Materials Today Energy 31 (2023) 101224

Contents lists available at ScienceDirect . .
materialstoday
ENERGY

Materials Today Energy

journal homepage: www.journals.elsevier.com/materials-today-energy/ T sty
Correlative full field X-ray compton scattering imaging and X-ray N
computed tomography for in situ observation of Li ion batteries Sk

Chu Lun Alex Leung *°, Matthew D. Wilson ¢, Thomas Connolley ¢, Stephen P. Collins ¢,
Oxana V. Magdysyuk ¢, Matthieu N. Boone ¢, Kosuke Suzuki {, Matthew C. Veale ?,

Enzo Liotti #, Frederic Van Assche ©, Andrew Lui %, Chun Huang

b, h, i, *,1

2 Department of Mechanical Engineering, University College London, London, WCIE 7JE, UK

b Research Complex at Harwell, Rutherford Appleton Laboratory, Didcot, Oxfordshire, 0X11 OFA, UK

€ STFC-UKRI, Rutherford Appleton Laboratory, Harwell Campus, Didcot, Oxfordshire, 0X11 0QX, UK

94 Diamond Light Source, Harwell Campus, Didcot, Oxfordshire, 0X11 0QX, UK

€ Radiation Physics, Dept. Physics and Astronomy, Faculty of Sciences, Ghent University; Proeftuinstraat 86/N12, 9000 Gent, Belgium
f Faculty of Science and Technology, Gunma University, 1-5-1 Tenjin-cho, Kiryu, Gunma 376-8515, Japan

& Department of Materials, University of Oxford, Oxford, OX1 3PH, UK

" Department of Materials, Imperial College London, London, SW7 2AZ, UK

i The Faraday Institution, Quad One, Becquerel Ave, Harwell Campus, Didcot, 0X11 ORA, UK

ARTICLE INFO

Article history:

Received 4 August 2022

Received in revised form

12 November 2022

Accepted 2 December 2022
Available online 6 December 2022

Keywords:

Electrode design

Thick electrodes
Directional ice templating
Correlative imaging
X-ray compton scattering

ABSTRACT

Increasing electrode thickness is gaining more attention as a potential route to increase energy density
for Li ion batteries although the realizable capacity and rate capability are usually limited by Li* ion
diffusion during (dis)charge, especially at increased (dis)charge rates. It remains challenging to visualize
and quantify the low atomic number Li* chemical stoichiometry distribution inside the electrode within
commercially standard battery geometry, e.g. coin cells with stainless steel casings. Here, we map the
distribution of Li © chemical stoichiometry in the electrode microstructure inside a working coin cell
battery to show the amount of electrode materials contributing to energy storage performance using
innovative in situ correlative full-field X-ray Compton scattering imaging (XCS-I) and X-ray computed
tomography (XCT). We design and fabricate an ultra-thick (~1 mm) cathode of LiNig gMng1Co¢10; with a
microstructure containing vertically oriented pore arrays using a directional ice templating method. This
novel technique paves a new way to map low atomic number elements in 3D structures and study how

the microstructure improves Li * ion diffusivity and energy storage performance.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

of inactive components such as metallic current collectors (Cu and
Al foils) and separators in the battery cell-stacks and to increase

Batteries are one of the key technologies in the net zero tran-
sition, e.g. in zero-emission electric transportation and for elec-
tricity storage from intermittent renewable sources such as solar
and wind [1-3]. Li" ion batteries (LIBs) are currently one of the
most widely used types of batteries [4—7]. Most LIB electrodes are
thin (50—100 pum [8,9]) and made by scalable slurry coating (SC)
[10,11]. The electrode microstructure usually contains highly
tortuous pores that restrict Li* ion diffusion [12,13]. Increasing
electrode thickness is a promising method to reduce the proportion
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energy density [4]. However, Li* ion diffusion is further impeded in
the thick electrodes with the tortuous porous microstructure, and
the capacity and rate capability of these batteries are reduced to an
impractical level [14—17]. Different processing methods have made
bespoke electrode microstructure to improve energy storage per-
formance, e.g. co-extrusion [18], magnetic templating [19], infil-
tration of natural wood framework [20]. We have previously
developed a directional ice templating (DIT) technique that can
fabricate thick (~1 mm) electrodes of LiCoO, and LiFePO4 contain-
ing vertically oriented pore arrays to improve Li T ion diffusion
[21-23]. However, the connection between Li* ion diffusion in the
microstructure and the amount of energy storage in the electrode
active material is still elusive.

