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Correlative analysis of structure and
chemistry of Li,FePO, platelets using
4D-STEM and X-ray ptychography
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Lithium iron phosphate (LiFePO,), a cathode material used in rechargeable Li-ion batteries, phase
separates upon de/lithiation under equilibrium. The interfacial structure and chemistry within these
cathode materials affects Li-ion transport, and therefore battery performance. Correlative imaging of
LixFePO, was performed using four-dimensional scanning transmission electron microscopy (4D-
STEM), scanning transmission X-ray microscopy (STXM), and X-ray ptychography in order to analyze
the local structure and chemistry of the same particle set. Over 50,000 diffraction patterns from 10
particles provided measurements of both structure and chemistry at a nanoscale spatial resolution
(16.6-49.5 nm) over wide (several micron) fields-of-view with statistical robustness. LiyFePO, particles
at varying stages of delithiation were measured to examine the evolution of structure and chemistry as
a function of delithiation. In lithiated and delithiated particles, local variations were observed in the
degree of lithiation even while local lattice structures remained comparatively constant, and
calculation of linear coefficients of chemical expansion suggest pinning of the lattice structures in
these populations. Partially delithiated particles displayed broadly core-shell-like structures, however,
with highly variable behavior both locally and per individual particle that exhibited distinctive
intermediate regions at the interface between phases, and pockets within the lithiated core that
correspond to FePO, in structure and chemistry. The results provide insight into the LiyFePO, system,
subtleties in the scope and applicability of Vegard’s law (linear lattice parameter-composition
behavior) under local versus global measurements, and demonstrate a powerful new combination of
experimental and analytical modalities for bridging the crucial gap between local and statistical
characterization.
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Introduction

Lithium iron phosphate (Li\FePO,) is a viable commercial cath-
ode material for lithium (Li) batteries used in portable electronic
devices and zero-emission vehicles due its high rate performance,
good cycle life, and low cost [1,2]. However, mechanisms that
affect Li-ion transport, which plays a dominant role in rate per-
formance and cycle life, are not fully understood in LixFePO,
[3-5]. A key question is how exactly the structure and chemistry
of LiyFePO,4 change as it phase separates into Li-rich (LiFePOy)
and Li-poor (FePO4) phase domains [6-8]. To fully understand
the functional behavior of LiyFePO,, the chemical reactions
and phase transformations that occur upon de/lithiation must
be clearly determined.

A multitude of microscopy techniques have been applied to
analyze the Li distribution and crystallographic information of
LiyFePO, particles in order to determine the insertion/desertion
mechanisms during cycling [9]. Scanning transmission X-ray
microscopy (STXM) as well as X-ray ptychography have previ-
ously shown the distribution of Li during de/lithiation [10].
Chueh et al. show the effect of Li surface diffusion on phase
transformation behavior of LiyFePOy, platelets via STXM [8]. They
also show the incoherent nanodomains within LiyFePO, ellip-
soidal nanoparticles behave as distinct particles during delithia-
tion via X-ray ptychography [11]. High resolution transmission
electron microscopy (HRTEM) and selected area electron diffrac-
tion (SAED) have isolated defect concentration and crystallo-
graphic information (lattice parameters, strain, orientation) in
LiFePO,4 and FePO4 [12-14]. Electron energy loss spectroscopy
(EELS) of the Fe-L,3 and O-K edges, as well as Li-K edge using
low loss EELS, have revealed variations in electronic bonding
configuration and Li concentration at the interface in which
these two phases interact [15-17]. Annular bright field (ABF)
imaging has captured changes in local atomic structure and Li-
ion location at the phase separated interface within LiyFePO, pla-
telets [18,19]. While these microscopy techniques successfully
highlight structural and chemical changes at the phase separated
interfaces within de/lithiated LisFePO,, they did not correlate
both structure and chemistry globally and locally within the
same particles as their field of view was limited to selected
regions of interest. Restrictions within these characterization
techniques, due to sample thickness and statistics, have led to
discrepancies between the experimental observations and the
proposed theoretical models regarding the mechanisms of de/
lithiation within LiyFePOy4 [17,20].

