Imaging phase segregation in nanoscale LixCoQ2 single particles
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ABSTRACT



LixCoO; (LCO) is a common battery cathode material that has recently emerged as a promising
material for other applications including electrocatalysis(/, 2) and as electrochemical random
access memory (ECRAM)(3). During charge-discharge cycling LCO exhibits phase
transformations that are significantly complicated by electron correlation. While the bulk phase
diagram for an ensemble of battery particles has been studied extensively, it remains unclear how
these phases scale to nanometer dimensions and the effects of strain and diffusional anisotropy at
the single particle scale. Understanding these effects is critical to modeling battery performance
and for predicting the scalability and performance of electrocatalysts and ECRAM. Here we
investigate isolated, epitaxial LiCoO, islands grown by pulsed laser deposition (PLD). After
electrochemical cycling of the islands, conductive atomic force microscopy (c-AFM) is used to
image the spatial distribution of conductive and insulating phases. Above 20 nm island
thicknesses, we observe a kinetically arrested state in which the phase boundary is perpendicular
to the Li-planes; we propose a model and present image analysis results that show smaller LCO
islands have a higher conductive fraction than larger area islands, and the overall conductive
fraction is consistent with lithiation state. Thinner islands (14 nm), with a larger surface to
volume ratio, are found to exhibit a striping pattern which suggests surface energy can dominate
below a critical dimension. When increasing force is applied through the AFM tip to strain the
LCO islands, significant shifts in current flow are observed, and underlying mechanisms for this
behavior are discussed. The c-AFM images are compared with photoemission electron
microscopy (PEEM) images which are used to acquire statistics across hundreds of particles. The
results indicate that strain and morphology become more critical to electrochemical performance
as particles approach nanometer dimensions.

INTRODUCTION



Understanding and controlling phase transformations and local electronic properties is
important for various electrochemical energy storage, energy conversion and emerging
information processing applications. For batteries, the phase equilibrium determines the open
circuit voltage. Moreover, phases with drastically different electronic and ionic transport
characteristics will charge at different rates, leading to reduced overall capacity(/). For
electrocatalysts, phases with distinct surface atomic and electronic structures can have
considerably different activity, selectivity and stability(2, 3). For ECRAM, the electronic
conductivity of an LCO channel, reversibly tuned by Li ion insertion, represents a memory
state(4, 5). Understanding the conductive phase morphology at a length scale of tens of
nanometers is therefore critical to developing high density memory devices. However, a clear
relationship between LCO particle size, diffusional anisotropy and strain on the resulting phase
morphology has yet to be established.

In the layered, rhombohedral form of LCO (space group R3m), monovalent cations (Li")
are accompanied by a formally trivalent oxidation state of Co** with O* oxygen anions. The
extraction of Li" in LixCoOx changes the oxidation state from Co>" to Co*" and results in
reversible changes to the electronic and structural properties over the range 0.5<x<1.0(6, 7).
Stoichiometric LCO is a band insulator that should become metallic once a small fraction of
lithium is extracted (x<1.0), but remains insulating due to electron correlation and/or disorder
induced carrier localization(8, 9). LCO is an insulator at compositions 0.96<x<1, while at
compositions x<0.75 it is metallic. At fractions 0.75<x<0.94, LCO exhibits a two-phase regime
where insulating a-phase and a metallic B-phases coexist.

