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For the development of next-generation batteries it is important to understand
the structural changes in electrodes under realistic non-equilibrium conditions. With
microbeam X-ray diffraction it is possible to probe many individual electrode grains
concurrently under non-equilibrium conditions in realistic battery systems. This makes
it possible to capture phase transformation behavior that is difficult or even impossible
with powder diffraction. By decreasing the X-ray beam size, the diffraction powder rings
fall apart in the (hkl) reflections belonging to individual electrode crystallites. Monitoring
these reflections during (dis)charging provides direct insight in the transformation
mechanism and kinetics of individual crystallite grains. Here operando microbeam
diffraction is applied on two different cathode materials, LiFePO, (LFP) displaying a
first-order phase transformation and LiNij;3C01,3Mn4,302 (NCM) displaying a solid
solution transformation. For LFP four different phase transformation mechanisms are
distinguished within a single crystallite: (1) A first-order phase transformation without
phase coexistence, (2) with phase coexistence, (3) a homogeneous solid solution
phase transformation and (4) an inhomogeneous solid solution crystal transformation,
whereas for NCM only type (3) is observed. From the phase transformation times
of individual crystallites, the local current density is determined as well as the active
particle fractions during (dis)charge. For LFP the active particle fraction increases with
higher cycling rates. At low cycling rates the active particle fraction in NCM is much
larger compared to LFP which appears to be related to the nature of the phase
transition. In particular for LFP the grains are observed to rotate during (dis)charging,
which can be quantified by microbeam diffraction. It brings forward the mechanical
working of the electrodes due to the volumetric changes of the electrode material
possibly affecting electronic contacts to the carbon black conducting matrix. These
results demonstrate the structural information that can be obtained under realistic
non-equilibrium conditions, combining local information on single electrode crystallites,
as well as global information through the observation in many crystallites concurrently.
This provides new and complementary possibilities in operando battery research, which
can contribute to fundamental understanding as well as the development of electrodes
and electrode materials.

Keywords: microbeam X-ray diffraction, operando, transformation kinetics, Li-ion, X-ray diffraction, electrodes,
phase transitions
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1. INTRODUCTION

Li-ion batteries have driven the development of today’s
portable electronics and electrical vehicles. More generally,
next-generation electrochemical storage is expected to be a
key technology for our renewable energy future, including
large scale introduction of electrical mobility and lifting the
difference between supply and demand of renewable energy
sources. This puts significant pressure on the development of
battery chemistries, which requires comprehensive atomic scale
understanding of electrochemical processes. A crucial aspect
for many battery chemistries is the formation, decomposition
and transformation of electrochemically active crystalline phases,
which typically determine a battery’s cycle life, practical
capacity and kinetic performance. To understand these structural
processes, powder diffraction experiments are applied intensively
(Harks et al., 2015; Ma et al., 2016). With ex-situ experiments
non-equilibrium states and processes are not captured, and
often the reactivity of the components during the process
toward ex-situ measurements hinder the observation of the true
equilibrium state. As a consequence there is a strong demand
to do operando structural investigations, that is to perform
diffraction during battery charging and discharging.

1.1. Operando Investigations

Operando powder diftraction, both neutron and X-ray (Harks
et al, 2015; Ma et al, 2016; Lin et al, 2017; Peterson et al.,
2017; Tan et al, 2017) have contributed to the understanding
of the solid state reactions taking place in batteries. Powder
diffraction provides average structural properties over a large
ensemble of electrode crystallites present in realistic electrodes.
This inevitably obscures the transformation mechanism of
individual electrode crystallites and how these collectively
contribute to the macroscopic phase transition, which is key
information for thoroughly understanding the relation between
materials properties and the performance of battery electrodes.
The potentially (dis)charge rate dependent transformation
mechanisms of individual crystallites provides insight in the
electrode material cycle life and what limits the (dis)charge
rate of the material. The collective behavior of many individual
electrode particles provides insight in how the total battery
current is distributed over the individual grains, potentially
creating detrimental hotspots. An inhomogeneous current
distribution enhances local electrolyte decomposition and
overcharge behavior, making the lifetime shorter and the safety
lower (Kerlau et al., 2007; Maire et al., 2008; Katayama et al., 2014;
Taminato et al., 2016; Tanida et al., 2016).