In regards to analyzing structural effects, automated crystal
orientation mapping (ACOM) in TEM in combination with
energy filtered TEM (EFTEM) has also been used to analyze phase
transformation behavior in LiFePOy,, providing some statistical
information on crystal orientation and structure [21,22]. For this
technique, the experimental electron diffraction patterns are
compared to a database of simulated diffraction templates calcu-
lated from literature. LiFePO,4 and FePO, are both orthorhombic
with space group Pnma [13,23] and reported crystalline lattice
parameters of a = 10.33 A b=6.01A4A, c=4.69 A for LiFePO,,
and a = 9.81 A, b =5.79 A, ¢ = 4.78 A for FePO,, respectively
[13,23]. However, the crystal structure and lattice parameters

for potential intermediate phases are unknown due to phase sep-
aration; simulated datasets must then make assumptions regard-
ing any possible intermediate phases. For example, an
intermediate phase within cycled LiyFePO, is assumed to be a
solid solution of LiFePO, and FePO, in which 50% of the sites
are occupied by Li and the lattice parameters are an average of
the lattice parameters of LiFePO, and FePO,4 phases [22]. Phase
mapping over micrometers at nanometer resolution is therefore
possible with ACOM-TEM, but the assumptions required to make
the method viable may obscure novel or unexpected structures
within de/lithiated LixFePO, such as new phases or any non-
linearity in lattice parameter variation with composition.

In previous work, the study of phase distribution within
LiyFePO4 as a function of de/lithiation has been performed
separately via diffraction, spectroscopy, or X-ray techniques
[11,24,25]. However, to accurately delineate the structural and
chemical transformations as well as their relationship to one
another, the data acquired from diffraction and spectroscopy
techniques must be directly comparable and statistically
applicable [21,26-28]. Therefore, in this correlative study,
four-dimensional scanning transmission electron microscopy
(4D-STEM) and two X-ray microscopy techniques, STXM and
X-ray ptychography, were performed on the same LiyFePO, pla-
telets. This combination allows for pixel-by-pixel correlation of
the datasets, such that the lattice parameters and lithium con-
tent can be extracted and compared over fields-of-view, which
span complete particles with statistical robustness, and was
not previously achievable due to technique and data acquisition
limitations. In our study, ten particles were examined - three
lithiated, five partially delithiated, and two delithiated — com-
prising over 50,000 diffraction patterns. Due to data-size and
electron beam damage constraints, all ten particles were initially
measured by 4D-STEM with a comparatively large step-size of
49.5 nm between collected diffraction patterns. A single par-
tially delithiated particle was then examined in finer detail with
a step-size of 16.6 nm. In each case, the electron and X-ray data
were used to extract the lattice parameters and percent lithia-
tion, and the results were correlated to allow for direct, local
comparison. The results show local variations, which likely
would be lost under either broad-beam characterization or tradi-
tional high resolution, but narrow field, microscopy. In a sepa-
rate publication using this data, inverse learning of the chemo-
mechanics is performed and a variety of models are subse-
quently analyzed [29]. Thus, the acquired correlative imaging
results demonstrate the capabilities of 4D-STEM combined with
STXM/X-ray ptychography for isolation and identification of
structural variations, which is a necessary component for the
development of insertion/desertion Kkinetic modeling of
LixFePOy,.