Previous efforts have focused on interrogating the structural and electronic properties of

ensembles of LCO particles immersed in binder and liquid electrolyte(9, 10). In these studies, it



remains unclear whether all particles exist in similar microscopic states with equal fractions of
insulating and metallic domains between 0.75<x<0.94, or whether certain particles share a larger
fraction of electrochemical activity during charge and discharge(//-13). This has direct
implications to ECRAM and battery performance, wherein certain particles could potentially
dominate the device properties due to higher metallicity and a larger electrochemical activity.
Single particle studies are more challenging due to the strong orientation dependence of
diffusion in LCO and the nanoscopic nature of the phase domains. For example, Zhu et. al.
carried out electrochemical delithiation of an LCO grain in a polycrystalline film using a c-AFM
tip(/4). However, the phase boundaries could not be clearly resolved, the particle orientation was
uncertain, and it is unclear whether the tip-induced delithiation used in the experiment is
equivalent to electrochemical cycling. Past efforts to image the local state of charge (SOC) of
individual LCO particles measuring several microns in diameter using scanning transmission X-
ray microscopy (STXM) showed considerable inhomogeneity(/5). However, the TXM
measurements, with a reported spatial resolution of ~90 nm, did not reveal how the variations in
the SOC were associated with the a- and B-phases. More recently, optical interferometric
scattering microscopy was used to measure phase dynamics during charge-cycling of 10 micron
sized particles(/6). Still, the large particle size and diffraction limited spatial resolution (reported
at 280 nm) inhibited studying nanoscale particles and features. The ability to resolve phase
domains across clearly oriented, nanoscale particles is needed. Therefore, we have carried out a
high-resolution microscopy study of phase domains in oriented, nanoscale islands using both c-

AFM and PEEM.

EXPERIMENTAL



We used PLD to grow epitaxial LiCoO> on SrTiO3 substrates with a metallic STRuOs
underlayer as established by previous work(/7). At small deposition thicknesses LCO grows as
isolated islands (at larger thickness these islands coalesce into films) with either a (001) or (104)
orientation on SrTiO3(111) and SrTiO3(001) oriented substrates, respectively. Transmission
electron microscopy of the islands and the dependence on the substrate can be found in the
supplementary text. As depicted in the schematic in Figure 1a, an ensemble of islands (on the
order of 1x 108 over a 0.242 cm? area) were electrochemically cycled in a three-electrode setup
consisting of 1M LiClOg4 in propylene carbonate and Li foil counter and reference electrodes.
Figure 1a is a plot of cyclic voltammetry of a LixCoO2(104) with ~100 nm thick islands taken at
0.5 mV/s. Peaks are observed at 3.9 V with respect to Li/Li+ which is consistent with the
presence of a two-phase region in which the equilibrium potential is flat. The sharpness of the
peaks indicate excellent crystallinity of the material and the weaker satellite peaks are consistent
with other epitaxial LiCoO,. While the substrate induces some strain in the islands, the
electrochemical cycling remained unaffected as observed previously (/7). The islands were
galvanostatically charged to a fraction of roughly x = 0.85 in LixCoO> based upon the reversible
capacity of the first cycle and expected volume of the islands measured through AFM. Due to the
difference in charge transfer resistances of the (104) and (001), the end voltage varied between
3.9-4.1 V depending on the sample (see supplementary information). As established previously,

at x = 0.85 there is a similar fraction of a- and -phases across an ensemble of particles(6).
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Figure 1. c-AFM of epitaxial LCO islands. (a) Cartoon depicting the experimental setup wherein islands (dark blue)
are electrochemically cycled in electrolyte (light blue) that is encapsulated by a o-ring sealed chamber. Cyclic
voltammogram of (104) oriented islands with a peaks at +3.9 V vs. Li/Li* (bottom). After electrochemical
delthiation to x=0.85, the (001) and (104) oriented islands are imaged by c-AFM as depicted in the schematic in (b)
and (c), respectively. Here, the islands are depicted in cross section with the intercalation planes as blue lines and Li
movement indicated by red arrows. The white and red shaded area are indicating the & and S8 phases, respectively.
Topographic and c-AFM images of (001) islands before and after delithiation are depicted in (d, ¢) and (f, g),
respectively. Topographic and c-AFM images of (104) islands before and after delithiation are depicted in (h, 1) and

(J, k), respectively. The dashed colored lines demarcate the top facet surfaces of the islands. All scale bars

correspond to 100 nm distance.



