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ABSTRACT: This study demonstrates the unique capability
of infrared near-field nanoscopy combined with Fourier
transform infrared spectroscopy to map phase distributions
in microcrystals of LixFePO4, a positive electrode material for
Li-ion batteries. Ex situ nanoscale IR imaging provides direct
evidence for the coexistence of LiFePO4 and FePO4 phases in
partially delithiated single-crystal microparticles. A quantitative
three-dimensional tomographic reconstruction of the phase
distribution within a single microcrystal provides new insights
into the phase transformation and/or relaxation mechanism,
revealing a FePO4 shell surrounding a diamond-shaped LiFePO4 inner core, gradually shrinking in size and vanishing upon
delithiation of the crystal. The observed phase propagation pattern supports recent functional models of LiFePO4 operation
relating electrochemical performance to material design. This work demonstrates the remarkable potential of near-field optical
techniques for the characterization of electrochemical materials and interfaces.
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Infrared apertureless near-field scanning optical microscopy
(IR s-SNOM) was applied to resolve the operational

mechanism of LiFePO4 (LFP), a positive electrode material
used in commercially viable Li-ion batteries. Although LFP is
known to convert to FePO4 (FP) at 3.4 V versus Li+/Li0 via a
first-order phase transition, at least in micron-sized particles,1

the specific functional mechanism of LiFePO4 (de)lithiation
during battery charge/discharge is still under debate. To
enhance extensive studies conducted on composite electrodes,
control experiments on model samples must be carefully
designed and carried out to reliably probe chemical
composition variations within single LixFePO4 particles with
different lithium contents at high spatial (nanometer)
resolution and with adequate chemical specificity.2 The present
study demonstrates the potential of IR s-SNOM3 imaging and
broadband nanospectroscopy (nano-FTIR) for chemical and
structural characterization of LixFePO4 single particles.
Most conventional analytical techniques employed to study

fine changes in the local composition of LixFePO4 single
particles offer limited descriptions of the reaction mechanism,
providing sensitivity only to long-range order (X-ray and
electron diffraction, transmission electron microscopy),4−9

suffering from spectral overlap among elements (electron
energy loss spectroscopy, EELS)10,11 or poor contrast in very

thin samples (transmission X-ray microscopy, TXM)12,13 with
the concurrent possibility of beam damage from highly
energetic particles or photons. Vibrational spectroscopies
sensitive to lattice vibrations are of particular interest because
the IR/Raman spectral signatures of LiFePO4, FePO4, and their
metastable intermediates Li0.34FePO4 and Li0.66FePO4 provide
excellent chemical contrast.14,15 However, the diffraction-
limited spatial resolution of conventional far-field optical
techniques presents a serious barrier to studying the structure
and chemical composition of submicrometer specimens used in
commercial batteries.
IR s-SNOM is still an emerging near-field imaging and

spectroscopic technique, both theory and practice undergoing
rapid and promising development.16 Recent technical improve-
ments including lock-in detection of the optical signal, effective
far-field background suppression schemes,17,18 and powerful
quantum cascade or pulsed broadband IR laser light
sources19−21 have enabled local characterization of well-defined
organic and inorganic nanomaterials with high sensitivity and
specificity,22 and at sub-picosecond temporal resolutions.23
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The high spatial resolution afforded by IR s-SNOM is
determined by the radius of curvature at the atomic force
microscopy (AFM) tip apex (<30 nm), independent of the
free-space wavelength of the illuminating light. The technique
operates through extreme polarization sensitivity of a sharp
conductive probe to the optical properties of a sampling
volume near the probe apex. Upon illumination, the electrically
polarized probe tip generates a spatially extended evanescent
near-field, which can penetrate a few tens of nanometers deep
into IR-transparent samples.24,25 The tip-enhanced near-field
couples locally to resonant phonon modes of the sample and
enables detection of subsurface objects, provided that they are
located within the subwavelength sampling volume of the near-
field probe. The structural and compositional specificity of IR
near-field spectroscopy is analogous to far-field vibrational
spectroscopies.22

