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Abstract

The chemical phase distribution in hydrothermally grown micrometric single crystals LiFePO4

following partial chemical delithiation was investigated. Full field and scanning X-ray microscopy

were combined with X-ray absorption spectroscopy at the Fe K- and O K-edges, respectively, to

produce maps with high chemical and spatial resolution. The resulting information was compared

to morphological insight into the mechanics of the transformation by scanning transmission

electron microscopy. This study revealed the interplay at the mesocale between microstructure and

phase distribution during the redox process, as morphological defects were found to kinetically

determine the progress of the reaction. Lithium deintercalation was also found to induce severe

mechanical damage in the crystals, presumably due to the lattice mismatch between LiFePO4 and

FePO4. Our results lead to the conclusion that rational design of intercalation-based electrode

materials, such as LiFePO4, with optimized utilization and life requires the tailoring of particles

that minimize kinetic barriers and mechanical strain. Coupling TXM-XANES with TEM can

provide unique insight into the behavior of electrode materials during operation, at scales spanning

from nanoparticles to ensembles and complex architectures.
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Introduction

Lithium ion batteries operate through the redox (de)insertion of lithium into (from)

electroactive host materials.1–3 The ability of the materials to accommodate the chemical

phase transformations that accompany the variations in lithium concentration determines

electrode utilization and cycle life. In turn, these phase transformations are determined by

the crystal and electronic structure of the compound, for instance by controlling the

pathways that charge carriers can follow in and out of a crystal. Particle size and

morphology can lead to kinetic barriers that modify the reaction mechanism and its rate.4,5

Thus, observation of phase transformations in single particles can provide insight that can be

used in the design of materials with maximized performance.

LiFePO4 is a canonical example of the importance of phase transformations in battery

electrodes. It is converted to FePO4 via a first-order phase transition at about 3.4 V vs. Li+/

Li0.6 The poor electrochemical utilization and cycling performance found in early reports

was ascribed to the low ionic and electronic conductivity of the two compounds.7 This

limitation was subsequently overcome by engineering small primary particles with an

electron conductive coating (typically, carbon),8,9 to the point that fast rates and high

utilization are now commonplace.10,11 LiFePO4 crystallizes in an olivine-type structure

(Pnma space group) with Li+ ions located in 1D channels along the b direction.12 Although

the crystal framework remains the same upon Li extraction, there are significant and

anisotropic changes in the lattice parameters. A contraction in the 100 and 010 directions of

4.9 % and 3.5 %, respectively, is concomitant with an expansion of 1.9 % in the 001

direction. The lattice misfit leads to elastic deformation and thus coherency strain at the

phase boundaries. The strain is anisotropic and could be minimized with appropriate control

of particle morphology.13 Another means for strain alleviation would be through the

formation of solid solution phases with intermediate lithium contents, and, hence, cell

dimensions. Their existence and role during the two-phase transformation is an active topic

of discussion.14–16 Nonetheless, it is now well established that as crystallite size decreases,

the miscibility gap between the end members shrinks, thereby leading to decreased lattice

strain.17,18 Further, Malik et al.19 and Bai et al.20 recently proposed that, below a critical

particle size, nucleation and phase growth within a single particle could be bypassed when

applying an electrochemical overpotential, thereby enabling a single-phase transformation

over the whole compositional range.

Several mechanisms have been proposed for the delithiation of LiFePO4 to FePO4 within a

crystalline particle. The core-shell model initially proposed by Padhi et al.21 was invalidated

by the fact that the most favorable lithium diffusion path is through tunnels aligned with the

b axis.7,22,23 Chen et al.14 observed the formation of narrow FePO4 domains, stretched

along the c direction in micron scale, hexagonal plate crystals of LixFePO4 (where x is the

overall lithium content in the sample). They proposed that these domains propagate along

the a direction as the delithiation proceeds. Similar phase distributions were found in smaller

crystals.2425 A “domino cascade” model of mesoscale transformation in nanoparticles was

put forth by Delmas et al.,26 in which, once nucleation of the new phase (e.g. FePO4 in