c-AFM was used to characterize the surface of the islands before and after
electrochemical cycling in pure Ar environment (< 0.1 uPa/Pa of O, and H>0). As depicted in
the schematic in Fig. 1b, c-AFM measures the local electronic current through the surface by
using an ammeter in-series with a conductive probe tip and a voltage bias circuit. All images
were taken at a bias voltage of 0.75V (or less) to prevent significant movement of lithium due to
large electric fields. Topography and current images of the (001) oriented islands taken before
cycling are shown in Fig. 1d, e respectively. The metallic StRuO; underlayer is found to be
conductive between the islands. All island facets are found to be insulating, which is expected
for stoichiometric LiCoQO,. This was also observed in c-AFM data of (104) oriented islands

shown in Fig. 1h, i.

Fig. 1f,g are c-AFM images from the same (001) oriented sample as Fig. 1d,e post
delithiation. From the c-AFM topography and error signal images we identify the (001) facets
and have outlined them with colored dashed lines in the current image in Fig. 1g. We observe
three distinct regions of current across the island surfaces: region 1) high current regions are
observed on the (001) facet extending from the edges a roughly equal distance into the island 2)
a low current region is observed at the island centers and region 3) a high current is observed
where the facets meet at the island edges. Critically, we observe that region 1 extends a roughly
uniform distance ~20 nm into island from most of the edges. This is most clearly observed in the

red and cyan islands.

We attribute the regions 1 and 2 to the previously observed insulating and conducting a
and B phases, respectively(9). The conductive B phase has c-axis lattice increase between ~1-

1.50% over 0.75<x<0.94 and has been studied in bulk extensively. The observation that the



conductive phase extends from the island edges a relatively uniform distance into the particle is
attributed to diffusion as illustrated by the schematic in Fig. 1b. At low current charging rates,
nucleation at surfaces can lead to intercalation waves or moving phase-boundaries that propagate
inwards as the particle changes composition(/8). Since lithium diffusion is favorable within the
planes defined by the CoO; layers (red arrows), intercalation proceeds from the island edge. It is
important to note that we observe this phase boundary ex-situ and perpendicular the (001) planes
after cycling. Phase field modeling by Nadkarni et. al. found that the lowest energy configuration
is for the phase boundary to exist parallel to the (001) planes(5), in which case the phase
boundary would not be observed. This suggests that the islands exist in a kinetically arrested

state that is preserved after cycling rather than relaxing to the lowest energy configuration.

Terracing or step edges within the islands further suggest diffusion-mediated phase
segregation. For example, the magenta island in Fig. 1g has a terraced structure with two (001)
facets and a much smaller area than the rest of the islands. The surface of this island becomes
almost entirely conductive, suggestive of multiple intercalation fronts. The smallest island shown
in orange is also nearly entirely conductive. The disproportionately large share of metallic phase
existing in these islands suggests that, in isolation, they would exist in a state of charge that is
quite different than what is assumed from the ensemble of islands. This has interesting
ramifications for the ensemble state of charge as measured through a potentiostat and we discuss

such effects later.

To further investigate kinetically arrested states, we cycled (104) oriented particles to a
similar filling fraction x=0.85. In the c-AFM current data in Fig. 1k, we observe two distinct

regions of current: a low-current region which extends all the way to the (104) facet edges and



thin regions with higher current where the facets meet at the island edges. We did not observe a
clear phase boundary on the top of the (104) oriented islands as was observed with the (001)
oriented islands. An explanation for this is depicted in the schematic in Fig. 1c. Here, the Li-
diffusion planes confine the conductive phase boundary parallel to the surface leaving the top of
the island conductive and the bottom insulating. This prevents tip current flowing through the
island due to an insulating region below. This further suggests a kinetically arrested state (as seen
with (001) islands). In contrast, the lowest energy configuration would have conductive and