LiFePO4 single microcrystals (4 × 2 × 0.4 μm along the c, a,
and b directions, respectively) exhibiting hexagonal platelet
geometry were selected for ex situ IR s-SNOM studies.7 Figure
1 shows SEM micrographs of representative LiFePO4 and

chemically delithiated single crystals with average compositions
of Li0.5FePO4 and FePO4. Near-field nano-FTIR (nano-scale
Fourier transform infrared) spectra were acquired from single
FP and LFP particles and compared with conventional far-field
FTIR transmission spectra of the same batch of crystals (see
Supporting Information)15,26,27

The second harmonic amplitude S2 (see Methods) nano-
FTIR spectra (Figure 2a) reveal strong surface phonon modes
at 950−1150 cm−1 attributable to intramolecular symmetric
(ν1) and asymmetric (ν3) stretching vibrations of the PO4

3−

anions, which are also clearly resolved in far-field FTIR
spectra.15 However, the signature peaks of these phonon modes
appear sharpened and red shifted in the near-field spectra as
compared with their far-field counterparts.28−31 The observed
near-field resonance effect results in a backscattering response
that is highly sensitive to phonon oscillator strengths, inducing

strong contrasts in spectral intensity between adjacent modes.
LFP and FP share several surface phonon modes in the 950−
1150 cm−1 spectral range. However, the nano-FTIR spectrum
of LFP exclusively exhibits a strong phonon mode near 1042
cm−1 that corresponds to the asymmetric (ν3) stretch of the
PO4

3− anion. DFT calculations attribute the increased oscillator
strength and frequency red shift of the ν3 mode in LFP as
compared with FP to a redistribution of electron density
between the P−O1 and P−O2 bonds within the symmetry-
distinct oxygen sublattices of the PO4

3− anions (see Supporting
Information).32,33

IR s-SNOM imaging of LiFePO4 and partially and fully
delithiated LixFePO4 (x = 1, 0.5 and 0.0) microcrystals was
realized with the fourth harmonic amplitude S4 signal at three
distinct IR excitation frequencies, 962, 1042, and 1087 cm−1

Figure 1. Scanning electron micrographs of single LiFePO4,
Li0.5FePO4, and FePO4 microcrystals, revealing cracks along the
crystal surface after delithiation.

Figure 2. (a) Nano-FTIR S2 spectra (2nd harmonic amplitude of the
backscattered field) of pure-phase LiFePO4 and FePO4 microcrystals
with symmetric (ν1) and antisymmetric (ν3) vibrational modes
indicated (comparison with far-field FTIR transmission spectra is
presented in Supporting Information); a typical 100% line acquired
from the silicon substrate and used for reference is also shown (Si ref.)
(b) AFM topography and corresponding infrared near-field amplitude
S4 (4th harmonic) images acquired at 1087, 1042, and 962 cm−1 for
LiFePO4, Li0.5FePO4, and FePO4 crystals; (c) S4 images highlighting
the phase distribution and propagation of lithiated/delithiated phases
in LiFePO4, Li0.74FePO4, Li0.5FePO4, and FePO4 crystals.
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provided by a tunable quantum cascade laser (Figure 2b). The
observed S4 image contrasts are associated with different
phonon coupling efficiencies in LFP and FP at the given
excitation frequencies and correspond to variations of local
crystal structure and/or composition. The sudden drop of
signal at the particle boundary originates from loss of tip−
sample coupling at the steep crystal edges.
The IR s-SNOM images collected at 962 cm−1 display poor

LFP/FP/silicon substrate contrast due to their comparable S4
signal intensity at this frequency. On the other hand, the images
of partially delithiated Li0.5FePO4 at 1042 and 1087 cm