Within this work, the LiyFePO, particles are categorized by
three chemical ranges based on the average Li composition (x)
of each particle: 0 < x < 0.15 is defined as FP, 0.15 < x < 0.85
is defined as LyFP, 0.85 < x < 1 is defined as LFP. When dis-
cussing literature values or comparing to the ‘pure’ bulk phase,
LiFePO4 or FePO, are used. LiFePO, is a catchall for all
compositions.
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FIGURE 1

Pixel-by-pixel correlation of Li,FePO, particles: The a-lattice parameter map, the c-lattice parameter map, and % lithiation map for LFP (Particles 1-3), FP
(Particles 4-5), L,FP (Particles 6-9). The color scheme is the same: red denotes regions that have chemistry or lattice parameters that correspond to FePO,,
yellow denotes regions that have chemistry or lattice parameters that correspond to LiFePO, blue denotes regions that have chemistry and lattice
parameters that correspond to their mean. The lithium composition was determined using STXM for LFP and FP particles, and X-ray ptychography for L,FP.
The step-size used for the 4D-STEM measurements was 49.5 nm. Definition of the colormaps is discussed further in the Supplemental Materials.
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Results

Pixel-by-pixel correlation of Li,FePO, particles using 4D-STEM
and X-ray microscopy

Fig. 1 shows a- and c-lattice parameter maps and chemical com-
position maps for nine Li\FePO4 platelets. For these maps, red
denotes values of each parameter (a- and c- lattice parameters
as well as chemical composition) corresponding to FePOy; yellow
denotes values corresponding to LiFePO,; and blue denotes inter-
mediate values. These plots were produced by first performing
4D-STEM with a 49.5 nm step-size and then performing STXM
or X-ray ptychography on the exact same LiFePO, particles,
with each platelet aligned along the [010] direction. A single crys-
tallographic orientation was observed for each platelet. Lattice
parameters were extracted by fitting the Bragg scattering within
each 4D-STEM diffraction pattern (see Methods and Supplemen-

% Lithiation (% Li)

% Lithiation (% Li)

| | |
% Lithiation (% Li)

% Lithiation (% Li)

(continued)

tal Material) [30]. Chemical composition values were determined
using the X-ray signal obtained from 5 different energy slits
about the Fe-K edge (Methods and Supplemental Material). Cor-
relative analysis produced additional information such as
HAADEF-STEM, X-ray optical density, and shear and rotational
strain for each particle. Pixel-by-pixel correlation between the
X-ray and 4D-STEM signals was performed using an affine trans-
formation optimized by gradient descent (see Methods and Sup-
plemental Material). Sixteen distinct image-like information
channels were ultimately extracted for each particle (see Supple-
mental Material). While we focus primarily on the a-lattice, c-
lattice, and percent lithiation channels in this work, this data is
highly information rich - for instance, the HAADF-STEM and
X-ray optical density images for all the LiyFePO, particles show
the presence of internal voids of varying size and shape. We

105

=
v
S
[
(7]
w
[
o
s
£
)
1
o
I
v
-4
<<
w
wv
w
o




X
m
(%))
m
=
ol
[a]
I

yoaeasay jeuibuQ

RESEARCH Materials Today ® Volume 52 ® January/February 2022
12 7
11.0 6 1
~
o .
05 108 . .P Mean:
o 106 . a
.g 104 (]
ol 3 =1
el 102 m I
[} -
-l 100 2 2
m 98 1 "
96 e 0
0 20 40 60 80 100
12 7 I .
0 . g Popu a_tlon
ol s S density:
~ 5 .
0 Q LB
(8] o
- = .
w ) Percentiles:
- <
© " 5/95%:
12 74
~ 110 6 g
L w . 5 25/75%:
0 106 I
g ‘8 B
ﬁ 3 w3 I
© 9,
- 2
© <
1
0
60 80 100
% Lithiation
FIGURE 2

Population density, mean, and percentile for all Li,FePO, particles: changes in the a-lattice parameter compared to % lithiation for (a) all LFP particles, (b) all

LiFP particles, and (c) all FP particles.

therefore made this data freely and publicly available for further
study - see Data Availability.