insulating phases segregate in plane across the island.
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Figure 2. a) Expected phase behavior of bulk LCO particles as a function of x in LixCoO». For x = 0.85, the percentage
of conductive region on the particle top facet imaged should be 50%, b ) Imaged LCO particles with top facets shown
by dashed colored lines and numbered as 1,2,3,4, and 5. The two particles on the top left and top right were partially
imaged, and the terraced LCO particle on the bottom right consists of two smaller particles of different thicknesses: 4
(lower terrace) and 5 (upper terrace ), c) Panel showing the % conductive surface for each particle imaged as a function
of top facet area and edge length to surface area ratio. The dashed lines between the solid points are simply connectors.
The area-weighted average of the % Conductive surface for fully imaged particles 1 to 5 is shown with a vertical
dashed line. d) Further details on the current thresholding used in our image analysis. Number of conductive and non-
conductive pixels in the largest (Particle 1, main plot) and smallest (Particle 4, subplot) particles based on the threshold

current of 6 nA.



To quantify the phase behavior in individual particles, we carried out image analysis on
the c-AFM data for delithiated 001 particles. The deflection and c-AFM data were used in
conjunction to identify island top facet edges and calculate the percentage of conductive phase
for each island. As shown in Fig.2a, assuming the particles behave as bulk LCO, in the two-
phase region of LCO between x =0.96 and x = 0.75, the delithiation to x = 0.85 should result in
~50% of the top facet area being conductive (i.e., f phase). The top facet edges are again shown
with dashed color lines, and the particles are numbered, in Fig 2b. For our image analysis, we
used a threshold current (see Fig 2d) to classify each pixel on the top surface as either conductive
(for measured current > threshold current) or insulating (measured current < threshold current).

The results of this analysis are shown in Fig 2c.

Our analysis on five LCO particles and two partially imaged LCO particles shows that
the fraction of the top facet that is conductive correlates with particle size, with smaller particles
having a higher fraction of conductive top facet. Also shown in Fig 2c is the area weighted
average of the percent of conductive surface for the five fully imaged particles; the value is 47%.
which is very close to the expected average value of 50% in the simple schematic of Figure 2a.
We note that our results here are sensitive to the current threshold we chose (6 nA), as shown in
Fig 2d, and are likely also sensitive to the number of particles analyzed (we used a sample size of
5). Given the strong sensitivity of the electronic conductivity of LCO in the 1<x<0.96 region
(>100x variation) and the role of contact resistance, we assess this threshold to be reasonable.
The observation in Fig. 2c that smaller particles have a higher fraction of conductive facet may
be due to several effects. First, assuming each particle has the same delithiation kinetics,
because the delithiation of the (001) particles occurs on the sides, smaller particles should have a

higher delithiated fraction (at least within the two-phase region where the equilibrium potential is



flat). In addition, measurements of electronic conductivity vs. lithiation for LCO of different
sizes could help further explore whether size-dependent thermodynamic and transport properties

contribute to our observations here.

Next, we discuss region 3, a conductive, ~10 nm wide region about where the island facets
meet. Although this region appears at the island edges, we find this region to be distinct from
region 1 (which was found to extend inwards). The effect is most clearly visible in Fig. 1k, where
the top (104) facet meets the side facets (indicated by dashed red line): a thin conductive line is
observed with roughly 10 nm width about the dashed line (or roughly the tip diameter). The effect
is also seen at the island corners, where the facets on the island sides meet each other. Here, the
conductive region extends all the way to the substrate, although regions thicker than 10 nm are
visible there as well. These regions cannot be explained by a diffusion-limited phase boundary,
and they cannot be easily attributed to a or f phases observed in bulk. Previously, Okubo et. al.
used electron energy loss spectroscopy (EELS) in a transmission electron microscope to observe
surface regions in LCO crystallites where the average Co oxidation state was 2.7°(19). These
regions measured approximately 3 nm in width and were interpreted to have excess Li, or
Lij+5CollsColll-502. If this is indeed the case, the local enhancement in Li would dope the LCO
n-type, leading to enhanced conductivity. As with Okubo et. al., we observe the high conductance

surfaces at particle edges.