−1 reveal
a diamond-shaped region in the middle of the crystal, which
was also observed in the corresponding near-field phase images
(see Supporting Information, Figure S3). AFM topography
images show no indication that the observed chemical contrast
could originate from variations in surface morphology.
Interestingly, reverse optical contrast observed in the images
of Li0.5FePO4 crystals at 1042 and 1087 cm−1 reveals strong
coupling to the ν3 phonon mode in LFP and FP, respectively
(Figure 2a).
The observed shrinking of the central diamond-shaped

region in another delithiated crystal with higher lithium
content, Li0.74FePO4 versus Li0.5FePO4 (Figure 2c), indicates
a progressive evolution of an outer FP-rich region at the
expense of the inner LFP-core upon delithiation. The
continuous and monotonic variation in observable fill fractions
of putative LFP and FP phases as a function of Li content
further supports the respective identification of inner and outer
regions in LixFePO4 particles with Li-rich and Li-poor regions,
respectively. These observations provide direct evidence for the
coexistence of LFP and FP phases within individual LixFePO4
microcrystals, as previously inferred from two-dimensional
(2D) chemical mapping of thin single crystal particles13 using

scanning and full-field transmission X-ray microscopy coupled
to absorption near edge spectroscopy (STXM- and FF TXM-
XANES).
A series of nano-FTIR spectra acquired across the a−c

surface of pure-phase LFP and FP crystals (Figure 3a) appear
consistent with the reference spectra displayed in Figure 2a.
Remarkably, the scan across the partially delithiated Li0.74FePO4
crystal (Figure 3b) displays spectral patterns characteristic of an
outer Li-depleted zone and a Li-rich region near the crystal
center. However, the Li0.74FePO4 spectra do not replicate
exactly the reference nano-FTIR spectra for pure-phase LFP or
FP (Figure 2a) except for the locations close to the edges of the
crystal, which exhibit characteristics of pure FP.
The relative IR near-field intensity of the ν3 mode is

noticeably smaller throughout Li0.74FePO4 as compared with
pure LFP, yet its frequency remains fairly constant at 1042 ± 5
cm−1. This observation appears inconsistent with the presence
of a stable homogeneous solid solution1,4,8,34,35 at an
intermediate state of delithiation. To test this hypothesis, a
member of the solid solution LixFePO4 with composition
Li0.6FePO4 was investigated by conventional FTIR spectrosco-
py (see Supporting Information, Figure S2). A continuous shift
of the ν3 mode in the far-field FTIR spectrum of LixFePO4 is
realized for such a solid solution, varying with the mean Fe
oxidation state, rather than a superposition of the LFP and FP
ν3 mode characteristics. Therefore, solid solution phases are
either completely absent in the LixFePO4 microcrystals
examined by nano-FTIR or their local concentration is below
the detection limit of the IR near-field probe.
On the other hand, the decrease in near-field signal intensity

of the ν3 mode at 1042 cm
−1 in the Li0.74FePO4 crystal center is

ascribed to the presence of the LiFePO4 inner core buried
under a FePO4 outer layer. Thus, the observed ν3 mode

Figure 3. (a) Position-resolved nano-FTIR S2 spectra acquired along the surface of two pure-phase microcrystals and (b) along a partially delithiated
Li0.74FePO4 crystal (color scale identical to that in Figure 2b). An AFM topography image (false color height) displays the Li0.74FePO4 crystal and
location of the nano-FTIR line-scan.
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intensity variations can be used to determine the local volume
ratio and geometric configuration of LFP and FP phases.
The tomographic capabilities of IR s-SNOM to image

structures buried beneath thick (<100 nm) layers of IR
transparent material or to characterize phonon-resonant SiO2
layers have been demonstrated in previous studies.24,25 To
reveal the 3D phase distribution in LixFePO4 microcrystals
nano-FTIR spectra were matched with theoretical predictions
obtained from the lightning rod model of near-field interactions
between the probe and sample (see Methods). The lightning
rod model accounts for the strong dependence of optical
reflections from layered structures on the momentum
decomposition of incident light.31

This model was used to extract the surface reflection
coefficients βLFP(ω) and βFP(ω) for the LFP and FP by
reproduction of their reference nano-FTIR spectra (Figure 2a).
The calculated pure-phase reflection coefficients were then used
to approximate the composite optical response of a model
three-layer FP/LFP/FP composite structure.36 The resultant
model spectra (Figure 4a) were matched with the experimental
near-field S2 spectra of the Li0.74FePO4 microcrystal to
determine the ν3 mode amplitude measured in S2 at 1040
cm−1 across the width of a Li0.74FePO4 crystal and local
thicknesses tLFP of the LFP interlayer. The corresponding
reconstruction of the internal compositional profile is shown in
Figure 4c.