1.2. Operando X-Ray Microbeam

Diffraction

Recently, operando microbeam diffraction has been introduced,
which is able to probe the phase transformation of many
individual electrode grains in realistic battery systems under non-
equilibrium battery conditions (Zhang et al., 2015; Ganapathy
etal., 2016; Niwa et al., 2017). By reducing the X-ray beam size to
micron scale, fewer crystallites will be in Bragg condition and as
a result diffract. As a consequence, the powder diffraction rings

fall apart in single crystal reflections, each originating from a
single electrode crystallite. Along operando experiments on two
types of electrodes, (1) LiFePOy4 and (2) LiNij/3Co1,3Mn;;30,,
we demonstrate the principle, data analysis and interpretation,
and hence the information that can be extracted from operando
microbeam diffraction. These experiments reveal various crystal
transformation mechanisms as well as the transformation times
of individual crystallites, occurring concurrently in the many
crystallites that are monitored. In addition this brings forward
the active particle fraction and also the mechanically induced
rotations of the electrode crystallites in the electrode matrix
providing new insights in the working of electrodes. The non-
invasive nature of these operando microbeam experiments,
provides the ability to obtain more understanding of the
structural transformations in realistic battery electrodes, that will
help understanding the fundamental processes that determine
the performance of batteries.

2. MATERIALS AND METHODS
2.1. Cathode Preparations

The starting material is carbon coated LiFePO4 from Phostech
with an average particle size of 140 nm. Regular LiFePOy4
cathodes were prepared through mixing a slurry of LiFePOy,
Carbon Black (Super P), PVDE, (polyvinylidene fluoride, Solvay)
in NMP (N-methylpyrrolidone), with a mass ratio of the active
material (LiFePQOy), carbon black (SuperP) and binder (PVDF)
of 75:15:10. In addition carbonate template electrodes were
prepared to reach high capacities at high rates as reported
recently (Singh et al., 2013). For the electrodes, 40 wt% NaHCO3
(Aldrich) is added to the electrode slurry mixing, a large part
of which is lost by dissolution in the solvent. The final slurry
was casted on carbon coated Aluminium current collectors by
doctor blading. The coatings were dried on a heater plate under
air at approximately 155°C overnight followed by drying under
vacuum at around 60°C for more than 24h. The resulting
coatings were pressed using a roller hand press to enhance the
electronic contact. After mechanical compaction the NaHCO3
templated electrodes were washed in demineralized water that
reacts with the NaHCO;3; to form NaOH and gaseous COj,
resulting in a an electrode where the interconnectivity of the
porosity in the electrodes is improved as demonstrated previously
(Singh et al, 2013). Finally, the electrodes are dried for at
least 3h under vacuum at 100°C. The results are reported on
electrodes with loading density between 2 and 4 mg/cm? and
with a thickness of approximately 10-20 pum. For preparing
the LiNi; 3Co1/3Mn;/30; cathodes the same method with ratio,
80:10:10, of active material, Carbon Black and PVDF were used.
No templating was applied.