2468-6069/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Various in situ synchrotron X-ray characterization techniques
have been used to study energy storage materials. X-ray computed
tomography (XCT) has been used to image electrode microstructure
in 3D, though it cannot provide detailed information related to its
chemical constituents [24]. X-ray diffraction (XRD) studies the
crystal structure and lattice spacing of the electrode materials [25].
Bragg scattering and diffuse scattering coupled with pair distribu-
tion function (PDF) analysis study the regular and irregular
arrangement of atoms on the lattice sites [26]. X-ray absorption
spectroscopy (XAS) and transmission X-ray microscopy (TXM)
coupled with X-ray near-edge absorption spectroscopy (XANES)
show the change of oxidation state of elements in electrode active
materials, mainly heavy transition metal (TM) elements [27,28].
However, it remains challenging to directly visualize and quantify
the chemical stoichiometry distribution of low atomic mass ions
such as Li™ using abovementioned techniques because there are
fewer electron orbitals in a Li atom compared with other elements,
it is less likely to generate characteristic X-rays compared with
heavy elements [29]. Other types of characterization techniques
such as nuclear magnetic resonance (NMR) [30,31] and neutron
diffraction [17] are among the few techniques that can detect Li but
also have their complications, e.g. restrictions on the configuration
of the in situ testing cells [32] and brightness of the source [33].

X-ray Compton scattering (XCS) measures the energy of the
incoherently scattered photons from the object [34—36]. Although
XCS has not been widely used compared with the abovementioned
techniques, it is unique for detecting the interaction between
incident photons and valence electrons which are involved in the
Li* intercalation and extraction redox reactions. Current challenges
are as follows: (i) previous XCS studies used an X-ray pencil beam to
perform raster scanning of the battery sample and used a colli-
mated Ge solid-state detector (Ge-SSD) to measure the intensity of
the incoherent scattered X-rays. This pencil beam XCS imaging is
time consuming (~30 h for scanning the cathode size of a coin cell
battery [37,38]), resulting in restricted scanning volume; (ii) to
date, different properties (e.g. chemical composition, physical
microstructural changes, etc.) of the battery samples are usually
investigated separately by different techniques on different
beamlines. There is a need to develop new multi-modality char-
acterization techniques that can simultaneously show both
microstructural and chemical properties to study the relationship
between microstructure and electrochemical performance.

Here, we develop innovative in situ correlative full field XCS
imaging (XCS-I) and XCT. This work has three innovations. Firstly,
we have developed a method using XCS to quantify Li stoichiometry
of cathode active materials which is usually difficult to achieve
because the weak Li signals are often masked by the strong signals
from the TM elements in the cathode active materials and in the
stainless steel coin cell casings [34,36,37,39,40]. The XCS method is
not only sensitive towards Li but also towards other heavy elements
because XCS focuses on analyzing the electron momentum density
of electrons. Although this method cannot quantify the exact
chemical states without calibration, this method can quantitatively
compare different chemical states of the elements through
comparing the measured electron momentum densities of valence
electrons. Secondly, this work expands on the previous pencil beam
(or point-by-point) XCS technique by employing a high aspect ratio
rectangular cross-section synchrotron X-ray beam and an energy
resolving spectroscopic imaging detector, a high-energy X-ray im-
aging technology (HEXITEC) CdZnTe detector [41]. The HEXITEC
detector obtains spatially resolved XCS-I of all voxels across the
entire plane of the LIB within a single capture, reducing the scan-
ning duration from ~30 h to 12 min for the same area of interest.
Thirdly, we combine XCS-I and XCT to quantify spatially resolved
Li* chemical stoichiometry distribution in the 3D electrode
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microstructure inside an LIB with commercially standard battery
geometry and packaging within a single experiment. We compare
Li" ion diffusion and chemical stoichiometry in two types of ultra-
thick LiNiggMng1Cog102, (NMC811) cathodes, an anisotropic
microstructure of vertically oriented pore channels fabricated by
the DIT technique and a more isotropic microstructure fabricated
by isotropic ice templating (IIT) to show the anisotropic micro-
structure reduces pore directional tortuosity, increases Li* ion
diffusion coefficient, increases Li" chemical stoichiometry in thick
electrodes to improve the energy storage performance at the device
level.