LiFePO4) occurs, spontaneous and rapid transformation of the whole crystal takes place. As

a result, at any given compositional point, all particles in an electrode are single phase,

either FePO4 or LiFePO4. The means by which particles would communicate with one

another to achieve this intricate sequential mechanism is not clear. Multiple studies have
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been carried out to clarify this behavior, with results both supporting26–28 as well as

invalidating4,25 the model. The striking inhomogeneity of charge (phase) distribution in

LiFePO4 electrodes may contribute to the experimental confusion.29

The number of more or less conflicting mechanisms underscores the experimental challenge

of reliably visualizing the phase distribution in a single particle with high spatial (nm-range)

and chemical resolution. Lithium contents in a material can be inferred from diffraction

experiments,26,30 or by measuring the local oxidation state of the redox center (e.g., Fe in

LiFePO4), using tools such as X-ray absorption spectroscopy (XAS)31,32 or electron energy

loss spectroscopy (EELS).24,27 The latter can be combined with transmission electron

microscopy (TEM) to produce chemical maps with the highest resolution possible today.

However, TEM-EELS faces issues regarding sample preparation and stability, as LiFePO4

and FePO4 are known to be sensitive to decomposition under intense electron

irradiation33–35. The fact that only thin sections of particles in limited fields of view

(FOV~1 µm) can be successfully analyzed by TEM-EELS also raises the question of how

representative the observations are of the entire sample. In contrast, virtually all the X-ray or

neutron-based tools used to characterize battery materials so far produce results averaged

over a large volume of sample. Recently, spatial resolutions of 20 nm and below have been

achieved by transmission X-ray microscopy (TXM).36 TXM can be performed in scanning

(STXM) and full field (FF TXM) mode. The main conceptual difference is in the means to

achieve spatial resolution, either through beam focusing (STXM) or image formation with

an objective lens (FF TXM).37 Both tools enable a FOV of several microns within minutes,

even seconds. When using a tunable synchrotron source for the measurement, simultaneous

collection of XAS is possible without sacrificing spatial resolution. Further, penetration

through tens of micrometers of matter can easily be achieved with hard X-rays. This feature

enables the performance of experiments during an electrochemical reaction (in operando), as

recently demonstrated in 2D mode, albeit without simultaneous XAS collection.38,39 Despite

an early 3D FF TXM study at the Mo K-edge with a resolution of about 2–3µm,40 the field

of chemically resolved TXM has been dominated by STXM in the soft X-ray region.41–44

More recently, FF TXM has been applied to distinguish chemical compositions at the Ni

K45 and Ti L-edges.46 The latter report showed that hard X-ray TXM is particularly suited

to the study of hierarchical structures in functional materials such as battery electrodes due

to the strong X-ray penetration and depth of focus, enabling the study of large areas in 2D

and 3D.47–49

Here, STXM and FF TXM in combination with X-ray absorption near edge spectroscopy

(XANES) for nanoscale imaging of phase transformations are applied to produce high

chemical and spatial resolution maps for partially delithiated, micron-sized LiFePO4

crystals. Regions of both LiFePO4 and FePO4 were thus resolved. Their mesoscale

distribution was analyzed vis-à-vis the mechanism of phase transformation and the

microstructure of the crystals, which was revealed by complementary electron microscopy

experiments.

Experimental

Sample preparation and definition

LiFePO4 crystals measuring ca. 2 × 0.2 × 4 µm along the a, b, and c axes, respectively, were

synthesized using a previously described hydrothermal method.14 Partially delithiated

samples were prepared by stirring the crystals in a 0.05 M solution of bromine in acetonitrile

in a specific molar ratio corresponding to the desired lithium content. Powder X-ray

diffraction patterns were obtained using a Phillips X’Pert diffractometer with an X’celerator

detector and Cu Kα radiation. The average composition of the delithiated batches was

determined by Rietveld refinement.
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Electron microscopy

Scanning electron microscopy (SEM) was performed in a JEOL 7500F operated at 1 kV and

20µA in gentle beam mode. For transmission electron microscopy, crystals were dispersed

on an ultra-thin carbon supported grid and studied in a Zeiss Libra microscope operating at

200 kV using zero-loss energy filtered, selected area electron diffraction (SAED) and bright

field imaging in conventional TEM (CTEM) mode, and high-angle annular dark field

(HAADF) imaging in scanning TEM (STEM) mode. The electron diffraction patterns were

also simulated using Single Crystal software.50 The smallest available condenser (C2)

aperture (1.5 microns) was used to probe areas close to the edge of the crystal. This resulted

in a parallel illumination of an area approx. 40 nm in diameter on the sample. This method

was used instead of selected area diffraction and convergent beam electron diffraction in

order to select a smaller area and also minimize radiation damage from the electron beam.