From the Li-composition-distribution maps, LFP platelets are
shown to be fully lithiated with minimal fluctuation in Li con-
tent regardless of internal void structure (Particles 1, 2, and 3
in Fig. 1). We measure both a- and c-lattice parameter values that
are consistent with the literature, finding a = 10.33 + 0.13 A and
c=4.69 + 0.05 A, where the error terms quoted here represents
the standard deviation of the distribution. The noisier appear-
ance of the c-lattice parameter maps in Fig. 1 compared to the
a-lattice parameter is likely due to the fact that, for the a-lattice
parameter, the two peaks of bimodal distribution are cleanly sep-
arated; while for the c-lattice parameter, the two peaks of bimo-
dal distribution are not distinctly separated. This difference in
bimodal distribution is discussed further in the analysis of the
singular L,FP particle within the next section. Overall, the exper-
imental LFP platelets, from 4D-STEM and STXM analysis,
demonstrate lattice parameters and chemistry that correspond
well with literature [1].

The Li composition-distribution maps of FP platelets, in con-
trast, demonstrate that these platelets are not fully delithiated.
Particle 5 shows a modest fluctuation of Li content, resulting in

purple-blue regions throughout the overall platelet; while Parti-
cle 4 shows uniform, minimal Li content (Fig. 1). Interestingly,
the a-lattice parameter map for Particle 5 exhibits small, concen-
trated clusters with intermediate a-lattice parameter values,
approximately 10.0 A. These clusters overlap with fluctuations
in the Li concentration. However, the variation within the Li
concentration is more diffuse throughout the FP platelet as the
platelet shows a Li concentration gradient change from the fully
delithiated regions to the intermediate lithiated regions, whereas
the intermediate a-lattice parameter values are distinct from the
fully delithiated regions, i.e., color gradation within the a-
lattice parameter map for Particle 5 does not directly correspond
to the color gradation of the Li composition map. The c-lattice
parameter maps for FP, similar to LFP particles, show intermedi-
ate lattice parameter values, which fall within the literature range
[1,13]. Modest fluctuation of Li within delithiated FP can be
attributed to a number of factors related to defect concentration,
surface morphology, and lithiation pathways that are all sample
dependent [31].

The L,FP platelets, overall, show a Li-rich core and Li-poor
outer shell (Particles 6-9 in Fig. 1). In the delithiated (lithiated)
regions, we find an a-lattice parameter of 9.82 + 0.16 A (10.22 +
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0.15 A) using mean statistics, and a value of 9.76 + 0.16 A (10.
28 +0.15 A) with median statistics, where in both cases the error
term is the standard deviation. Similarly, for the c-lattice param-
eter we find 4.76 + 0.03 A (4.70 + 0.03 A) in the means and 4.7
7 +0.03 A (4.69 + 0.03 A) in the medians. In terms of percentage
contraction/expansion from the lithiated to the delithiated
regions, the a-lattice is found to contract by 3.9% in the means
and 5.1% in the medians. The c-lattice is found to expand by
1.3% in the means and 1.7% in the medians. The mean and med-
ian statistics vary meaningfully here due to distributions with
meaningful skewness, and the full distributions can be found
in the Supplemental Material. In comparison to the values
reported by Zhang when Li-ions were extracted from LiyFePO,,
we find similar c-expansion values to theirs (1.9%), and our a-
contraction values are somewhat less than their report (6.77%)
[1].

The interface between the Li-rich core and Li-poor shell of the
LLFP platelets show intermediate a-lattice parameter values and
Li composition, which is highlighted in blue within these maps.
Each L,FP particle (Particles 6-9) exhibits a different, non-
uniform core-shell behavior, in which there is not a stark separa-
tion of the Li-rich and Li-poor domains, e.g., there are Li-poor
pockets within the lithiated core and there are partially lithiated
pockets within the delithiated outer shell. Some partially lithi-
ated and fully delithiated pockets are correlated with the pres-
ence of voids. For instance, a partially delithiated region,
denoted in blue, at the base of LiFP Particle 7 follows the shape

TABLE 1

Chemical expansion coefficients of LxFP: The linear coefficients describ-
ing the statistical expansion of the a- and c- lattice parameters («a and ac)
with lithiation.