2. Materials and methods
2.1. Materials, electrode fabrication and battery assembly

Electrode slurry was prepared by homogeneously mixing
NMC811, Super P electrical conductivity enhancer and binder at a
weight ratio of 90: 5: 5. A rapid DIT was used to fabricate the
electrodes with vertical orientation of pore arrays [21—23]. During
the DIT process, a Cu cold finger provided a steep freezing tem-
perature gradient to the electrode slurry. At supercooling, ice
crystals were first nucleated in the electrode slurry on the surface of
the cold finger. The ice dendrites then grew in parallel to the
applied temperature gradient, pushing NMC811 and carbon elec-
trical conductivity enhancer particles into the regions in-between
the ice dendrites. Finally, the ice crystals were sublimed during
freeze drying, leaving vertically aligned pore arrays. For compari-
son, another type of electrode was fabricated by IIT where freezing
was from all directions using the same electrode slurry. Both types
of electrode had a thickness of ~1 mm and a diameter of ~6.5 mm
controlled by the mold size during the electrode fabrication, it is
possible to further increase the diameter through changing the
mold size [21]. The loading density of the electrode materials was
3.1 + 0.2 g cm™ for both electrodes. Standard CR2032 coin cells
(total thickness 3.2 mm), a common tool in battery research, were
assembled. Each coin cell contained a stainless steel spacer, a
polyethylene separator and a Li metal foil counter electrode,
schematic in Fig. S1. Both cathode and separator were soaked with a
standard liquid electrolyte containing 1 M LiPFg in a 1:1 vol%
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC).
The cells were galvanostatically charged and discharged using a
Gamry Reference 600/EIS300 potentiostat/galvanostat, and the
data was recorded every second. The NMC811 particles were
examined by scanning electron microscopy (SEM, Merlin Analyt-
ical, Zeiss), phase identification was carried out using X-ray
diffraction (XRD, D5000, Siemens with Cu,, radiation A = 1.5 A).

2.2. Correlative full field X-ray compton scattering imaging and X-
ray computed tomography

The experiment configuration is shown in Fig. 1. We used Si (111)
bent Laue monochromator (beamline 112, Diamond Light Source,
UK) to provide an X-ray beam with a photon energy of 114.64 keV,
measured using a NIST 674 b CeO, powder diffraction standard. The
XCT detector was positioned behind the LIB sample to collect the
transmitted X-rays. The HEXITEC detector was positioned at 90° to
the incident X-ray beam, collecting the scattered photons from the
top of the LIB cell. The LIB cell was placed in a custom-made holder
connected to a potentiostat and mounted on a goniometer,
enabling centering and aligning the battery position horizontally
with respect to the incident beam and the transmission imaging
camera. The battery was charged from an open circuit voltage
(OCV)to 4.3 Vatarate of 0.5C (1C indicates ~1 h charge/discharge).
The X-ray beam was first set to be 25 mm (horizontal) x 5 mm
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HEXITEC hyperspectral imaging detector
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Fig. 1. Schematic of the correlative X-ray Compton scattering imaging (XCS-I) and X-ray computed tomography (XCT) technique experimental set-up.

(vertical) using beam defining slits to cover the entire battery cell
and collect XCT images. The X-ray beam of the same energy was
then reduced to 25 mm (horizontal) x 0.25 mm (vertical) to capture
the XCS signals of all voxels across the entire horizontal plane (x-y)
of the battery in the middle vertical height (y-z) of the cathode. The
LIB was then discharged from 4.3 V to 2.75 V, and a repeat set of XCT
and XCS images collected.

2.3. X-ray compton scattering imaging (XCS-I1)

The bandwidth of the X-ray beam was set to its maximum value
of ~107 to maximize the incident flux while being narrower than
the energy resolution of the HEXITEC detector. If necessary, Cu
filters could be used to reduce flux. The temperature of the HEXITEC
CdZnTe detector was at 18 °C and the applied bias voltage
was —1200 V. The detector had 80 x 80 voxels at a 250 um voxel
pitch, operating at 9 kHz frame rate with the energy and position of
every individual X-ray photon extracted from the raw frames of
data captured by the application-specific integrated circuit (ASIC),
and the resulting data was stored in a data cube of 80 x 80 voxels
and 100 energy channels. The raw data from the HEXITEC detector
was processed into XCS energy spectra per voxel [42]. The XCS
energy spectra images were formed by integrating the counts as a
function of energy within the scanning duration voxel-by-voxel.
The average energy resolution of a voxel was measured to be
0.79 + 0.15 keV using the 59.54 keV line from an Am-241 [43]. A
pinhole configuration was used to project the Compton scattering