Transmission X-ray microscopy

2D STXM- and FF TXM-XANES were collected from pristine LiFePO4 and from partially

and fully delithiated crystals. For the measurements, crystals were sprinkled directly on

Si3N4 membranes (Silson Inc.) of 200 nm thickness for FF TXM and on 20 nm carbon

coated Cu TEM grids (Ted Pella, Inc.) for STXM. STXM was performed at beamline

5.3.2.1 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, using

an interferometer-controlled stage. The instrumental setup is described in detail in the

literature.51 Two dimensional mapping was performed at selected energies in the vicinity of

the O-K-edge (520–570 eV) with a spatial resolution of 25 nm. For all data processing,

aXis2000 software52 was used.

Full field (FF) TXM was performed at the wiggler beamline 6–2 at the Stanford Synchrotron

Radiation Lightsource (SSRL), SLAC National Accelerator Laboratory.53 The microscope

is optimized for photon energies in the range of 5 to 14 keV with spatial and energy

resolutions of 30 nm and ΔE/E = 10−4, respectively, and achieves a single flat field of view

(FOV) of about 20 × 20 µm. 2D XANES images (0.5 sec. exposure time, 50 repetitions,

binning 2) were collected from 7080 to 7260 eV in 74 steps at varying energy intervals, with

spectral sampling at 1 eV in the immediate Fe K-edge region. This approach was followed

to maximize energy resolution at the energies where the main features were expected (e.g.,

the white line and the first oscillations that follow) while optimizing measurement time by

collecting fewer points above and below these features. Nonetheless, these points are

important for XANES normalization, and therefore covered a wide energy range: about 100

eV above and 50 eV below the white line. The zone plate was adjusted at each energy to

maintain focus. To account for changes in flux and small beam instabilities, a set of

reference images was recorded at each energy (0.5 s exposure time, 40 repetitions, binning

2) in regions where the transmission of the beam was unobstructed by the sample, and

subsequently subtracted from the FOV of interest. The XANES measurement for a single

FOV was accomplished in 1.5h.

FF TXM data analysis

A single FOV in FF TXM-XANES consisted of 1024 × 1024 pixels (p) collected at 74

energies (E), generating a data matrix p × E. Principal component analysis (PCA) was used

to reduce the dimensionality of this 74 dimensional data space, while preserving the relevant

information, by describing the data in a way which best explains the variance of the entire

data set.54,55 PCA produces principal components (PCs) which are linear combinations of

the E independent variables and sorts them in descending order according to the level of

variance associated with each PC. These PCs generally cannot be interpreted as the spectra

of individual chemical phases, but rather provide an orthogonal basis set that optimally

describes the data in terms of its variance. As a result, the data can be represented by a new
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matrix, p × PC1..E, where the PCs (columns) are eigenimages, while the rows represent

eigenspectra. The PCs were determined by singular value decomposition (SVD) of the data

matrix. Because SVD involves the calculation of a matrix p × p, which is in our case too

large for computer memory, the “economy size” decomposition of the data matrix was

used.56,57 The dimensionality of the data matrix p × PC1..E was then reduced to p × PC1..N

without losing significant information by choosing the first N principal components that

explain most of the data variance (“cumulative variance explained”, or CVE). Because PCs

are oriented to best describe the spread in the data, projecting the latter to the N-dimensional

PC space (score plot) highlights the pattern explained by the captured variance and

effectively reduces noise, which is now described by PCs having indices larger than N. The

distance between data points in the score plot is a direct measure of the similarity of the

XANES, i.e. the chemical phase. Therefore, k-means clustering58,59 of the data points in the

reduced PC space was performed, grouping pixels according to their (Euclidean) distances

from cluster centers (centroid linkage method). As a result, pixels with similar XANES were

effectively clustered into k groups. Because the PCs form an orthogonal basis set, each of

the N PCs describes an uncorrelated spread of the data cloud. For this reason, PCA indicates

that there are at least N different groups of XANES, i.e. at least N different chemical

identities present in the data. Therefore, the number of clusters k has to be at least equal to N

in order to exploit all the information provided by the reduced PC space. The different

chemical identities identified by PCA do not necessarily directly correspond to actual pure

chemical phases, but are represented by irreducible XANES within the data set. As a

consequence, the number of real chemical phases is necessarily still at least N. Comparison

with spectra of known standards was subsequently used to match the irreducible spectra

produced by PCA with chemical phases (or combinations thereof).