Figure 3. Strain and surface effects in epitaxial LCO islands. Panel (a) and (b) are drift and tip corrected topography
and current images of a 14 nm thick island with (104) orientation (center) cycled to x~0.85. A lamellar-like pattern is
observed at the surface of the particle. (c¢) — (f) C-AFM current images of 001 oriented islands at 80 — 253 nN of tip

force, respectively. All scale bars correspond to 100 nm length.

While most (104) oriented islands exhibited insulating behavior, we found thinner islands
with different phenomena. Figure 3a, b are c-AFM data from a 14 nm thick (104) oriented island
post-electrochemical cycling to x~0.85 (at center). The images are drift corrected to accurately
display the particle geometry (for more information see the supplementary text). We again
observe a conductive background and find that the island is significantly more resistive. Across
the island itself, we observe distinct regions of high- and low-current, similar to what was found
with (001) oriented particles. However, in this case we find that the phases have segregated in a
striping pattern with an average pitch of approximately A=30 nm. It is known that phase
separation can lead to spontaneous formation of domains and that periodic structures can emerge

due to the competition between chemical free energy, composition gradients and stress.



Previously, it was shown that LiFePOs battery particles exhibit phase segregation in a similar
striped pattern(20). Cogswell et. al. explained the striping observed in LiFePOj4 as a stable

equilibrium for particles with a finite size and phase field modeling reproduced the characteristic

wavelength over which stripes were observed which scales as A o« v/L, where L is the scale of
the particle(27). Such phenomena could exist in (104) particles, but this does not necessarily
explain why this island exhibits striping whereas thicker islands were found in a kinetically

arrested state.

One explanation for the observed striping pattern is a surface-dominated spinodal
decomposition wherein the surface energy dictates phase morphology. Since intercalation occurs
primarily along the (104) direction normal to the surface it would make sense for this surface
energy to play a dominant role in thinner particles. For example, surface-coherent spinodal
decomposition (SCSD) is predicted to occur in nanoscale particles with high surface area to
volume ratios and where coherent surface modes dominate(22). Tang et. al. predict a striping
pattern for particles with a similar wavelength (1 ~30nm) over a particle with similar widths
(~250nm), although it is expected that for SCSD the wavelength A should be independent of

particle size(22).

Finally, we discuss force-induced metal insulator transitions observed in the case of (001)
oriented islands. The c-AFM images are in Fig. 3 c-f, and are taken on the same island as in Fig.
1 1), g) but over a series of tip-sample forces ranging from 80 - 253 nN. Forces in this range will
induce >1GPa stress in the contact region when assuming the stress distribution is uniform and
the contact area is 100 nm?. Considering particles 1, 2, and 3 in panels c to f, we generally

observe increasing current with increasing force. At a more detailed level, we also observe



qualitatively different trends in the current within islands 1 to 3, for example between Fig. 3d and
Fig. 3e. For island 1, moving from d) to ) shows a general increase in current throughout the
island. On the other hand, for island 3, moving from d) to e) shows that the center comes to have
a significantly higher current than the other regions of the particle. We identify several factors
that may contribute to the interpretation of the data here and in future such experiments. First,
the partial molar volume of Li in LixCoO» is negative for approximately 0.6<x<0.95(23), which
could mean that when the volume is reduced (by applying strain), the local Li concentration
should increase (within this range of x values), which in turn should reduce the conductivity of
the LCO. It may also be the case that at higher strain in this experiment the tip could force the
lithium (in lithtum-rich regions) under the tip to be pushed into lower concentration lithium
regions, making the region just under the tip metallize and possibly inducing a phase
transformation from « to S. In this case one would expect the entire island to become conductive
once the force threshold for displacement is reached. Second, the geometry and mechanical
boundary conditions on the islands affect their elastic deformation. In particular, boundary
regions are closer to the mechanically free islands sides, which means they may deform more
easily and provide better contact with the AFM tip, which in turn affects the measured current
flow in the experiment. Finally, there may be dynamic effects present in these measurements
that experiments at different scan rates may reveal although we did not investigate this effect.