2.2. Pouch Cell Preparation and Testing

The electrodes were assembled in coffee-bag type cells all
assembled under argon atmosphere (< 0.1 ppm O,/H,0). The
electrodes were separated by glass microfiber filters (Whatman)
with a few droplets of 1 mol/liter LiPFs (EC:DMC 1:1, Novolyte)
electrolyte.
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2.3. X-Ray Microdiffraction Experiment

At the European Synchrotron Radiation Facility in Grenoble,
France the operando microbeam X-ray experiments were
conducted at beamline ID11. For the LiFePO4 experiments
using a combination of beryllium and aluminum mirrors a
monochromatic X-ray microbeam with an energy of 45 keV
(wavelength 0.27552 A) and a beam size of ~ 2x3um was
configured. For NCM an energy of 42 keV (wavelength 0.29519
A) and a beam-size of ~ 8x8um was used (NCM crystallites are
~ 1 — 2 pum in size). Figure 2 shows a schematic experiment
setup where the X-ray beam transmits through two layers
of Al the cathode material of interest, the solipor separator
soaked in EC/DMC electrolyte, a disc of Li-metal and two
layers of Cu. All the electrochemical tests were performed
galvanostatically within a voltage window of 4.3 and 2.5 V vs.
Li/Li+ for the LiFePO, electrodes and of 4.3 and 3.0 V vs.

Li/Li+ for the NCM electrodes using an Autolab PGSTAT302N
potentiostat/galvanostat.

With microbeam X-ray diffraction it is possible to follow
reflections of individual grains over time. Initial beam exposure
tests were conducted to make sure that the material, electrode and
electrolyte do not decompose/degrade. As an additional measure
the sample was moved between two points after each omega
scan, to spread the beam exposure. In Table 1 an overview of the
experiment details is provided. For the LFP 1C experiment, with
C/n denoting the rate at which a full charge or discharge takes n
hours, an omega scan from -2.5 to 2.5 degrees was performed,
hence the sample was rotated along the z-axis in ten steps of
each half a degree (see Figure 1 for the experiment geometry).
Each rotation step of half a degree takes 5 s, which is also the
frame exposure time. As a result the average temporal resolution
for individual omega scans is 13.5 s and for a complete omega

in

the angle along the diffraction ring.

FIGURE 1 | In the geometry of 2D X-ray diffraction the X-ray beam lies along the x-axis.  reflects the angle with which the sample is rotated along the z-axis. And 7 is

n=0
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Synchrotron X-ray beam NCM
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FIGURE 2 | ID11 X-ray synchrotron beamline passing through the various layers of the pouch cell. The microbeam causes the diffraction ring to break up in spots
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TABLE 1 | Experiment execution details.

Material Rate  angle range (step) Nr of o steps Nr of frames (compounded) Exposure time Full cycle duration Beam size
LFP 1C -2.56-2.5(0.5) 10 1560 (156) 5s 2h 2 x 3 um
LFP 5C -0.5-0.5 (1) 1 400 5s 24 mins 2 x 3 um
LFP 10C -0.56-0.5 (1) 1 417 3s 12 mins 2 x3 um
NCM C/4 -3-3(0.5) 12 4656 (387) 5s 9h 8 x8 um

For each cycling rate a different combination of exposure time and angle range was used. In the LFP 1C a 10 step » scan over 5° was performed with an exposure time of 5 s per
step. For the 5C and 10C experiment only one rotation step of a full degree was used to be able to capture the faster dynamics. For the short cycles in the 10C experiment only a frame
exposure of 3 s was used. The NCM experiment used a 12 step w scan over six degrees with 5 s exposure per step.

scan 135 s. By monitoring the intensity of the reflection during
the omega scan, it is possible to derive the direction and speed of
the grain rotation, and when the omega scan completely crosses
the reflection of the individual grain, its grain volume can be
determined, see supplement of Zhang et al. (2015).