The corresponding values of tLFP were then used to
reconstruct an idealized tomographic 3D phase composition
image of the crystal as schematically depicted in Figure 5. Such
an inverse analysis of nano-FTIR spectra constitutes a
successful example of near-field tomographic analysis of
functional materials.

The depth sensitivity of IR s-SNOM is sufficient in this case
to probe at depths exceeding 100 nm into the Li0.74FePO4
microcrystal due to the IR-transparent character of FP and to
the long-range nature of near-field interactions with the LFP ν3
phonon near 1040 cm−1. This phenomenon effectively enables
phonon-enhanced near-field optical tomography (see Support-
ing Information). However, sensitivity to variations in the
lithiated core’s lower portion is virtually nonexistent, and the
presented extrapolation of the phase distribution in the bottom
part of the crystal (lighter green area in Figure 4b) is a simple
ansatz of symmetric delithiation. Because the depth of the tip’s
probing electric field scales inversely with its confinement,
uncertainty in the LFP thickness extraction corresponds with
that of the tip’s radius of curvature, which in this case was
assumed at 25 nm (due to wear, slightly more blunt than the
nominal value; see Methods section). Detailed discussion of
uncertainties in the tomographic reconstruction is presented in
the Supporting Information.
While tLFP is essentially zero (complete delithiation) at the

Li0.74FePO4 particle edges, tLFP reaches ∼350 nm at the particle
center. Interestingly, the observed diamond-shaped LFP core
does not replicate the contours of the crystal, that is, the
original orientation of the edges and facets. The central
approximately diamond-shaped domain of LFP (Figure 2c)
shrinks as the average stoichiometry proceeds from Li0.74FePO4
to Li0.5FePO4, and disappears completely at the end of the
delithiation process. However, the observed phase trans-
formation mechanism does not follow a simple core−shell
model, as phase boundaries appear to form at specific
orientations. However, considering the limited spatial reso-
lution of IR s-SNOM and inherent experimental error and
uncertainty it is impossible to determine their exact crystallo-
graphic directions. This may indicate a complex delithiation−
relaxation mechanism in Li0.74FePO4, which can affect the local
Li+ transport rate and promote LFP/FP phase boundary
propagation along specific directions.
Like many binary systems, LixFePO4 is likely to phase

segregate into a mixture of two immiscible phases: heterosite
FeIIIPO4 and triphylite LiFeIIPO4 across a large compositional
range (0.05 < x < 0.89).1 Coexistence of pure LFP and FP or
LiαFePO4 and Li1−βFePO4, intermediate phases in LixFePO4
compo s i t e e l e c t r od e s , h a v e a l r e a dy be en r e -
ported.6,7,10,11,13,35,37−39 However, the exact phase distribution
within a single LixFePO4 microcrystal as revealed by IR s-

Figure 4. (a) Theoretical near-field S2 spectra of a partially delithiated
LiFePO4 microcrystal computed using the lighting rod model of
probe-sample near-field interaction (see text) as a function of the LFP
core thickness, (b) the ν3 mode amplitude measured in S2 at 1040
cm−1 across the width of a Li0.74FePO4 crystal, and (c) the
corresponding reconstruction of the internal compositional profile
(FP in blue, LFP in green).

Figure 5. Schematic depiction of the FP−LFP−FP core/shell
structure inferred from the near-field tomography analysis (see text).
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SNOM 3D tomography has only been directly resolved in the
present study. Viewed in the context of the previously proposed
axial7 or mosaic37 phase distribution models, a radial
distribution (core−shell structure)10,35,39−41 appears to best
support our observations.
Ex situ EELS measurements of chemically delithiated

LixFePO4 microparticles showed that Li+ is removed preferen-
tially from surface regions.11 On the other hand, LixFePO4
nanoparticles can accommodate the lattice mismatch between
LFP and FP frameworks and the resulting elastic strain by
locating the phase with smaller unit-cell volume, that is, FePO4
at the particle core.10,11,42,43 Elastic relaxation near surfaces
leads to the formation of the characteristic stripes along the c-
axis morphology.7,44 However, high-resolution ptychographic
images of submicron LixFePO4 particles showed an internal
chemical domain pattern between LiFePO4 and FePO4
revealing coexistence of two phases very similar to that
observed here.45