Type . (A/%Li) ac (A/%Li)
LFP —0.033 + 0.219 0.062 + 0.079
L.FP 0.502 + 0.025 —0.073 + 0.016
FP 0.174 + 0.291 —0.046 + 0.017
Lit. 0.524 —0.089
Particle 10
FIGURE 3

of the connected void structures observed in both the HAADF-
STEM and X-ray optical density images shown in the Supplemen-
tal Material. However, a clear relationship between composition
and void structure is not observed for all the particles. We
explore this relationship between local structure and Li chem-
istry in a following section.

Structure-composition relationship for all Li,FePO, particles
Vegard’s law predicts that in a solid solution of two materials, the
lattice parameters will scale linearly with the weighted mean of
those two constituents, i.e., linear Ilattice parameter-
composition behavior is observed within a uniform, stress-free
state. In Fig. 2, the a-lattice parameter as a function of lithiation
for all the LFP, LiFP, and FP particles is plotted.

For the LFP and the FP particles, the a-lattice parameter is
shown to be consistent with bulk phase LiFePO, or FePOy,
respectively, regardless of changes in lithiation (Fig. 2a and c).
This apparent pinning of the a-lattice parameter indicates the
mean behavior of these particles does not always follow Vegard's
law. The population density curves (dashed lines) show the vast
majority of counts are fully lithiated/delithiated in the LFP/FP,
dropping rapidly for lithiations below 90% in LFP and above
10% in FP. Mechanistically, we therefore surmise this pinning
of the a-lattice parameter with respect to % lithiation may be
caused by the predominantly ‘pure’ LFP or FP crystal structures
preventing lattice relaxation in the relatively small and few
regions of partial lithiation.

In contrast, Fig. 2b shows Vegard’s law is, on average, obeyed
in the LyFP particles. The mean of the a-lattice parameter is
shown to vary linearly with the Li content. We reiterate, how-
ever, that these measurements are spatially averaged, which
masks any local variability and is therefore a significant qualifier
when drawing conclusions regarding structure-composition
behavior of de/lithiated Li,FePOj,.

To quantify this analysis, we computed the linear coefficients
of chemical expansion, shown in Table 1. We computed linear
fits to the a- and c- lattice parameters versus lithiation distribu-
tions for each particle, then found the mean and standard devi-
ations above using all particles at a given lithiation. The LyFP o
values are fully consistent with bulk measurements, while the

100
80
60

40

c Lattice (A)

20

% Lithiation (% Li)

Pixel-by-pixel correlation of L,FP: (a) a-lattice parameter map, (b) the c-lattice parameter map, (c) % lithiation map. For lattice parameter and lithium
composition-distribution maps, the color scheme is the same as Fig. 1. The a- and c-lattice parameter and % lithiation maps also have corresponding
histograms in which the grey-scale histogram corresponds to all the data taken from the ten particles and the color-scale histogram corresponds the data

acquired from the individual particle.
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FP/LFP « values are much smaller, and within an experimental
error of zero, i.e. the lattice parameters are pinned. Notably, how-
ever, the error for the FP/LFP values is comparatively large, a
reflection of the small population densities of pixels at interme-
diate lithiations within the fully de/lithiated particles. See Sup-
plemental Information for more detailed information.

Detailed analysis of a single L,FP particle

A higher-resolution 4D-STEM dataset of LyFP was also acquired
with a smaller step-size of 16.6 nm (Particle 10, Fig. 3). In
Fig. 3, pixel-by-pixel correlated maps of the a- and c- lattice
parameters and Li composition were generated via 4D-STEM
and X-ray ptychography. The phase separation interface between
the Li-rich core and the Li-poor shell of the 16.6 nm step-size
map shows intermediate a-lattice parameters and Li chemical
compositions, denoted in blue, similar to the interfaces observed
in the 49.5 nm step-size LyFP maps (Particles 6-9, Fig. 1).