The single pixel XANES spectra of a single FOV containing several crystals in the pure

LiFePO4 and FePO4 samples were averaged to produce reference spectra. These standards

were used for the identification of chemical phases after PCA, and for the linear

combination (LC) fitting of all the single pixel XANES spectra in a single FOV for the

partially delithiated samples. Errors were calculated following the approach of the FEFFIT

program,60 as described in the program documentation.61 All data processing, including

reference correction, averaging, magnification correction, XANES reconstruction and

fitting, was performed using the TXM-Wizard software.62

Results

STEM HAADF imaging of pristine LiFePO4 crystals revealed a number of dark spots and

streaks (Figure 1a). Intensity in a HAADF STEM image is related exponentially to the mass

thickness and is roughly proportional to the square of the average atomic number. Therefore,

assuming that there is no variation in composition within a crystal, this contrast can be

attributed to its mass thickness. These dark features were ascribed to microstructural defects

such as cracks or voids. A high defect density was found in the center of the crystal, in

contrast to the dense and defect-free outer edges, which appear more uniform. The SEM

image of similar pristine crystals in Figure 1b shows only the surface morphology. The

density of defects was much lower, indicating that they were mostly buried within the bulk

of the particles. Only a few cracks were present, oriented roughly along the c-direction.

Careful SAED analysis did not reveal visible misorientations within a single particle (Figure

S1). A notable increase in the number of cracks and grooves was induced in the crystals by

delithiation, as exemplified in Figures 1c and d for samples with a nominal composition of

Li0.5FePO4. The surface features observed by SEM were straight, parallel to the c axis and

evenly spaced (Figure 1d). The STEM image in Figure 1c shows that internal fracture lines

also developed. In some cases, they were found to extend across both the dense edges and

defective center, but, overall, their density appeared to be lower in the former. Analysis of
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the phase distribution was attempted by coupling STEM with electron energy loss

spectroscopy (EELS). However, the crystal thickness (about 200 nm) resulted in significant

plural scattering that made the analysis unreliable, thus providing motivation for our TXM-

XANES study.

The normalized Fe K edge XANES transmission spectra for single-phase LiFePO4 and

FePO4 obtained in FF TXM mode (Figure 2) show a significant edge shift of about 2 eV

upon oxidation from Fe2+ (LiFePO4) to Fe3+ (FePO4), along with a decrease in the whiteline

intensity and shifting of post-edge features to higher energies. The calculated transmission

for the 200 nm thick platelets at these high energies was about 95% and, therefore, the

corresponding signal was near the lower detection limit. Two sets of crystals with bulk

composition Li0.74FePO4 and Li0.5FePO4, as determined from refinements of powder XRD

data, were studied by FF TXM-XANES. The transmission image collected at 7080 eV from

the first sample (Figure 3a) shows a large platelet with two smaller superimposed crystal

fragments. As in STEM imaging, decreased brightness contrast in this transmission image

corresponds to areas with lower mass density, in this case, due to macroscopic defects.

Principal component analysis (PCA) and subsequent k-means clustering were performed

following the approach described by Lerotic et al.63 to identify the number of Fe-containing

species and their distribution within the sample. The number of PCs capturing the relevant

information of the dataset was determined graphically by plotting the CVE (scree plot) and

by inspecting the eigenimages and eigenspectra. In our case, the first two PCs captured an

overall variance of 99.2% (Figure S2). The linear spread of the data cloud in the reduced

space spanned by the first 2 PCs (score plot, Figure 4a) clearly showed the existence of a

linear phase transition between two groups of most different chemical identities, i.e.

different XANES. In order to explore this linear phase transition we intentionally over-

clustered (k > N) the data cloud using k = 5 (arbitrary value). The FF TXM-XANES image

was consequently segmented into 5 clusters of pixels (Figure 4b) having similar XANES.