2.4. Data Processing

Each reflection is indexed based on its 2@ angle and its position
on the diffraction ring, defined by its n angle along this ring.
In addition the size and the total intensity of each reflection
is determined. Figure 3 shows an EDF (ESRF Data Format)
frame that was collected during the experiment. It records the
intensity of each of the 2,048 x 2,048 pixels of the detector. The
X-ray beam is small enough for the diffraction rings to break
up in individual grain reflections. The Al and Cu layers show
up as strong rings in the corners. In Table S1 the reflections
of a few grains and their properties are listed. To identify and
follow grain reflections over time Matlab® was used to process
the experiment data consisting of the collected EDF frames for
each experiment. Three steps were followed: (1) finding grain
reflections per frame, (2) labeling grain reflections in different
frames and (3) add meta data which includes the number of
reflections, initial, minimum and maximum 2@ values. The
reflections gathered in step (1) make it possible to break down
the reflections according to hkl index. In Figure S1 the average
number of reflections per frame per hkl is shown. Connecting
the reflections occurring in different frames, step (2), is the most
challenging to automate. Here the approach was chosen to start
with a reflection from the first frame and to look for reflections in
subsequent frames that have the same hkl and fall within a certain
n range (a certain section of the diffraction ring). This process is
repeated until all reflections are labeled. The last step is to add
meta data including number of reflections, min/max 20, n and @
angles. In Table S2 a few labels and their meta data are shown.
The integrated intensity of a reflection can be used to derive
the crystal volume (Zhang et al., 2015). After determining the
incident flux of photons ®( from the intensity of a powder ring
of your material of interest it is possible to directly calculate the
crystal volume from the observed reflection intensity, see Zhang
et al. (2015) supplement note 3 for a detailed explanation.

3. RESULTS AND DISCUSSION

Reduction of the X-ray beam size toward micron size makes that
fewer crystallites are in Bragg condition. As a consequence, the

powder diffraction rings fall apart in single crystal reflections,
each originating from a single electrode crystallite. By performing
microbeam X-ray diffraction during battery operation it is
possible to track many individual reflections concurrently during
a charge/discharge cycle. In Figure 4 the number of LiFePOy4
(LFP) and FePOy (FP) crystallites are shown as a function of time
during a full 1C charge discharge cycle. The decreasing amount
of observed LFP domains, and increasing FP domains during
charge, and vice versa during discharge reflects the expected first-
order phase transition of this material upon lithium extraction
and insertion. However, to gain insight how this proceeds within
single grains we can monitor individual reflections. Here we
discuss experiment data obtained from three LFP experiments
with C-rates 1C, 5C and 10C, and one NCM C/4 experiment.
Details on the charge/discharge regime as well as material loading
and Coulombic efficiency for of each of these experiments are
given in Table S3.

3.1. Transformation Mechanics

In presenting the results it is useful to first look at compounded
data where frames belonging to the same w scan are added
up and averaged (see frame numbers in brackets in Table 1).
In Figure 5A the (200) reflection of an LFP grain is shown
at various states of charge. During charge both LFP and FP
phases are visible between ¢ = 18-55 min. A first observation
is the stretched shape of the reflection along the diffraction
ring. Where broadening in the 2@ directions relates to the
crystallite domains size and strain, in this case perpendicular
to the (200) lattice plain direction, the distribution of intensity
over 1 suggests mosaicity in the a-lattice direction for both the
LFP and FP domains. The intensity of the LFP phase reflection
decreases while at the same time that of the FP phase is growing,
clearly representing the well-known phase transition, but in this
case monitored operando for an individual crystallite electrode
particle. During this 1C experiment the LFP-FP phase transition
in this specific grain takes around 37 min, 62% of total charging
time. From the intensity of the reflections it is possible to
approximate the volume of the grain (see 2.4), and thereby
the phase-volume transition-rate. This allows us to calculate
the current this individual grain is contributing, and hence the
local current density. After the complete transformation from
LFP to FP during charging, discharging is initiated at t = 95
min. As expected the intensity of the FP reflection weakens, but
also moves along the n angle. After t = 146 min the reflection
completely disappears, and the LFP reflection does not reappear.
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FIGURE 3 | Sample of an EDF Frame which is a read-out of the detectors 2,048 x 2,048 pixels. The location of each grain reflection is a unique combination of the
polar coordinates 1 and 20. Using the 20 angle the miller index can be derived. The 5 angle can be used to find reflections of the same grain in subsequent frames.