In larger microcrystals, the ratio of surface energy to elastic
energy is lower, and internal strain may be relieved through the
formation of dislocations, cracks, and voids, explaining why
such a nucleation and phase propagation mechanism may not
be universal. In fact, the partially and fully delithiated
microcrystals examined in this study exhibit surface cracks
along the c-axis (Figure 1). Although these surface
imperfections appear disconnected from the LFP and FP
phase distribution patterns observed in the IR s-SNOM images
(Figure 2b), the rate and direction of the phase boundary
movement upon delithiation may be affected by the formation
of these structural defects.13

The large chemical potential gradient of Li+ together with the
stress developed at the interface between incommensurate LFP
and FP lattices may provide the driving force for phase
boundary propagation.6,46 Anisotropic elastic stiffness and
misfit strains lead to formation of low-energy phase boundaries
along [101] planes, whereas other phase boundary orientations
can originate from a partial loss of coherency in the [100]
direction.44 Ramana et al.9 observed LFP regions in partially
delithiated particles exhibiting phase boundaries propagating
not only along the [101] direction, but also along the c- and a-
directions. These additional interfaces are responsible for
maintaining the domain’s finite cross-sectional size in the ac-
plane. However, their study revealed nothing about the size of
domains along the b-direction.
Bazant et al. have applied a quantitative phase field

theory42,44,47,48 of nucleation taking account of surface energies,
electrochemical potential, and elastic energy to model
intercalation waves propagating inward from the side facets
while bending from coherency strain upon lithiation of single-
crystal FePO4 150 × 76 nm nanoparticles.42 This approach
produced a central diamond-shaped lithium-depleted zone,
which comprises a mirror image of the LixFePO4 microcrystal
structure observed experimentally in this work. The striking
similarity of these theoretical and experimental results may
suggest similar coherency strain-controlled mechanism of phase
propagation in LixFePO4 micron-sized particles upon lithiation
and delithiation processes.
On the other hand, Malik et al. have suggested that classical

nucleation and growth theory is an implausible mechanism for
lithiation.38 Instead, they have proposed a single-phase
nonequilibrium overpotential-driven mechanism involving the
presence of solid solutions. In their proposed framework, a
particle transforms from LFP to FP via a solid solution.

However, if the transformation is interrupted and the potential
is removed, the LixFePO4 particle will, if sufficiently small, react
to form either LFP or FP only, taking up or giving Li+ to the
solution and nearby particles. For larger particles, where LFP/
FP phase boundaries can exist within the same particle,7,8 rapid
relaxation will occur to form an energetically favorable
distribution of LFP and FP phases (which minimize strain
and chemical potential gradients). The resultant phase
boundaries need not lie along main crystallographic orienta-
tions. Chemical delithiation may trigger the formation of a solid
solution at the LFP/FP interphase providing sufficient
overpotential to facilitate this theoretically predicted path-
way.38,47,49 The transition between the nanoparticle and
micron-sized regimes is unclear and LFP and FP interfaces
have been observed to exist in particles as small as 200 nm.13

Liu et al. demonstrated the formation of a nonequilibrium solid
solution phase LixFePO4 (0 < x < 1) in nanoparticulate
composite electrodes. High-rate cycling produced compositions
spanning the entire composition between end thermodynamic
phases, LiFePO4 and FePO4, via a continuous change in
structure rather than a distinct moving phase boundary between
LiFePO4 and FePO4.

50 Similar results were observed by Zhang
et al.51 Bai et al. have proposed that formation of a solid
solution phase is driven by high rate cycling.47

In conclusion, this study provides evidence that the observed
diamond-shaped Li-rich region within LixFePO4 microcrystals
at varying degrees of lithiation may correspond to the most
energetically favorable distribution of phases at equilibrium,
once the chemical driving force for the reaction is removed.
Future work will focus on the extension of the methodology
presented here to small particles and to examine the
morphology dependence of the electrochemical phase tran-
sition.