The average spectra of clusters 4 and 5 (cyan and purple in Figure 4a) represented the two

most different chemical identities in the sample. They were in excellent agreement with the

spectra collected for LiFePO4 and FePO4 standards, respectively (Figures 4a), the end

members of the phase transformation. Further, the comparison of the average XANES of

each of the 5 clusters (Figure 4c) identified the regions where different extents of

transformation occurred, following the order, from LiFePO4 to FePO4: cluster 4, cluster 2,

cluster 1, cluster 3, cluster 5. Thus, without using any a priori knowledge of the actual

chemistry of the sample, PCA and k-means clustering of the FF TXM-XANES dataset: i)

proved that all XANES in the map were a linear combination of two and only two chemical

phases unambiguously identified as LiFePO4 and FePO4 and ii) allowed an image

segmentation displaying the spatial distribution of the two phases.

Based on the PCA results, the XANES spectrum of each pixel was fitted by a linear

combination of the two standards (LiFePO4, FePO4) to obtain a two dimensional phase-map

as an RGB image (Figure 3b). Green and red colors indicate pure LiFePO4 and FePO4,

respectively, whereas the blue color is purest for pixels with a 1:1 LiFePO4:FePO4 ratio.

Representative XANES spectra for two selected single pixels and the corresponding LC fits

are presented in Figure 5. The phase fractions for the single pixels have an accuracy of about

5 %. Single pixels showing poor signal-to-noise ratios due to low Fe concentration were

filtered out by setting their intensity to 0 at all energies.45,62 Therefore, they appear black in

the chemical maps. Averaging all the single pixel compositions in the map gave a particle

composition, LixFePO4, with x = 0.85 ± 0.03, somewhat higher than the nominal sample

composition. Because slight spatial misalignments of the image stack may lead to incorrect

assignment of phases due to intensity variations, especially at particle edges, randomly

selected pixels were examined to verify their signal-to-noise ratios, and agreement between

phase assignments and edge position. No edge effects were observed in this data set. The
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phase distribution determined by LC fitting of the single pixel XANES (Figure 3b) agreed

well with the phase distribution determined from the PCA cluster distribution (Figure 4b). In

both cases, regions of extensive delithiation appeared at edge locations, while the center of

the crystal was mostly unchanged. Nonetheless, some pixels with non-negligible amounts of

FePO4 were found in the center of the crystals and LiFePO4 rich sites were also detected at

the edges in the two maps. Since the transmission mode spectra represent an average over

the thickness (ca. 200 nm) of the crystal, mixed compositions most likely resulted from

incomplete delithiation in the b direction, i.e., FePO4 was located mostly at the surface of

the crystals when mixed contents were present. In another crystal from the same sample

(Figure S3), with a slightly lower lithium content (x = 0.8 ±0.04), larger FePO4 domains

were found at the edge sites, while much less delithiation, albeit still non-negligible, was

observed in the center.

The effect of extensive delithiation was analyzed in the sample with Li0.5FePO4 nominal

composition. The transmission image at 7080 eV of a selected field of view containing a

collection of crystals (Figure 6a) shows one large platelet lying flat, with multiple smaller

ones with different orientations above or below. Cracks along the length of the large crystal

(c-direction) together with contrast between center and edge regions were observed,

consistent with the STEM images. PCA and k-means clustering of this field of view (Figures

S4 and S5) confirmed the extensive delithiation of the crystal: comparison with reference

XANES shows that the two most different XANES found are FePO4 (clusters 4 and 1, at the

edges of the crystal) and a mixture of the latter and a small amount of LiFePO4 (clusters 5

and 3, in the center of the crystal). The overall local composition in this specific field of

view was approximately LixFePO4 with x=0.06, indicating that kinetic factors during the

chemical reaction determine the ultimate phase ratio in the individual crystals. The phase

distribution map obtained by LC fitting (Figure 6b) shows extensive delithiation both at the

edges and in the defective interior. Correlation between microstructure and chemical

composition was observed. The boundary between delithiated and lithiated regions at the

edges formed a pattern that appeared to follow the original outline of the dense edges vs. the

more defective inner region. The pixels with highest FePO4 contents in the center were

found to be more randomly located than those along the edges. However, evidence of FePO4

elongated domains in the c direction that bear some correlation to the distribution of cracks

in the center of the crystal were found, as shown in insets I and II in Figure 6b (see also