LFP 1C: Number of reflections by phase over time
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FIGURE 4 | Number of LFP and FP reflections of individual grains during a 1C charge/discharge cycle.

In Figure S3, which shows the omega sensitive data for this ~ FP domain is shrinking but at the same that the LFP domain that
reflection, we can see that the FP domain remains within the  is forming is not in Bragg condition (perhaps the phase transition
visible omega range. This makes it reasonable to assume that the ~ to LFP causes a rotational shift) and therefore not visible. At
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FIGURE 5 | The line charts in the left most column of both figures show from top to bottom the voltage of the battery, the intensity of the grain reflection, the change
in the n angle and the change in the 26 angle for this particular grain reflection. All for a 1C charge/discharge cycle. The dotted line in the n graph corresponds to the
dotted line shown in the 2D plots. The dashed line in the 26 graph corresponds to the dashed line in the 2D plots. (A) Direct view on a (200) reflection of an LFP grain
during a 1C constant-current experiment. At t = 18 min both LFP and FP phases are visible, indicating phase coexistence occurs in this particular grain. The LFP
phase is is visible from t = 0 — 55 min and the FP phase is visible from t = 18 — 146 min. (B) Here a (020) grain reflection is tracked during a 1C experiment. The phase
transition from LFP to FP at the end of charge is not complete as some intensity is still visible for LFP. At the end of discharge clear solid solution behavior is on display

where this grain never fully transitions back to LFP.

first 7 slightly increases from 47.5 to 48.5 deg (indicating a
counter clockwise rotation along the x-axis). At t = 60 min,
at the end of constant-current charge, n steadily decreases to
45 deg, evidence of a clockwise rotation. In reality the effective
rotation of this grain is a combination of rotations along all
three axis. Especially rotation along the y-axis will bring the grain
out of Bragg condition resulting in decreasing intensity, which
is what seems to happen for this particular grain after t = 60
min. These observations imply that LiFePO4 grains embedded
in the electrode matrix are rotating during (dis)charging, as
will be quantified and discussed below. In Figure 5B a (020)
reflection is shown, representing another LFP grain, again during
a 1C charge/discharge cycle. This grain displays only very limited
rotation along the x-axis (<1° in variation for the 5 angle).
However, the steadily increasing intensity suggests that it rotates
along the y-axis into the Bragg condition. The transformation
toward FP takes only 9 min, between t = 65 — 74 min (15% of
total charging time) and is not complete as at t = 74 min the LFP
phase remains vaguely visible. Upon discharge, starting at t = 98
min, the transformation back from FP to LFP is very different
because in this case significant intensity appears between the
reflections that represent the FP and LFP end-member phases.
This implies that the individual grain upon discharge has a

distribution of b-lattice parameters, most likely indicating that
part of the material has an intermediate Li composition as
has been observed for the average behavior under high rate
conditions (Orikasa et al., 2013; Zhang et al., 2014; Li et al.,
2017) and in individual crystallites by microbeam diffraction
previously (Zhang et al., 2015). Surprisingly however, is that this
is observed at 1C rate, where the rate induced solid solution
behavior has not been observed, and that it occurs on discharge
(lithiation) and not on charge. This non-symmetric behavior is
in line with the composition dependence of the charge transfer
rate constants, and lithiation/delithiation behavior of large
individual crystallites investigated with STXM nano-imaging
(Bai et al., 2016). Such behavior will not be observed with powder
diffraction experiments, as the deviating behavior of a few grains
will be masked by the bulk of the transformation. Surprisingly,
even 30 min after constant-current discharge is succeeded by
constant-voltage discharge (V = 2.5 V), the intensity profile has
barely changed, indicating that part of this crystallite is stuck
in this solid solution state, which typically relaxes away quickly
when no current is applied (Orikasa et al.,, 2013; Zhang et al,,
2014; Lietal., 2017). The average 2® angle of the reflection at and
after t = 150 min is around 5.35°, well above the equilibrium value
of 5.25° for the LFP (020) reflection. Currently there appears
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FIGURE 6 | The line charts in the left most column of both figures show from top to bottom the voltage of the battery, the intensity of the grain reflection, the change
in the n angle and the change in the 20 angle for this particular grain reflection. All for a 5C/10C charge/discharge cycle. The dotted line in the n graph corresponds to
the dotted line shown in the 2D plots. The dashed line in the 20 graph corresponds to the dashed line in the 2D plots. (A) The (200) reflection in this 5C experiment
shows significant  movement at the beginning of charge. This continues until LFP-FP phase transition takes place without phase coexistence and within 2 min.
During the transition back from FP to LFP the a-lattice is changing in a homogeneous way although a part of the crystallite remains in the FP phase. The observed
decrease in integrated intensity during the upper voltage hold is likely caused by the grain rotating out of Bragg condition. Since this reflection is seen around the
equator (n =90 or n = 270) a rotation along the z-axis will remove the Bragg condition. (B) In a 10C experiment we are following a (200) reflection. At t = 5 min there is
clear phase coexistence during the LFP-FP phase transition. At the FP-LFP phase transition the intensity is spread and this grain remains inhomogeneous for the