The histograms associated with each map show the popula-
tions of the relevant platelet quantities. The grey-scale his-
tograms are populations derived from the data of all ten
particles, while the color-scale histograms use the data of only
Particle 10. The dashed lines show the pair of best-fit gaussians
to the whole-population distributions. If the fit gaussians are
taken as representative of the “pure” phase parameter distribu-
tions, it is apparent the a-lattice parameter histogram consists
of two distinct, well segmented lobes with non-overlapping tails.
Yet, this particle contains a statistically significant number of
counts in between the two lobes and above the gaussian tails,
and in the associated map it is apparent these counts arise pri-
marily at and near the phase separation interfaces (blue regions).
Thus, there exists narrow, but well-defined regions, which are
structurally distinct from the pure phases. In contrast, the his-
togram of the c-lattice parameter is bimodal, but there is signifi-
cant overlap between the lobes of the distribution associated
with the fully lithiated and fully delithiated regions (Fig. 3b).
This phenomenology is related to the comparatively small med-
ian c-lattice parameter expansion of 1.7% compared to the 5.1%
contraction of the a-lattice parameter, which causes difficulty in
statistically distinguishing a separation between the two phases
by the c-lattice parameter values as noted elsewhere in the liter-
ature [13]. We also note that this overlap between the normal
distribution of the LFP and FP regions for the c-lattice parameter,
and the comparative size scales spanned by the color bars for the
a- and c-lattice parameters, are likely the cause of the signal to
noise difference between the two structure maps.

In the analysis of LyFP for Fig. 2b, the a-lattice parameters were
found to scale linearly with Li content after spatial averaging and
a perspective of the overall structure-chemistry behavior was
gained for these particles. However, 4D-STEM in combination
with X-ray ptychography allows for analysis of the fine structural
variations along with the average bulk variations within a parti-
cle. From the perspective of Fig. 3, there are two interesting local
structure-chemistry features. Firstly, within the Li-rich core of the
LLFP Particle 10, there is a contained pocket in which the a- and
c-lattice parameters and Li content corresponds to the FePO,
phase. This delithiated pocket is consistent with the location of
a void observed in the HAADF-STEM and X-ray optical density
images (see Methods and Supplemental Material). Secondly,

within the Li-poor shell of the LyFP Particle 10, there are regions
which show intermediate a- and c- lattice parameters with partial
delithiation. These intermediate regions mimic the line and
shape of the phase separation interface and may thereby indicate
the movement of the phase separation interface within the par-
ticle during the delithiation process.

Error analysis and statistics in L,FP particle 10

The particles examined were ~ 300-400 nm thick and non-
uniform in thickness. This sample thickness creates significant
challenges in analysis via the electron beam due to multiple scat-
tering effects [32]. Thinner samples are preferable from a charac-
terization perspective, though not always possible with real-
world samples. The size of particles can alter their qualitative
behaviors; and, in this instance, platelets with the best figure of
merit for function, such as electrochemical cycling, are thick to
an electron beam. In these cases, error analysis is essential to
understand the realm of validity of any quantitative analysis.

Here we performed cross validation to calculate a root mean
square error (RMSE) associated with the fit lattice vectors at each
scan position. Briefly, this process involved fitting the lattice vec-
tors to a subset of the detected Bragg peaks at each scan position,
then computing how much the remaining subset of peaks devi-
ated from their predicted position given these lattice vectors. The
result is a pixelwise map of RMSE, shown in Fig. 4a. More details,
and discussion of why this approach is preferable to quoting the
lattice fitting error, are in Supplemental Material. We found the
majority of the lattice vectors fits to be trustworthy, but there
are several regions of high RMSE in which results are suspect.
Thresholding the RMSE image to generate a mask gives the green
region within Fig. 4e. Examining the diffraction patterns pro-
vides insight into why the error is increased within these regions.
Fig. 4m shows the average of 30 diffraction patterns from a
selected high RMSE region (shown in green in Fig. 4f), which
has an extremely low signal-to-noise ratio and no diffraction
spots are visible to the eye. In general, we find the high RMSE
regions fall into three categories: (1) very low SNR, (2) most
detected Bragg peaks are colinear, or (3) redistribution of inten-
sity inside the disks near the particle edges. The low SNR diffrac-
tion patterns typically appear to be due to sample thickness,
additional material agglomerated on the particle, or local lattice
tilt. See the Supplemental Material for further discussion. Most
crucially, careful assessment of the CV error reveals that, in spite
of the large sample thickness, the fit lattice vectors are trustwor-
thy for the vast majority of pixels, suggesting the validity of the
subsequent analysis.