Methods. Single-Frequency IR s-SNOM Imaging. Infrared
imaging was performed with a NeaSNOM scanning near-field
optical microscope (Neaspec GmBH). Platinum/iridium-
coated cantilevered AFM probes (NanoAndMore GmbH;
cantilever resonance frequency 250 kHz, nominal tip radius
of curvature 20 nm) were scanned in tapping mode over the
sample while illuminated by a focused infrared laser beam. The
resulting backscattered radiation modulated by the tapping
frequency ( f tap) interferes at a mercury-cadmium-telluride
detector (Kolmar Technologies Inc.) with a reference beam
whose phase is modulated continuously by reflection from an
oscillating mirror ( fM). The pseudoheterodyne detection
setup16−18 utilizes demodulation of the overall IR signal at
frequency side-bands n f tap ± m fM (for integers m and n) to
supply the background-free amplitude (Sn) and phase52 (φn) of
the IR near-field signal at harmonics n of the probe tapping
frequency. The near-exponential dependence of the near-field
interaction versus the tip−sample separation distance implies
that signal harmonics at n ≥ 2 are directly attributable to near-
field polarization of the tip in the case of harmonic tapping
motion. Contrasts in intensity and phase at these near-field
signal harmonics therefore correspond with variations in the
local chemical composition of the sample.53 An integration time
of 6.5 ms per image pixel allowed fast raster-scan imaging of
sample surfaces using tunable fixed-frequency quantum cascade
lasers (Daylight Solutions Inc.). AFM topography and the
mechanical phase of the probe oscillation were recorded
simultaneously with all near-field IR images.

Nano-FTIR Spectroscopy. Single-point and line-scan near-
field spectra were acquired using a NeaSNOM scanning near-
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field optical microscope operated at 80 nm probe tapping
amplitude under illumination from a tunable broadband mid-
infrared (700−2400 cm−1) laser. This coherent mid-infrared
light is generated through the nonlinear difference-frequency
combination (through a GaSe crystal; DFG unit from Lasnix)
of beams from two near-infrared fiber lasers (TOPTICA
Photonics Inc.), a high power 5400 cm−1 oscillator and a
tunable supercontinuum near-infrared amplifier, producing
∼100 fs mid-infrared pulses at a repetition rate of 40 MHz.
An asymmetric Michelson interferometer with 1.5 mm range
translating mirror enables the collection of demodulated near-
field amplitude Sn and phase ψn spectra with 3 cm−1

resolution.19,20 All nano-FTIR spectra are normalized to the
nominally flat spectrum of the silicon substrate to remove the
effect of frequency-dependent instrumental sensitivities and the
incident illumination spectrum.
Modeling of near-Field Spectra. Near-field spectra were

interpreted through comparison with solutions to the scattering
equation describing optical interactions between an ideally
conical conductive probe tip and a planar sample characterized
by complex frequency-dependent dielectric function ε = ε1+ i
ε2. This so-called lightning rod model31 of realistic probe-
sample near-field interaction computes the charge density per
unit length λ(z) induced along the vertical shaft of the tip from
which both the magnitude and phase of the probe’s
backscattered field are computed semianalytically.
This model differs from earlier qualitative models primarily

through the absence of ad hoc free parameters, explicit
consideration of realistic probe tip geometries, and straightfor-
ward application to interactions with layered structures. Of key
importance in determining the magnitude and phase of the
induced charge λ(z) and the associated backscattered radiation
is the surface response function of the sample β(ω), equal to
the quasi-electrostatic limit of the Fresnel reflection coefficient
for p-polarized light illuminating a bulk material with
frequency-dependent dielectric constant ε(ω)3,54

β ω ε
ε

= −
+

( )
1
1

Intense backscattered radiation can result for large values of β
near frequencies for which Re ε(ω) ≈ −1. For materials whose
dielectric behavior is well described by a sum of vibrational
oscillators, these frequencies (ωSO) denote surface optical
phonon modes of the lattice. The near-field resonance
condition is satisfied at frequencies slightly red-shifted from
ωSO, providing spectral peaks in the backscattered s-SNOM
signal that are the hallmark of these phonons. This forms the
basis for an optical spectroscopy sensitive to changes in
chemical composition at the nanoscale and well suited to the
study of vibrational materials.
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