B LFP (200) reflection 10C

t =34 min
time [min]

no framework to understand this condition, unless the present
solid solution phase observed represents an extensive diffuse
interface between the end-member phases. Detailed analysis of
these observations is outside the scope of this work and will
be the subject of follow-up publications. In the 5C and 10C
experiments in Figure 6 the 2@ profile at the end of discharge
also indicates a rate induced solid solution transformation. In
the 5C experiment however, the FP-LFP crystal transformation
(during discharge) is more homogeneous showing no significant
intensity of the end-member reflections, which points to a more
homogeneous change in the a-lattice parameter within this single
crystallite. In line with earlier findings, this demonstrates that rate
induced solid solution transformation takes place in individual
grains (Zhang et al., 2015). Where the integrated intensity of
the 10C grain is rather constant during the charge discharge
cycle, the integrated intensity of the reflection followed in the
5C experiment shows a significant drop at the end of charge
during the constant-voltage regime (V = 4.2). This reflection is
observed at n = 275°, which is around the equator (n = 90 or
n =270°). Reflections observed around the equator will move out
of Bragg condition when they rotate along w (the z-axis). In this
5C experiment the sample is only rotated for one degree w. If a

larger w rotation was used it would have been possible to record
similar integrated intensities for neighboring omegas. The small
omega range chosen here is a trade-off against better capturing
the transformation dynamics of grain reflections that do stay in
Bragg condition.

Where LiFePO4 is known to display a first-order phase
transition upon charge and discharge which is driven
toward a complex solid solution reaction a larger currents,
LiNij;3Co1/3Mn1;30, (NCM) displays a solid solution
transformation even near equilibrium conditions. In Figure 7A
the (108) reflection of an individual NCM grain is monitored
during C/4 charge/discharge experiment. The gradual change in
battery voltage during charge and discharge, reflects the well-
known solid solution reaction of NCM. Consistently, the (108)
reflection gradually shifts, representing a gradual change in d-
spacing of the (108) plane within a single grain. 2® is decreasing
in line with the increase in c-lattice parameter upon charging
(delithiation) (Yin et al., 2006). Upon discharge, the reflection
moves reversibly back toward the position associated with the
lithiated state. The observed solid solution transformation within
a single NCM grain takes the complete charge and discharge
time. This is the case for all transforming grains (see Figure S2),
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signifying that the current is distributed equally over all grains
for this material during the course of the complete cycle. This
in contrast to the LiFePO4 grains that (de)intercalate for only
part of the cycle, indicating more localized transformations. In
Figure 7B the (110) reflection of another NCM grain consistently
shows the gradual shift, in this case toward larger 20 angles
upon charging (delithiations), a consequence of the decreasing a
and b lattice parameters. Both the intensity and the 1 angle are
stable throughout the cycle which implies that this particular
grain does not rotate along the y and x-axis, respectively.

