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Fig. S10.

Stability of the discharge capacity of the microfluidic cell and a coin cell. A representative
electrode in the microfluidic electrochemical cell was cycled at 2 nA. The electrode in a coin cell
was cycled at 150 mA g! (1C) between 4.0 and 2.0 V; the capacity remains at 128 mAh g! at the
40™ discharge at 1C. Both electrodes use an electrolyte of 1.0M LiClO4 dissolved in TEGDME.
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Fig. S11.

Stability of the sample under the X-ray beam. There exists a very small amount of beam-
induced lithiation (reduction) from increased exposure to the X-ray beam (red). The maximum
aggregate dose used in our imaging experiment (black dotted line) is within the stability dose of
the particle.
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Fig. S12.

The Li compositions X of representative particles track the global Li composition. This shows
all particles intercalate concurrently. Each point represents one imaged frame, and the error in each
single-particle X measurement is about 0.01. Purple is lithiation and orange is delithiation. The
circle markers are 0.2C (lithiation) or 0.3C (delithiation), the triangle markers are 0.6C, and the
square markers are 2C. The scatter is large because the non-monotonic chemical potential of
LiFePO4 accelerates the (de)lithiation rate of particles once they have (de)lithiated past the
transformation barrier (13, 14), so certain particles complete (de)lithiation much faster than others.
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Fig. S13.

X-ray diffraction of the (020) reflection of LiosFePO4. This electrode was prepared
electrochemically in a coin cell at a lithiation rate of 2C. Then the electrode was harvested and
characterized by X-ray diffraction within 15 min of stopping the current. The non-negligible
LiFePO4 and FePO4 peaks likely arise from certain particles and domains (de)lithiating before
others, as well as partial relaxation during sample preparation. Diffraction was taken on a

PANanaltyical X’Pert diffractometer using a Cu Ka X-ray source.
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Quantification of the uniformity coefficient (U.C.). The U.C.=0 limit occurs when every pixel
has an X=1 or X=0, whereas U.C.=1 implies the composition X of every pixel is equal. The
uniformity coefficient is calculated by fitting a linear combination of the two limits (U.C.=0,
U.C.=1) to the standard deviation of X. Here, 2C lithiation is the most uniform, whereas 0.6C
delithiation is the least uniform.
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Fig. S15.

Frames of particles during and after relaxation. (A) An electrochemically-idle particle begins
to phase separate over time. Minor changes in average Li composition arise likely because this
particle exchanges lithium with other particles (/4). Fig. S11 shows that particle composition
quantification yields consistent values after repeated imaging, ruling out experimental drift. (B)
Further delithiation of a relaxed, phase-separated particle brings it into a solid solution.
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Fig. S16.

Exchange current density for the fast and slow domain. (A) To ensure the same pixels are
measured, we divide this particle into a fast and slow domain. (B) The exchange current density
as calculated using a linear relationship (Eq. S7) and (C) a Butler-Volmer relationship (Eq. S9).
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Fig. S17.
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Sensitivity analysis for f(X). The normalized exchange current density f(x) when fitted using a
(A) Butler-Volmer model (Eq. S9) and (B) an equilibrium voltage that changes with composition

(Eq. S10).
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Fig. S18.

Voltage gap. The voltage gap between delithiation (orange) and lithiation (purple) is about 26
mV. This electrode was cycled in a coin cell at a rate of C/100, with a 1.0M LiClO4 in TEGDME
electrolyte.
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Linear stability analysis of various jy functions (A,B) Linear stability analysis of two skewed
Jjo—X curves shows that the uniform composition solid solution is stable at increased cycling rate,
for all values of X. The teal function is Eq. S15, and the purple function is Eq. S16. (C,D) When
the jo—X curve is symmetric about X=0.5, the solid solution is linearly unstable for certain value
of X even at high cycling rates. The pink function is Eq. S16, and the peach function is Eq. S18
All functions (except the peach one) were normalized for readability. This analysis shows that a
skewed jo function is necessary to achieve a stable solid solution with a spatially uniform
composition. We note that, even if the solid solution is linearly unstable, a quasi-solid solution
with nonuniform composition, and possibly diffuse interfaces, may still be possible.
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Movie S1

Evolution of Li composition for particles during lithiation at a rate of 2C. The hue represents
the Li composition X, where red indicate X=1 and green indicate X=0. The brightness represents
thickness of material, the same as as in Fig. 2. The position of each particle (outlined in white)
relative to each other, and the dashed line indicates divisions. The composition of each pixel was
linearly interpolated time-wise to create the movie, such that I min=1 frame.

Movie S2

Evolution of Li composition for particles during delithiation at a rate of 0.6C. All legends
have the same meaning as Movie S1.
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