image onto the HEXITEC detector. Removable 2 mm thick tungsten
disks (Amptek Inc., USA) were used as the pinhole with 200 pm
straight through hole. Ignoring transmission through the edge of
the pinhole, the 200 um diameter pinhole had an acceptance angle
of 5.7°. The pinhole was placed in an optical mount and a rail sys-
tem was used to align the HEXITEC detector to the pinhole as a
single assembly with the ability to change the distance between the
detector and pinhole. This assembly was placed inside a lead
shielded box. The battery sample can be raised or lowered to
change the pinhole to sample distance. The distance ratio between
the HEXITEC detector to pinhole and pinhole to sample was
approximately 1:1 in this experimental configuration with a field of
view of roughly 20 x 20 mm? with 250 pm detector voxels, the
spatial resolution can be improved by a factor of two simply by
increasing the detector distance [44]. Each XCS-I scan took ~12 min.

The Compton profile was generated from the measured XCS
energy spectrum main peak at 94 keV at each voxel through [45]:

p, E2—Ei+ (%)(1 — cos )

= (1)
me\JE} + B3 — 2E:E; cos §

where p; is a projection of the electron momentum of electrons in
both core and valence orbitals of the LixNiggMng1Cog10, com-
pound, E; and E; are energies of the incident and Compton scat-
tered X-rays respectively, m is the electron mass, c is the speed of
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light and 6 is the scattering angle. The S-parameter was calculated
through [37]:

_SL

s=¢ (2)

where S; and Sy are the integral of low and high electron mo-
mentum densities from the Compton profiles:

1

5= J](pZ)dpz (3)
o
-1 5

Su= [J(pz>dpz+[1(pz>dpz (4)
5 1

The value of the Li * chemical stoichiometry x in LiyNiggMng1-
Cog10; was quantified through finding the relationship between x
and the S-parameter [37]. Firstly, we calculated the theoretical
Compton profiles of LixNiggMng;Co910 when x = 1, 0.75, 0.5, 0.25
and 0 following the non-relativistic orbital and total-atom Comp-
ton profiles J;(Q) and J(Q) table [46] based on Equation (1). We then
calculated the S-parameter of the theoretical Compton profiles of
LixNig.sMng1Cog10; at each of the set x values following Equations
(2)—(4). We plotted a graph of S-parameter and x in LixNiggMng1.-
Cog10; for x = 1, 0.75, 0.5, 0.25 and 0. To check consistency be-
tween the calculated and experimentally obtained x values, we
extracted the LixNiggMng1Cog10, DIT and IIT cathodes from the
discharged batteries, suspended the cathode samples in 1 M HNO3
at a concentration of 90 mg/ml homogeneously through ultra-
sonication (15 min) in an ice bath, and performed post-mortem
inductively coupled plasma atomic emission spectrometry (ICP-
AES, Agilent 5800, accuracy +0.01 wt%) of the cathode to measure
the wt% of Li following the method in Ref. [38].

2.4. X-ray computed tomography (XCT)

The XCT projections were collected using a 0.1 mm thick lute-
tium yttrium orthosilicate (Lu=SiOs: Ce) LYSO single crystal scintil-
lator and then imaged by the scientific CMOS camera (PCO.edge 5.5
sCMOS camera, PCO AG) through a mirror and lens configuration.
The imaging camera module 3 from beamline [12: JEEP [47] was
used (field of view of 8 mm x 7 mm, pixel size of 3.24 um). A double
field of view measurement technique was used for the XCT mea-
surements with off-centered samples because the sample hori-
zontal size exceeded a single field of view [48]. A total of 3600
radiographic projections were taken with an exposure time of 9 ms
per projection. XCT reconstructions were performed using the
SAVU pipeline, incorporating the Astra filtered back projection al-
gorithm [49]. 3D image processing, quantification, and data visu-
alization were performed using a combination of MATLAB 2019b,
Image], and Avizo 2019.2 [36].

3. Results and discussion
3.1. Physical properties

Fig. 2a is a gray scale reconstructed XCT cross sectional slice in
the y-z plane showing the locations of the thick cathode, separator,
Li counter electrode and spacer inside the coin cell battery. Fig. 2b
shows an XCS-I slice in the x-y plane of the battery showing the
cathode region (labeled in orange). Exemplary images of the
reconstructed XCT and full-field XCS-I slices (Fig. S2) demonstrate
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that XCS-I can sufficiently capture key components of the coin cell
battery and can be used to compare with the XCT data.