Figure S6). The spatial resolution in the experiment did not allow us to clearly determine

whether delithiated domains existed along the crack, as opposed to right next to it, as

suggested by Chen et al.14 Finally, a few crystals were aligned vertically in the beam and

showed a cross section suggesting a sandwich structure with delithiation dominantly at the

(010) surfaces. This pattern would be consistent with only partial delithiation along the b

axis due to interruption by defects. However, the number of pixels across the depth of the

particle was too small, so that a definite conclusion could not be reached. Crystals from the

Li0.5FePO4 sample varied considerably in composition, further highlighting the

inhomogeneity of the reaction. In one with x = 0.57 ±0.04 (Figure S7), delithiation along the

crystal edges was incomplete. Here, delithiation was extensive in the center, with some

apparent c-elongated domains visible in the bottom half of the crystal.

Similar analysis of mesoscale phase distribution was carried out on different crystals in the

same sample (nominal composition Li0.5FePO4) by STXM-XANES at the O-K edge. The

corresponding spectra of single-phase LiFePO4 and FePO4 (Figure 7a) were obtained by

accumulating signals during line scans across the particles. Both spectra showed a pre-edge

feature at ca. 532 eV, followed by a pronounced jump. In contrast with FF TXM, the

particles investigated here were near the upper thickness limit of the tool. Indeed, the low

energies used in these experiments resulted in much higher absorption of photons by the

crystals than using hard X-rays. As a result, the intensity observed above 538 eV and at the
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Fe LIII edge (not shown) was too low and, consequently, the features too distorted to

perform a reliable chemical phase analysis. Nonetheless, the intensity of the O K pre-edge

absorption feature was much higher for FePO4 than for LiFePO4, in agreement with

previous reports.24,31 This intensity is related to increased polarization of the O2− ions by

Fe3+ vs. Fe2+, which results in stronger hybridization of the Fe-O orbitals. Therefore,

chemical contrast between the two states could be achieved by collecting images at energy

corresponding to this resonance. The image collected at 528 eV, below any absorption

threshold (Figure 7b), shows only mass thickness contrast. The darker areas in the center of

the crystals indicate regions of lower density relative to the denser (lighter) edges. Multiple

dark spots were observed in the center region of the crystal, which are assigned to defects

such as voids or cavities. The image in Figure 7c was obtained at 532.8 eV, which

corresponds to the maximum of the pre-edge peak (Figure 7a). Hence, it contains

information on both the density and the chemical phase distribution. The lightest areas, such

as the edges of the crystals, had the highest content of FePO4. The image in Figure 7d was

obtained by normalization of image c to image b, and shows enhanced chemical contrast

(Figure 7d). Here, the dark regions correspond to those richest in FePO4. The results were

largely consistent with FF TXM-XANES, with the edges showing more extensive

delithiation and notable compositional inhomogeneities among them (see examples in

Figure S8).

Discussion

The pristine LiFePO4 platelet-like crystals contain holes and cracks localized mainly in their

center, the edges being denser and more homogeneous. Comparison of SEM and STEM

data, which probe different depths, revealed that these macroscopic imperfections

preferentially accumulated inside the particles (Figures 1a and b). Their formation is

dependent on the crystal growth process and the synthesis conditions. Lu et al. grew

LiFePO4 crystals in a range of particle sizes and shapes up to several micrometers by a

similar hydrothermal method.64 They observed ring-like structures for intermediate reaction

times in the presence of ammonia and citric acid. The centers of these particles appeared to

be defective and redissolved during the growth process. Another possible origin for the

defects in the present crystals is that purging with argon gas was performed as part of the

synthesis procedure to prevent iron oxidation.14 Some gas may have been trapped in the

solid, causing either internal voids or defects. In some cases, the gas could be released upon

prolonged heating in the hydrothermal vessel, leading to defects that propagate to the

surface (Figure 1b). The edges are less defective because less gas was trapped there.