We also computed local deviation from Vegard’s law. Our
metric § is given by 6 = a — agp — %Li(airr — arp) and represents
the deviation, in units of length, of the local a-lattice parameter
from the value predicted by Vegard’s law. In Particle 10, we
found several pockets of anomalous contraction of a-lattice
parameter in the upper area of the lithiated core, colored in red
in Fig. 4b. Comparing this contraction directly to the measured
Li content (Fig. 4c and e), there is no local change in Li and
the regions are nominally fully lithiated. To understand if this
anomalous contraction represents a real change to the lattice,
we then isolated these regions, using a threshold to generate a
mask, shown in blue in Fig. 4e. An average of 30 diffraction pat-
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FIGURE 4

Selected DP ROIs

DPs from selected ROIs

Error analysis and segmentation of L,FP Particle 10: (a) A map showing cross validation root mean square error associated with the measured lattice vectors at
each pixel; (b) the deviation in the a-lattice parameter at each pixel relative to the values expected using Vegard’s law in combination with the experimental,
bulk FP and LFP values; (c) % lithiation of L,FP Particle 10; (d) an overlay of the changes in a-lattice parameter at each pixel and the % lithiation map; (e) a
segmentation of regions of statistically significant a-lattice parameter deviation from Vegard's law (blue) and RMS error (green) as compared to bulk LFP
(yellow) and FP (red); (f) ADF image with colorized size-limited regions of these four segments (FP, LFP, deviation of Vegard’s, and RMS error with their
corresponding diffraction patterns (k-n)). Histograms of the (g) a-lattice parameter, (h) c-lattice parameter, (i) % lithiation and (j) thickness values of LixFePO,
Particle 10, where red/yellow indicate FP/LFP, and overlap between the two histograms curves is in orange.

terns from this region is shown in Fig. 4n. We found that, while
these regions had a sufficiently high SNR to detect Bragg scatter-
ing, the disks themselves were smeared, indicating possibly a tilt
of the lattice or overlapping structures, preventing conclusive
measurement of the a-lattice parameter in these regions. In light
of these considerations we estimated the systematic error associ-
ated with our measured lattice parameters and found a system-
atic error associated with the a-lattice of 3.6 + 1.5 pm and with
the c-lattice of 2.2 £ 1.8 pm. See the Supplemental Materials.

Using a cutoff at 50% lithiation, we segmented the remaining
diffraction patterns into regions classified as FP and LFP, shown
in red and yellow respectively in Fig. 4e. With these regions,
we can then compute structural statistics based on local behavior
while remaining confident in the validity of the measurements.
Fig. 4k and 1 show images averaged over 30 diffraction patterns
each from the FP and LFP regions shown in Fig. 4f. Circular Bragg
disks with good SNR are visible by eye. Fig. 4g-j shows his-
tograms of several parameters of interest for the two phases:
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the a- and c- lattice parameters, the percent lithiation, and the
optical density (a good proxy for thickness). The a- and c- lattice
values show means consistent with the literature. The overlap of
the tails of the distributions in the c-lattice parameter indicate
that local variation is on similar order to the difference between
crp and crpp, making the c-lattice value a poor metric for phase
determination. The optical density tends to be higher in the
LFP, which is sensible given the tendency of platelets to taper
at their edges where the FP is located. Careful error analysis
and masking of suspect diffraction patterns makes it possible to
make these measurements with confidence.