This may be important if Li diffusion takes place beneath the AFM tip.
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Figure 4. PEEM / LEEM data of LCO (001) islands grown on STO/SRO. PEEM image over Li 1s energy
range at a 5 micron (a) and 1 micron field of view (b) obtained from the white square defined region in (a).
Subsequent PEEM image after sputter / anneal delithiation process at 5 micron (c) and 1 micron (d) field of
view from the white square defined region in (c). (e) Integrated Co 3p and Li 1s peaks for pristine case (green)
delithiated case (blue) and over selected islands which showed strong delithiation outlined in red in (¢). LEED
insets of the pristine and sputtered samples are also shown in panel (e) . A series of LEEM images at a series
start voltages (labeled SV) is shown in (f) to highlight the topography, scale bar below first panel indicates the

scale for all images in (f). For PEEM spectra a photon energy of 150 eV was used.

While conductive AFM may provide insights into a few particles, it is desirable to

acquire larger statistics. Photoemission spectroscopy and low energy electron microscopy can



resolve local chemical information across a larger number of particles due to non-rastering
imaging and a larger field of view(24). Fig. 4 summarizes the results of our imaging in both
PEEM and electron emission (LEEM) modes of similarly grown LCO (001) islands to those
analyzed by c-AFM. Beginning with a pristine sample, a good homogeneity between islands is
observed. From the Li 1s / Co 3p peaks ratio we identify stoichiometric LixCoO> (x=1) (green
outlined regions in Fig4.a)). This identification is further confirmed using island shapes (with
AFM reference images) and the valence band shape in those regions. The delithiation procedure
involves cycles of gentle Ne" sputtering and annealing at 500 °C in oxygen atmosphere
(Po2=5%10° mbar). This treatment delithiates the surface layers of the islands (due to the Li
higher sputtering yield), while preserving the surface quality and crystallinity as it is seen in the
LEED patterns (see insets of panel 4¢)). After the delithiation process, there is preference for
certain islands to become delithiated, increasing the inhomogeneity between islands, with some
islands having a more metallic character and a lower lithium to cobalt ratio. It is important to
note that no such inhomogeneity is observed before the delithiation process. Li deficient islands
make up around 50% for small field of view (1 pm?) regions. An example is marked with white a
square in Figure 4 (c) and has x=0.6 +0.3 in comparison with the stoichiometric islands (green
selection in Figure 4(a). This is consistent with the § phase segregated to the very top surface. To
avoid experimental errors due to the limited resolution in the edge of the islands, we have
assigned as f phase islands as only those islands with a valence band of clear metallic character
and lower Li 1s / Co 3p peaks ratio in their center. Note the high variability in this group of
delithiated islands, where x=0.6 denotes the average. Since the other regions exhibit ratios close
to x=1.0 and a more insulating behaviour, we assign them as a phase. It is important to

emphasize that, in the pristine case, no such group of consistently delithiated and conductive



(less charge shift) islands is observed. The study of individual islands suggests that no border
effects or inhomogeneity within individual islands is found using PEEM, as we observed
following electrochemical delithiation, at least up to the experimental resolution of PEEM

(around 20 nm).

The results of the sputter/anneal delithiation process provide a useful comparison to
the electrochemically delithated samples. The lack of preferential delithiation from the edge (as
seen with AFM) is consistent with the sputter/anneal process as opposed to intercalation from the
planes. The anneal process raises the temperature such that the surface has enough thermal
energy to evolve towards thermodynamic equilibrium rather than having any kinetic
metastability. Therefore, the fact that the system evolves towards certain particles in a more
delithiated state suggests that there is a preference towards such an equilibrium
thermodynamically(5). Finally, we note that imaging of electrochemically delithiated samples
using photoelectron spectroscopy/LEEM is a promising avenue for future work for comparing

larger scale statistics to the nanoscale features observed with c-AFM.