Delithiation of the LiFePO4 platelets was found to be more favorable at crystal edge

locations than in the center of the crystals. Since lithium can only be removed from LiFePO4

along the b direction,65 which corresponds to the thickness of the plate, this peculiar

behavior cannot be explained by a thermodynamic control of the delithiation of a single

crystal. Instead, it appears to be dominated by the microstructural features of the particles.

The presence of objects with a variety of defect numbers and arrangements would be

consistent with inhomogeneous delithiation within the same batch, as observed especially in

the Li0.5FePO4 (nominal composition) sample. An additional effect could be the deviation

from equilibrium of the chemical delithiation reaction caused by inefficient contact between

the oxidizing agent and the particles when immersed in the reaction medium and stirred. The

tendency for the denser areas of the crystals, which are the edges in the present case, to be

more fully delithiated is consistent with the requirement of a contiguous diffusion path for

lithium ions to reach the crystal surface. Such contiguous path does not exist in the presence

of internal cracks and voids. The oxidizing solution cannot reach the unreacted areas

through the solid surface, whereas the absence of material prevents solid state diffusion.

Thus, it is likely that the surface in the center of crystals may have started delithiating at the
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same time as the edges, but the reaction was interrupted in the presence of voids and cracks,

while it could proceed continuously in defect-free areas. Comparison of the phase

distribution with the morphological information collected by STEM provided evidence of

partial delithiation in both the edges and center of the crystals, for instance, in Figures 3, S3

and S8. It also revealed that the delithiated outer regions always included the edge of the

crystal. Given the 1D character of Li diffusion within the LiFePO4 framework, crystal edges

and corners cannot be considered, a priori, as more favorable points of reaction than

domains within the crystal. Non-random distribution of atomic-level defects65 and/or local

gradients of strain could influence these results, but could not be properly evaluated in this

study. At any rate, modeling of the initiation of the phase transformation in the presence and

absence of a particle edge66,67 would be beneficial to explain these results. Higher spatial

resolution would also be required to discern the exact orientation of the LiFePO4/FePO4

boundaries. While the global pattern does not follow either the a or c directions, it could

well be that local sub-domains do, and that the progress of the reaction is kinetically

controlled even in these dense regions, resulting in a complex pattern. Indeed, staggered

phase boundaries along the [101] direction were reported in earlier TEM observations.25 In

contrast to the complex orientation of the delithiated domains on the edges, evidence was

found that the corresponding domains in the center had a tendency toward anisotropy in the

form of more or less subtle stripe patterns of delithiated phase, as indicated by the arrows in

Figure 6. These stripes are highly reminiscent of the pattern reported by Chen et al. based on

TEM imaging, and would thus be in agreement with their proposed delithiation mechanism

in which an extended phase boundary preferentially forms along the c direction.14

The initial microstructure of the sample also determined the mechanical consequences of

delithiation. Both EM and TXM images of partially delithiated samples revealed more

severe cracking than in the pristine crystals. As fresh cracks develop at the surface during

delithiation, pathways for penetration of the oxidizing solution to the interior are created,

which likely facilitate more extensive delithiation.35 Propagation of redox phase

transformations along cracks was also reported to enable the electrochemical conversion of

large NiO particles to Ni by Li, as revealed by 3D FF TXM-XANES.45 The origin of the

cracks was not fully revealed in our experiments. At the surface, they could be driven by the

strain introduced by the lattice misfit between LiFePO4 and FePO4. The misfit is negative

along the a and b directions, the former being largest, whereas it is small and positive along

c.68 In the presence of strong bonding between LiFePO4 and FePO4 domains, tensile stress

will lead to cracking along the c direction in the delithiated phase, consistent with the

observations in Figures 1c and d. A subtly different mechanism must operate in the interior,

especially in view of the less extensive cracking observed in the dense areas around the

edges. It would appear that the preexisting defects lead to higher brittleness in the center

compared to the edge of the crystal. These areas cannot absorb the stress that accompanies

delithiation, resulting in mechanical failure. In contrast, the dense edges must be more

mechanically stable. Given that these domain sizes were as high as 200 nm along the a

direction, it is possible that the critical size for mechanical failure upon extensive cycling

does not impose the need for very small particles (below 100 nm)69 for suitable electrode

performance.