These results demonstrate that microbeam X-ray diffraction
can be used to distinguish different phase transformation
mechanisms taking place in an individual crystallites. LiFePOy4
grains display four different mechanisms, and only one type
is observed in NCM grains: (1) A phase transition without
phase coexistence, LFP-FP in Figure 6A, (2) A phase transition
with phase coexistence, LFP-FP in both Figures 5A,B, (3) solid
solution phase transition where the grain remains homogeneous
in structure, Figure7 and (4) solid solution phase transition
with an inhomogeneous crystal lattice, FP-LFP in Figure 5B.
With X-ray powder diffraction, it is hard to deconvolute the
contribution of the different phase transition types to the
observed intensity between the end member states, as noted in
Liu et al. (2014). Microbeam diffraction enables this distinction
through the ability to monitor individual grains, which compared
to microscopic techniques has the advantage that this can be
done for many crystallites at the same time under realistic battery
conditions.

3.2. Transformation Kinetics

By following the individual reflections during (dis)charge, as
shown in Figures 5-7, of the LiFePO4 and NCM individual
crystallites, their phase transformation rates can be determined.
From the intensity it is possible to approximate the volume
of the observed domains, which, in combination with the
transformation rate, results in the local current exposed to a
single electrode grain. Through the average transformation times
of many individual grains the active grain fractions can be
determined, as well as the average local current density over the
actively transforming grains.

This is hard to determine by other techniques, in particular
under operando conditions, and has previously been performed
ex-situ at for instance 50% state of charge (Li et al., 2014; Bai et al.,
2016). Using microbeam diffraction this was recently reported
as a function of charge rate for LiFePO4 (Zhang et al., 2015),
as shown in Figure 8. As observed, at low charging rates the
active particle fraction is low. The increasing current, associated
with the increasing charge rate, is realized by increasing the
active particle fraction, and to a lesser extent by increasing
the average local current density at individual electrode grains.
For LFP we determined the active particle fraction for 1C, 5C,
and 10C rate experiments by assessing which fraction of the
observed particles was active. This resulted in active particle
fractions of approximately 24, 29, and 36% for 1C, 5C, and
10C during the constant-current regime, respectively, in good
agreement with the results shown in Figure 8. For the NCM
C/4 charging/discharging experiment shown in Figure 7 the
average transformation time during charge is ~ 232 min and

during discharge is ~199 min, resulting in an overall active
particle fraction of ~80%, which is much larger than observed
for LiFePOy at similar (and even higher) charging rates. In
the first place charge transport of both electrons and Li-ions is
expected to determine the active particle fraction (and hence
the inhomogeneity of the reactions) in an electrode. The charge
transport depends on many factors including the electrode
configuration, porosity, thickness, amount and distribution of
conductive additive and the current rate (Kerlau et al., 2007;
Maire et al., 2008; Liu et al., 2010; Fleckenstein et al., 2011;
Mima et al, 2012; Nishi et al., 2013; Katayama et al., 2014;
Taminato et al., 2016). However, another interesting factor is
the nature of the phase transition, either being solid solution,
as occurring in NCM, or a first-order phase transition, such
as occurring in LFP at low rates. Compositional differences
in electrodes that display a solid solution reaction should be
expected to be leveled based on the difference in electrochemical
potential, whereas there is no electrochemical driving force to
level the difference in local state of (dis)charge in first-order phase
transition electrodes, as observed experimentally (Tanida et al,,
2016). As a consequence solid solution materials are expected to
result in more homogeneous reactions throughout the electrodes,
and therefore also in a larger active particle fraction as compared
to first-order phase transition electrode materials. This may
provide a rational for the larger active particle fraction observed
for NCM as compared to LFP at low charging rates, where
charge transport induced inhomogeneities are less likely to
be dominant.