Next, we discuss the implications of our results to battery, electrocatalysis and ECRAM
applications of LCO. First, our results resolve an outstanding question posed by Nadkarni et. al.
as to whether LCO sits in a kinetically arrested state due to diffusional anisotropy or if it relaxes
back to the lowest energy state. Regardless of particle orientation we find that at low charging
rates (C/10) the kinetically arrested state is observed. We find this kinetically arrested state was
maintained for several days past delithiation but we did not investigate longer metastability. This
perhaps has the most important ramifications for ECRAM in which the phase morphology could

have significant impact on the macroscopic conductance state. For example, an insulating phase



boundary near a contact electrode could dominate the device properties (i.e. contact resistance).
This boundary would likely remain static over the course of at least several days and potentially
much longer given the macroscopic device retention measured in our earlier work(4). For
memory it is desirable for the kinetically arrested state to either be permanent or quickly decay to
the lowest energy configuration. Gradual decays are not desirable as these contribute to drift
such as observed in chalcogenide glass memory(25). Future work will have to determine whether
solid-solutions observed by Flores et. al. will relax to the lowest energy configurations predicted
by Nadkarni and over what timescale the relaxation occurs, with faster timescales being far more
desirable.

Another important finding are islands existing with different fractions of lithium content
that contribute to a single microstate of charge as illustrated in Fig. 2 . Although not surprising,
this has implications to both battery and ECRAM cells. For example, smaller particles with high
metallicity may dominate charging characteristics, especially at intermediate charging rates
between solid solution and two-phase coexistence. An open question is whether some particles
enter a solid solution phase while others remain segregated at the tails of the coexistence region.

With respect to electrocatalysis, recent studies indicate that delithiated LCO exhibits
substantial oxygen evolution reaction (OER) activity(26). Furthermore, LCO nanoparticles with
various surface orientations exposed to electrolyte exhibited considerably higher activity
compared to LCO nanosheets with predominantly basal (001) surface exposure(27). Theoretically,
surfaces with the (110) and the (012) orientations were predicted to exhibit the highest activity.
These results are consistent with our local conductance measurements indicating that while the
edges become electronically conducting following delithiation, the basal planes remain largely

insulating. We propose that LCO nano-islands with precisely tuned orientation and dimensions,



coupled with spatially resolved conductance measurements, represent an excellent opportunity to
quantitatively relate specific surfaces with electrocatalytic activity.

Finally, we discuss the implications of force induced metallization and transformation
from a to S. This is an especially important consideration for solid-state systems that undergo
significant mechanical stress due to solid-electrolyte overlayers. Stress points, independent of
particle size, may metallize more quickly than is predicted from existing charging models and
therefore dominate the electrochemical activity.

Our results point more broadly to nanoscale effects that cannot be predicted from bulk
phase diagrams to capture device performance. Interplay between diffusion, strain and electron
correlation can lead to unexpected phase morphology depending on dimensionality and charging
rates. We have only scratched the surface in understanding these effects in LCO and further
investigations are required to understand precisely how the behavior extends to ensembles of
particles (i.e. how they contribute to macroscopic state of charge) especially at transition points
in the bulk phase diagram. (i.e. phase coexistence to solid solution crossover). Finally, we expect
these phenomena to be observed in other correlated oxides of interest such as LiFePO4, NaCoO,,
etc. Capturing these emergent nanoscale phenomena is critical to constructing models that can

guide improvements in battery, electrocatalyst and ECRAM performance.