The XRD pattern of the as-received NMC811 particles (Fig. S3)
matches with the crystal structure of NMC811. The SEM image
(Fig. S4) shows the particles have 4—16 um secondary particles
containing nanometer scale primary particles. The cathode was
virtually extracted from the battery, series of gray scale y-z XCT
slices (Fig. 3a and b) and the 3D segmented volume (Fig. 3c) of the
DIT cathode show the vertically oriented pore arrays through the
electrode thickness. The diameter of the pore channel for the DIT
cathode was 10—15 pm. In contrast, the gray scale y-z XCT slice
(Fig. S5) and the 3D segmented volume (Fig. 3d) of the IIT cathode
exhibit a porous microstructure with more random pore orienta-
tions. The overall estimated pore volume, ¢, was 23% and 25% for
the DIT and IIT cathodes, respectively. Both pore volumes were
comparable with that of conventional SC electrodes [8].

The Li * ion diffusion flux along the x-y and y-z planes in the
porous network of these two types of cathode was simulated based
on the XCT microstructure data using finite difference method [50].
The sub-domain of the electrode microstructure from the XCT data
was firstly divided into voxels and an ion concentration gradient
was imposed between the opposing faces of the sub-domains. lons
were then simulated to move through the microstructure to
approach equilibrium. Fig. 4a shows that the simulated Li* ion
diffusion flux through the electrode thickness (the kinetically
favorable Li* ion diffusion direction during charge and discharge
[51]) is higher than the flux along the electrode plane for the DIT
electrode. Fig. 4b shows the simulated Li ™ ion diffusion flux in the y
direction along the electrode plane (x-y) was higher than the flux
through the electrode thickness for the IIT electrode, in agreement
with previous studies that show electrodes composed of com-
mercial NMC811 particles with a broad size range (4—16 pum)
experience microstructural self-arrangement where the particles
manifest a strong preferential horizontal arrangement (parallel to
the x-y plane) that further restrict Li™ ion diffusion [52].

The pore tortuosity 7 represents the deviations of Li ™ diffusion
pathways from the straight cylindrical pores of uniform diameters
[53,54]. The tortuosity of a structure plays a vital role in the
transport of mass and charge in electrochemical devices and is thus
a function of microstructural characteristics [55] where 7 = 1 rep-
resents an idealized straight pore channel with a uniform diameter;
hence, the closer 7 towards 1, the straighter the pore geometry. 7
was estimated from comparing the Li ™ ion diffusive flux through
the measured pore network (Fp) with the Li* ion flux through an
open volume of the same size (F,) using [50]:

_fo
T—ﬁe (5)

7 was estimated at 2.1 and 4.5 through the electrode thickness for
the DIT and IIT electrodes respectively, showing significantly
straighter pore channels for the DIT electrode than the IIT electrode.
With similar porosity but much lower electrode thickness
(45—66 um), previous studies have shown pore tortuosity of
3.5—4.8 [52]. The directional Li * ion diffusion coefficient p¥irectional
in the porous network of the electrodes was quantified by Ref. [50]:

pdirectional _ €

- (6)
where D is the concentration-dependent intrinsic Li™ ion diffusion
coefficient of the electrolyte (~10"® cm?/s for the electrolyte in this
experiment [56]). Dgirectionat in the porous network along the
through-thickness direction was estimated at 11 x 107 and
5.6 x10°8 cm?/s for the DIT and IIT electrodes, respectively. Note that
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Fig. 2. (a) Reconstructed XCT slice (y-z plane) of the battery and the components inside the battery; and (b) XCS-I slice (x-y plane) of the battery where false color is used to show
the cathode region.

Fig. 3. (a) Gray scale XCT slices and (b) one magnified y-z slice of the DIT cathode extracted virtually from the battery; 3D volume rendering of a region of interest extracted virtually
from the cathodes showing (c) the vertically oriented pore arrays inside the DIT cathode; and (d) the random pore orientations inside the IIT cathode.
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Fig. 4. Simulated Li * ion diffusion flux in the y-z and x-y directions for the (a) DIT; and (b) IIT cathodes.

the pore tortuosity t in the x and y directions along the x-y plane is
4.0 and 4.3 respectively for the IIT electrode, and 10.5 and 11.2
respectively for the DIT electrode. Hence, 7 in the x and y directions
is similar to each other along the x-y plane for both electrodes.