3.3. Electrode Grain Rotation

In 3.1 we used compounded data where grain data of a complete
omega scan is averaged. When looking at the omega sensitive
data it is possible to detect grain rotation along the z-axis.
Figure 9A shows the intensity of the LFP (020) reflection as
function of time and omega. The shift in w = —2.25 to 0.25
implies that this grain is turning around its z-axis by about
2.5° in total. Also taking into account the change in n the
total grain rotation can be calculated, the result of which is
shown in Figure 9B. (See equation SI in the Supplement for
details on how the total grain rotation is estimated). The ability
of microbeam diffraction to monitor the crystallite rotations
during (dis)charging provides the opportunity to consider the
mechanical working in electrodes, most likely induced by the
volumetric changes of the grains itself upon lithium insertion and
extraction. It has been shown that the local electron transport
between the electrode particles and the carbon black network can
be rate limiting, strongly depending on the electronic percolation,
homogeneity of the electronic network and the electrode particle
size (Awarke et al., 2011; Li et al., 2014). The observed rotations
may introduce another factor in the electronic transport, as it
may lead to fluctuations in the electronic contact with the carbon
black matrix. The observed grain rotation can not be attributed
to the experiment set up (e.g., beam energy transfer) as it is not
observed when the battery is only exposed to the X-ray beam
and no current is applied. Furthermore, not all observed grains
rotate during the charge/discharge regime. At this stage very
little knowledge exists on these phenomena, where microbeam
diffraction may play an important role in the future.
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FIGURE 7 | The line charts in the left most column of both figures show from top to bottom the voltage of the battery, the intensity of the grain reflection, the change
in the n angle and the change in the 20 angle for this particular grain reflection. All for a C/4 charge/discharge cycle. The dotted line in the n graph corresponds to the
dotted line shown in the 2D plots. The dashed line in the 2@ graph corresponds to the dashed line in the 2D plots. (A) NCM (108) reflection that is active throughout
the charge/discharge cycle. Here the 2© profile reveals the solid solution nature of the material. (B) This (110) reflection also perfectly follows the electrochemistry. The
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FIGURE 8 | (A) Active fraction and current density of the particles resulting from the average transformation times. (B): Sketch of the rate-dependent transformation
upon charge as follows from the microbeam diffraction experiments (similar upon discharge only with a smaller active particle fraction, see A). This figure is

4. CONCLUSION

With microbeam diffraction it is possible to investigate the
transformation behavior of individual electrode grains while they
are being cycled in a realistic battery system. For LiFePOy, a
first-order phase transition material, this is demonstrated by
four different transformation mechanisms from LiFePO, to
FePOy and vice versa. Tracking individual LiNi; ;3Co1/3Mnj 30,
crystallites displays the expected solid solution transformation

mechanism, revealing that almost all grains actively participate
during the charge/discharge cycle. In comparison with LFP where
a much smaller part of the grains is active, this indicates a
relation between the homogeneity of the reaction and the phase
transformation mechanism. The more localized transformations
in LFP electrodes also result in considerable rotations of the
grain, most likely due to the local volumetric changes, which may
influence the local electronic contact of the grains. Microbeam
diffraction makes it possible to directly monitor changes in the
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FIGURE 9 | (A) Heat map showing the omegas for which this is reflection is visible. Intensity first appears for w = —=2.5. At the end intensity is strongest for w = -1 but
is visible all the way to w = 0.5. (B) The omega rotation taken together with the eta movement gives the total grain rotation.

crystal phase volume, derived from the reflection intensity, which
quantifies the local current. This provides insight in how the
total current is distributed over the electrodes depending on
the (dis)charging conditions, which is an important parameter
that determines the cycle life. Microbeam diffraction is a non-
invasive technique, allowing to monitor up to a few hundred
grains concurrently with a temporal resolution of a few seconds.
Thereby it offers the possibility to obtain better understanding on
the transformation mechanics and kinetics in Li-ion electrodes
and battery electrodes in general.
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