METHODS

Electrochemical cycling
The substrates were mounted electrically and mechanically to a stainless steel plate using silver

paste. An o-ring was used to confine a volume of electrolyte in contact with the center of the



substrate. A mixture of 1M LiCIO4 in propylene carbonate was used as the electrolyte. Electrical
contact was made to the metallic StTRuO3 underlayer using silver paste or copper tape at the
edges of substrate and away from the electrolyte. Cyclic voltammetry was performed between 3-
4.2 V with respect to Li or a LiFePO4 counter electrode and a Li reference electrode was used to
monitor the potential. For the conductive AFM measurements, the islands were galvanostatically
charged at C/8 until approximately 0.15 mols of Li were removed, as calculated from the
measured volume of the islands. All testing and assembly was conducted in an Ar glovebox
(<Ippm H20 and O»).

Pulsed laser deposition

Pulsed laser deposition of LCO was carried out on a stoichiometric LiCoO, target and a Li,O
target at a duty cycle of 25:1 and at a rate of SHz and fluence of 3.6 J cm™. Growth was carried
out at a temperature of 650C and in an oxygen partial pressure of 26.6 Pa. The SrTiO (100)
subtrates were prepared using a buffered oxide etch with a post annealing at 900C in air.
Conductive AFM

Unless otherwise stated, the probe force was approximated at 80 nN based upon the cantilever
spring constant and measured deflection. All images were taken with a ballast resistor of 5 M2 in
series with the ammeter circuit to prevent overcurrent through the C-AFM tip. The c-AFM images
were recorded using doped diamond tips with a radius of curvature of <5 nm (Adama AD-2.8-SS)
or platinum silicide tips (PtSi FM) with a radius of curvature of <25 nm.

SPELEEM data

The SPELEEM data were taken at Nanospectroscopy beamline of the Elettra syncrotron in Trieste,
Italy. The beamline end-station is equipped with an low-energy electron microscope with

hemispherical energy analyser (SPELEEM III, Elmitec GmbH). To probe the specimen surface,



the microscope can use either electrons (LEEM operation) or soft x-rays in the range 25-1000 eV
(PEEM operation). LEEM allows applications such as real-time imaging of the surface and micro-
spot diffraction measurements. When using the beamline photons, the SPELEEM microscope can
peform x-ray absorption spectroscopy or x-ray photoelectron spectroscopy with lateral resolution
better than 30 nm can record selected-area x-ray absorption spectra or spatially resolved
photoemission images.

Sputtering procedure

Physical delithiation was done by Ne+ sputtering under controlled conditions (ion energy of 600
eV, sample current of 0.5 pA) in 5 minute steps. After every sputter cycle a gentle annealing of 10
min at 500 C was performed to improve the surface crystallinity as checked by LEED.

Image Analysis

The deflection data was first denoised by using a low-pass Butterworth filter with a cutoff
frequency of 40 Hz. The data was converted to a grayscale image, where edges were identified as
grayscale values below 0.4 and above 0.55. To segment the individual particles, graph cut method
was used in the image segmentation toolbox in MATLAB, which uses the active contour algorithm
to locate particle boundaries. This segmentation was used to create masks corresponding to the top
facet area of each particle. The total number of pixels in the masks were counted to represent the
area of particles (in pixels). These masks were then applied to the c-AFM current image (converted
to a grayscale image) to segment the individual particles in the c-AFM image. The c-AFM current
data was corrected for a special gradient that likely originates from data acquisition in contact
mode. The current cutoff grayscale value was 0.15 (~6 nA); all pixels with grayscale values greater
than 0.15 were classified as conductive. The fraction of the conductive region was determined by

dividing the number of conductive pixels by the total number of pixels in the masked region (i.e,



the top facet of each particle). The edge length to top facet surface area pixel ratio, indicating the
surface to volume ratio of a particle, was determined by taking the ratio of the number of pixels
on the edge of each particle’s top facet to the number of pixels on the surface of the facet. An area-
weighted average was calculated for five out of the seven particles analyzed. The two partially

imaged particles were not included in the averages.
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