3.2. Electrochemical performance

Fig. 5a and S6 show the charge and discharge curves of the DIT
and IIT cathodes at increasing C rates. The potential range of
2.75—4.3 V was chosen because previous studies show that the
NMC811 lattice parameter ¢ and the crystal unit cell volume collapse
rapidly above 4.3 V [57]. The DIT cathode exhibited higher reversible
capacities at all C rates, e.g. 201 mAh/g (61 mAh cm™ and 603 mAh
cm™3) compared with 167 mAh/g (49 mAh/cm? and 489 mAh cm™3)
for the IIT electrode at 0.1C. For comparison, the gravimetric, areal
and volumetric capacities for the conventional ~100 pm thin cath-
odes of NMC811 are 190—200 mAh/g, 5.5—8 mAh/cm? and 522—575
mAh cm™3, respectively at 0.1C [58,59]. Fig. 5b shows the reversible
capacity was maintained at 74% from 0.1 to 2C for the DIT cathode,
higher than 66% and ~70% for the IIT and conventional SC cathodes
[60] respectively at the same C rates. Previous results show that ion
diffusion is restricted in the thick (>150 um) electrodes even at low
(dis)charge rates of 0.1C [4,61] which is in agreement with the lower
capacity of the thick IIT electrode at the slow C rates. Due to the
significant higher electrode thickness, the actual current applied for
(dis)charge was 10—20 times higher than the actual current applied
to the conventional SC electrodes for rate capability measurements
[20]. Previous reports show that at such high current at higher C
rates (e.g. 1C, 2C), a large polarization exists at the Li metal anode
that restricts the battery performance [20]. Therefore, the capacity
difference between the DIT and IIT electrodes at >1C did not in-
crease further because the anode became the rate determining
factor. Since thick electrodes reduce the proportion of inactive
components (e.g. current collectors of Al and Cu foil, separator)
within the battery cell-stacks, an LIB containing the thick DIT
NMC811 cathode increases the energy density to 319 Wh/kg
(839 Wh/L) at 0.1C compared with 279 Wh/kg (726 Wh/L) for the
conventional LIBs using the SC cathodes reported previously [36,62],
equivalent to an average of 15% increase in the energy density
(mathematical workout in SI). The DIT and IIT electrodes were made
of exactly the same materials. The only difference was that the DIT

electrode was applied directional freezing while the IIT electrode
was applied isotropic freezing during the electrode fabrication.
Therefore, the difference in their electrochemical performance was
due to the difference in their microstructure.

Electrochemical impedance spectroscopy (EIS) was further used
to investigate the two types of cathodes. Their corresponding
Nyquist plots are shown in Fig. 5¢ and d. The intercept of the
Nyquist curves with the real Z-axis at the highest frequency rep-
resents the equivalent series resistance (R;) of the cathode and the
electrolyte [63]. Ry is 3.7 and 4.6 Q cm? for the DIT and IIT cathodes,
respectively, showing a slight reduction in Rs possibly due to the
more electrically connected particles in the aligned pillars of the
DIT electrode [19]. The diameter of a best-fit semi-circle by the data
in the high-medium frequency represents the charge resistance
(Rcr) of the cathode [64], Reris 10.8 and 28.0 Q cm? for the DIT and
IIT cathodes, respectively. Both the lower Rcr and the higher
gradient of the Nyquist tail at low frequency for the DIT cathode
confirmed faster Li ™ ion mobility in the electrode [65], corrobo-
rating the lower pore tortuosity 7 and the higher directional Li * ion
diffusion coefficient D4rectional cajcylated from the XCT results and
the higher capacity and rate capability from the galvanostatic (dis)
charge results. Fig. S7 shows the Coulombic efficiency of both types
of cathodes at 0.1C, the initial Coulombic efficiency of the DIT
electrode (93%) at the first cycle was higher than the IIT electrode
(87%). The Coulombic efficiency of both electrodes became stable
and reached >99% from the 4th cycle to 100th cycle. The slightly
higher initial Coulombic efficiency of the DIT electrode may be due
to the more homogenized ion distribution and current through the
electrode, leading to reduced overpotential and polarization resis-
tance [66], corroborating the lower impedance of the DIT electrode
from the EIS measurements.