Conclusions

This study has revealed the interplay at the mesoscale between microstructure, mechanics

and phase transformation in LiFePO4 through the combination of nanoscale morphological

and chemical imaging. TXM coupled with XANES was employed to produce chemical

composition maps of micron-sized single crystals at different delithiation stages both with

high spatial (30 nm) and chemical resolution. High accuracy was ensured by a robust data

analysis procedure using PCA and k-means clustering. The correlation between STEM and
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TXM-XANES imaging revealed complex behavior, proposed to result from a combination

of kinetic and thermodynamic limitations. Thermodynamically, the transition is limited by

the 1D character of the Li mobility within the material. STEM revealed macroscopic defects,

possibly induced by the synthesis process, which dominated the kinetics of the phase

transition within the crystals. Stresses accompanying the delithiation process led to

mechanical failure along the c-axis, particularly in the defective center of the crystals, the

dense edges remaining more intact. While mechanical failure and its correlation with the

phase transformation are well established in electrode systems with colossal volume

changes,70 they are often overlooked in intercalation-based materials.71 Further, the

importance of microstructure in battery electrode operation is typically associated with

carrier diffusion lengths. Our results stress the role of microstructure as a kinetic factor

during transformation of a particle between the initial and the final state, especially when

defects are considered. Many methods used nowadays for the synthesis of materials are

designed to stabilize metastable morphologies, which, with few exceptions,72 result in a

high degree of microstructural complexity. Indirectly, our work implies that single particle

studies directed at extracting fundamental conclusions using poorly designed and

characterized materials are bound to produce misleading results. Finally, generally speaking,

our results constitute further proof of the versatility of TXM-XANES, both in scanning and

full field modes, especially when coupled with more widely available tools such as TEM, to

pinpoint the origins of the behavior of electrode materials during operation. The wide

tunability of the X-ray radiation provides high chemical sensitivity and opens the door to

combined studies of materials and architectures at scales spanning from nanoparticles to

ensembles and complex architectures such as those present in battery electrodes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative STEM HAADF images of pristine a) and c) of partially delithiated crystals in

a sample with nominal composition Li0.5FePO4. The dashed line in a) is provided as a guide

to the eye to differentiate regions of high and low defect density. Representative SEM

images of b) pristine and d) delithiated LixFePO4 crystals. The same batch of crystals was

studied in both cases.
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Figure 2.
Normalized absorption spectra of single-phase FePO4 (open symbols) and LiFePO4 (filled),

collected by FF TXM, obtained by integrating the intensity of a full FOV containing

multiple single-phase particles.
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Figure 3.
a) FF TXM image of a selected crystal in a sample with nominal composition Li0.74FePO4

collected at 7080eV; b) chemical phase map obtained by LC fitting of XANES data at each

pixel.
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Figure 4.
Results of the k-means clustering in PC space performed for a selected crystal in a sample

with nominal composition Li0.74FePO4. a) Score plot, i.e. pixels of the data set projected

into 2 dimensional PC space (PC1 and PC2). Colors indicate the cluster to which each pixel

has been assigned by the k-means algorithm. b) Cluster index image displaying the

distribution of pixels assigned to each of the 5 clusters determined by k-means clustering. c)

Average XANES of all pixels in each cluster, as indicated.
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Figure 5.
Selected single pixel XANES, and results of LC fitting with FePO4 and LiFePO4 standards.

Single pixels showing poor signal-to-noise ratios due to a low Fe concentration were filtered

out by setting their intensity to 0 intensity at all energies.
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Figure 6.
a) FF TXM image of a selected crystal in a sample with nominal composition Li0.5FePO4

collected at 7220eV; b) chemical phase map obtained by LC fitting of XANES data at each

pixel. Regions I and II are magnified by a factor of 2 from panel b. The white arrows point

at an elongated domain with higher delithiation in the center of the crystal.
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Figure 7.
a) O-K edge XAS of LiFePO4 (solid) and FePO4 (dashed) obtained from a line scan in

STXM mode. STXM images of selected crystals in a sample with nominal composition

Li0.5FePO4 collected at b) 528eV and c) 532.8eV; d) map of FePO4 (dark areas) obtained by

normalization of c) using b).
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