Discussion

Excluding Particle 7, which has sharply defined edges and is the
closest to a diamond shape, the remaining LiFP platelets exhibit
delithiated shells that are non-uniform (Particles 6-9, Fig. 1). Cer-
tain particle edges of the LyFP delithiated more rapidly compared
to other particle edges. This variation is likely due to changes in
the surface energy of the linear edge compared to the rough or
curved edge of these platelets, which then alters the rate of Li-
ion diffusion [13,33,34]. The non-uniform platelet delithiation,
the distinct and unevenly distributed phase-separation interfaces
demonstrate the importance of these nanoscale resolution,
micrometer-scale field-of-view, and statistically robust datasets.
As we demonstrated within this work, the LyFP particles show
changes in structure and chemistry across a few nanometers dis-
tance as well as between particles.

Combining 4D-STEM and X-ray microscopy techniques
allows for the multiscale analysis necessary for observing the
structural and chemical changes in which LiyFePO, and other
battery materials undergo as a function of delithiation. This work
suggests that Li,FePO, platelets have a-lattice parameters values
which do not follow the Vegard’s law, i.e., linear lattice
parameter-composition behavior, even under position averaging,
in the FP and LFP states (Fig. 2); and that the LyFP platelets show
a statistically significant fraction of pixels that correspond to the
intermediate values, which varies locally within particles and
from particle to particle (Figs. 1 and 3). Thus, the results illustrate
the significant variability of structure and chemistry within these
particles and between differing particles, which undoubtedly
affects analysis when data acquisition is confined to a narrow
scope. Data acquisition which is confined solely to a narrow field
of view (often associated with electron microscopy experiments)
or a wide field of view but spatially averaged (often associated
with X-ray microscopy experiments) can miss or overlook key
components of analysis crucial to fundamentally understanding
of battery materials [3,4,21].

In total, the datasets presented combined local nanoscale res-
olution across several micrometer fields of view, correlated struc-
tural and chemical channels, and the statistical robustness
afforded by new “big data” experimental methods like 4D-
STEM. With no assumptions regarding ascribed literature values
or diffraction pattern templates, we calculated the lattice param-
eters and compositions directly from the raw data. The unique
combination of local and statistical measurements enabled a
more nuanced look into Vegard’s law in this system: for fully
lithiated/delithiated particles, a spatially-averaged description

(Fig. 2) indicated deviations from Vegard’s law, even while it
was obeyed within the vast majority of local measurements
(Fig. 1). In partially delithiated particles, Vegard’s law was obeyed
under spatial averaging (Fig. 2), while the local picture was more
complex and not yet fully clear. These local and statistical mea-
surements also identified intermediate structure-chemistry val-
ues at the phase separation interface, i.e. a- and c- lattice
parameters as well as Li content in between the FePO, and
LiFePO4 phases (Figs. 3 and 4).

Conclusion

Ten LiyFePO, platelets at different stages of chemical delithiation
(lithiated LFP, LyFP, and delithiated FP) were characterized using
4D-STEM, STXM, and X-ray ptychography. Our correlative
microscopy approach allows for a pixel-by-pixel correlation and
comparison of the structure and chemistry of LiyFePO, From
the acquired 4D-STEM and X-ray microscopy datasets, the a-
and c- lattice parameter values and the Li concentration were cal-
culated to determine the average and local structure-chemistry
relationship. We observe that, on average, the L,FP platelets fol-
low Vegard’s law, in which the changes in structure and chem-
istry are directly correlated. Thus, this correlative technique
using 4D-STEM and X-ray microscopy independently calculates
the structure and chemistry of pm-size platelets at nm-
resolution from raw data and provides a methodology for sample
analysis that encompasses robust statistics, high spatial resolu-
tion, a particle-size field of view, and minimal assumptions
regarding material characteristics and properties.
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