3.3. Quantum physical and chemical properties

The binarized XCT cathode volume and XCS-I were super-
imposed on each other to extract the voxel-by-voxel XCS energy
spectra of the cathode only excluding the cell parts. The total ab-
sorption cross-section is very small at >100 keV [67], and the ra-
diation damage of the cathode material from the incident photons
is usually negligible [68] because the majority of the incoming
high-energy photon beams (115 keV) penetrate through the
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Fig. 5. (a) Charge and discharge curves of the DIT cathode at increasing C rates; (b) rate capability of the DIT and IIT cathodes; (c) EIS Nyquist plot of the two types of cathodes in the
full 10°-0.01 Hz frequency range; and (d) enlarged Nyquist plot in the high frequency range, showing complex impedance of the two types of cathodes in batteries.

cathode material without being absorbed, e.g. the mass absorption
coefficients of Ni, Mn and Co was reduced exponentially from 104 to
0.1 cm?/g from 8 keV (Cu Ku laboratory X-ray) to 115 keV [69].
Fig. 6a shows the XCS energy spectra among the lateral voxels in the
middle depth region of the DIT cathode in the charged and dis-
charged states. The peak at 94 keV is due to the energy of the
incoherently scattered photons with an incoming energy of 115 keV
[70]. The other small peaks in the XCS energy spectra are due to the
fluorescent K, and Kp lines for Cd (23 and 26 keV) and Te (27 and
31 keV) from the HEXITEC sensor [71], a mixture of background and
fluorescent X-rays (50—70 keV) from the W pinhole and Pb
shielding around the HEXITEC detector [71], the low energy
threshold of the detector (~5 keV) [72] and a small distinct peak
(115 keV) due to X-ray coherent scattering [73]. In comparison,
Fig. S8 shows the XCS energy spectra among the lateral voxels in the
same region of the IIT cathode in the charged and discharged states.
The main peak position at 94 keV remained the same for both types
of cathodes, showing the elements present in the cathodes
remained the same for both types of fabrication. However, the
difference in intensity of the incoherently scattered photons be-
tween the charged and discharged states is larger for the DIT
cathode than the IIT cathode, indicating the chemical stoichiometry
change is larger for the DIT cathode which is quantified below.

The probability of a photon being incoherently scattered by
materials mainly depends on the electron density of the materials
[74]. Since the electron density of NMC811 is significantly higher
than that of conductive carbon, polymeric binder and liquid elec-
trolyte in the pores of the electrode [75], the collected XCS signals
are mainly due to NMC811 [34]. The intensity of the peak dN is
related to the electron density of the NMC811 active material pe. A
Compton profile shows the electron momentum density of a redox
orbital [76] and was then generated from the XCS energy spectrum
main peak at 94 keV at each voxel. Fig. 6b and Fig. S9 show the
Compton profile among the lateral voxels in the middle depth re-
gion of the DIT and IIT cathodes respectively in the charged and
discharged states. The slow-moving valence electrons exhibit lower
kinetic energy (lower electron momentum —1 < p, < 1 in the
Compton profile) than the core electrons (higher electron
momentum —5 < p; < —1 and 1 < p; < 5 in the Compton profile)
[37,40]. The larger difference in electron momentum density of the
valence electrons between the charged and discharged states for
the DIT cathode than the IIT cathode indicates a larger change of Li*
chemical stoichiometry as the valence electrons are involved in the
redox reactions with Li™ during (dis)charge.

The S-parameter was introduced to indicate the proportion of
occupied valence electron orbitals among the core electron orbitals
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Fig. 6. (a) XCS photon energy spectra; (b) Compton profile of the lateral voxels in the middle depth region of the DIT cathode in the charged and discharged states.

in the Li;_xNig gMng1Cop 10, compound [40]. The S parameters were
estimated at 0.46 and 0.74 in the middle depth region of the DIT
cathode in the charged and discharged states respectively, and 0.48
and 0.53 in the same region of the IIT cathode in the charged and
discharged states respectively, these quantification results corrob-
orate the observations of the Compton profiles. We then quantify
Li * chemical stoichiometry in LixNig gMng1C0g 10, through finding
the relationship between the S-parameter and x. Briefly, this is
quantified through first calculating the theoretical Compton pro-
files of the core and valence electrons in LixNiggMng1Cog10; for
x = 1, 0.75, 0.5, 0.25 and 0 using first-principles Korringa-Kohn-
Rostoker coherent-potential-approximation (KKR CPA) within the
framework of local spin-density approximation (LSDA) [77] and

Mann's numerical relativistic Hartree-Fock wavefunction model
[46,78]. The extracted LixNiggMng1C00102 cathode from the dis-
charged battery was suspended and then calibrating using our
experimental results to take into account the environmental con-
ditions during charge and discharge. Fig. S10 shows the calculated
S-parameter varies linearly with the Li © chemical stoichiometry x
in LixNiggMng1C0g10>, so we can quantify the Li © chemical stoi-
chiometry x in LixNiggMng1Cog10, in each voxel from the S-
parameter. We map the voxel-by-voxel distribution of the Li*
chemical stoichiometry in the same middle depth region of the DIT
and IIT cathodes in the charged and discharged states inside the
working battery (Fig. 7). The ICP-AES results showed 0.48 wt% and
0.36 wt% Li in the prepared suspensions containing the DIT and IIT

Li* stoichiometry in
LiyNig gMng ;Coq 0,

1.0

0.8

Fig. 7. XCS-I results showing color maps of the lateral distribution of Li* chemical stoichiometry voxel-by-voxel in the same middle depth region of the DIT cathode (a) when
charged to 4.3 V; (b) when discharged to 2.75 V; and of the IIT cathode (c) when charged to 4.3 V; (d) when discharged to 2.75 V.
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cathode samples respectively, reflecting 5.82 wt% and 4.38 wt% of Li
content in LixNiggMng1C0g10, taking into account the concentra-
tion of the prepared suspensions using previous reported method
in Ref. [38], correlating to x values of 0.8 and 0.6 for the DIT and IIT
cathodes respectively. These x values correspond to S-parameters of
0.71 and 0.51 from Fig. S10, in agreement with the measured S-
parameters from the XCS results +4%. Using Beer Lambert law, it is
calculated that the X-ray attenuation difference of the electrode
region above the region of interest is <1% [79], so it is a fair com-
parison between the two types of electrodes.

Fig. 7 confirms that the Li™ stoichiometry is visibly higher in the
discharged state than in the charged state for the DIT cathode
because Lit ions were removed from LixNiggMng1Cog10> in the
charged state and intercalated into LixNiggMng1Cog10; in the dis-
charged state. The level of inhomogeneity of the lateral distribution
of Li stoichiometry across the same electrode plane for both elec-
trodes is surprising, especially the IIT cathode shows a relatively
high proportion of the cathode containing low Li stoichiometry in
the discharged state, indicating a lower active material utilization
for energy storage. The x summarized from the lateral voxels in the
middle depth region of the DIT cathode was 0.53 and 0.81 when
charged to 4.3 V and discharged to 2.75 V, respectively. The x
summarized from all lateral voxels in the middle depth region of
the IIT cathode was 0.55 and 0.60 when charged to 4.3 V and dis-
charged to 2.75 V, respectively. The capacities measured from the
traditional galvanostatic charge/discharge method in Fig. 5a and b
shows the overall capacities of the entire electrodes, whereas the
XCS-I results in Fig. 7 show the Li* chemical stoichiometry voxel-
by-voxel in a specific depth region of the cathodes. The (dis)
charge C rate used in the XCS-I experiment (0.5C) was approx. 10
times faster than the rate previously reported to reach ion diffusion
equilibrium in NMC811 [57]. The smaller difference in x between
4.3 and 2.75 V for the IIT electrode than the DIT electrode shows
significantly restricted ion diffusion in the ultra-thick (1 mm) IIT
electrode with tortuous porosity at fast charging.

4. Conclusions

Li concentration in the cathode active materials inside conven-
tional cell configurations has been difficult to image. Our work al-
lows voxel-by-voxel mapping of Li * chemical stoichiometry in the
electrode microstructure inside a battery using new in situ correl-
ative full-field X-ray Compton scattering-imaging (XCS-I) and X-ray
computed tomography (XCT). The thick (~1 mm) LiNipgMng;.-
Cog10, (NMC811) cathode fabricated by directional ice templating
(DIT) exhibited a lower pore tortuosity of 2.1 in the through-
electrode-thickness direction than 4.5 for the cathode fabricated
by isotropic ice templating (IIT) with the same materials, thickness
and porosity (ca. 24%). The relating directional Li*™ ion diffusion
coefficient was increased from 1.1 x 1077 to 5.6 x10° cm?/s in the
cathodes. The DIT cathode achieved a high realizable capacity of
201 mAh/g at 0.1C despite its ultra-high thickness and a higher rate
capability than the IIT electrode. However, the performance of the
IIT electrode was different from the conventional slurry coated
electrodes in the literature due to the ultra-high electrode thick-
ness. An LIB containing the thick DIT cathode with a reduced pro-
portion of metallic current collectors has improved Li* ion
diffusivity and increased energy density by 15% compared with LIBs
using conventional thin (50—100 um) electrodes made by slurry
coating (SC). The Li" stoichiometry mapping inside the cathode
shows heterogeneity in lateral distribution of Lit. Here, we
demonstrate a new correlative imaging capability to corroborate
microstructural properties, Lit ion diffusion coefficient, energy
storage performance and Li" chemical stoichiometry mapping of
the same electrode within a single experiment.
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