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High-mass-loading cathodes are crucial for achieving high energy density in
all-solid-state batteries from the lab scale to industry. However, as mass-
loading increases, electrochemical performance is significantly compromised
due to sluggish kinetics. In this work, operando neutron imaging is deployed
on a high-mass-loading NMC 811 cathode of 33 mg/cm? (5.0 mAh/cm?) and
directly visualizes the lithiation prioritization of the cathode active material
(CAM) from the solid electrolyte membrane side to the current collector side.
In addition to the tortuosity, another key limitation on ion transfer in the
cathode arises from the mismatch between the uniform distribution of the
solid electrolyte (catholyte) in the conventional composite cathode and the
non-uniform Li* flux generated by the faradaic reaction of CAMs. Therefore, we
engineer a gradient in the catholyte concentration to match the Li* flux dis-
tribution as a means of eliminating the ion transfer obstacle. This approach
demonstrates enhanced rate performance, even with high-mass-loading
cathodes. A LiCoO, composite cathode with 100 mg/cm? high-mass-loading
exhibits an areal capacity of 10.4 mAh/cm? at a current density of 2.25 mA/cm?.
This work provides insight into the ion-transport limitation in thick cathodes
and demonstrates an effective gradient design to overcome the kinetic barrier
and achieve high battery performance.

All-solid-state batteries (ASSBs) are among the most promising next-
generation energy storage technologies. These batteries offer the
potential for high energy density and significantly enhanced safety
by replacing flammable organic liquid electrolytes (LEs) with non-
flammable inorganic solid electrolytes (SEs). To improve their
energy density, many researchers have focused on developing elec-
trode materials with high specific capacity or high potential. How-
ever, the cell-level energy density is much lower than that of the
material level because of the substantial content of inactive materi-
als, such as the battery case, current collectors, solid electrolytes,

and other components that do not directly contribute to capacity.
Therefore, increasing the mass-loading of the cathode is considered
to be one of the most effective strategies for achieving the proposed
high energy density at the cell level®.

Achieving excellent electrochemical performance in high-mass-
loading cathodes is significantly more challenging than in thin
cathodes. In the thick electrode, the higher areal current density
under the same C-rate leads to a much larger ohmic polarization
across the entire cell, and the increased tortuosity and longer diffu-
sion paths result in sluggish ionic and electronic transport kinetics*”>.
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The specific mechanism of the decay of the rate performance in thick
electrodes is more complicated, especially for ion transfer. In LEs, the
transport of Li" is based on the combination of electric-field-induced
migration and salt concentration gradient-induced diffusion®. Under
a high rate, a large Li salt concentration gradient in the liquid phase
will be formed and further hinder the Li* diffusion, and the Li*
depletion in the LE will cause the underutilization of the cathode
active materials (CAMs)”®. However, for the inorganic SE used in
ASSBs, anions are fixed, and Li" is the only ion that can move with a Li*
transference number around 1.0. Thus, there is no Li* gradient or
concertation change in SEs. Moreover, an increasing number of SEs
demonstrate high ionic conductivities, sometimes surpassing those
of LEs’™. Therefore, ASSBs are supposed to have improved rate
capabilities”. Although impressive rate performance (>40C) has
been achieved in ASSBs, the cathode mass-loading is usually low
(<5 mg/cm?)'*, The rate performances of high-mass-loading cathode
ASSB:s still fall short of expectations.

In the composite cathode of ASSBs, the Li* ion transfer paths are
formed solely by the solid-solid contact between the CAM and SE
particles. Compared to LE-based batteries, thick cathodes in ASSBs
exhibit much higher tortuosity and lower effective ionic
conductivity'®”. The size, proportion, and arrangement of the CAM,
SE, and electron-conductive additive particles must be optimized
carefully®. Inspired by the LE-based batteries, a low-ionic-tortuosity
design has been introduced to the ASSBs by mixing different sizes of
SE particles to improve the rate performance”. Nevertheless, despite
the absence of Li* concentration gradients in SEs, recent studies have
observed non-uniform reactions of CAMs in ASSBs?*?. Given the
unique physical properties of SEs compared to LEs, the impact of these
properties on the performance of thick electrodes in ASSBs remains
unclear. Therefore, it is crucial to investigate kinetic transfer in high-
mass-loading cathodes using direct operando visualization techniques
and provide insights for designing thick cathodes with uniform and
fast ion transport in all-solid-state systems.

Operando and in-situ investigation with sufficient temporal and
spatial resolution is important in understanding the kinetics of the
thick cathode (>100 um) in ASSBs, especially by tracking the Li beha-
vior and reaction uniformity on the electrode level. Conventional
characterization methods, such as electron-beam and optical-light-
based methods, are not well suited for detecting electrochemical
reactions in CAMs*. X-ray-based methods also have difficulty detect-
ing Li directly due to its low X-ray attenuation coefficient”. X-ray dif-
fraction (XRD) and X-ray absorption spectroscopy (XAS) are powerful
tools for detecting the state of charge (SoC) evolution of CAMs**%, but
these spectroscopy-based data often lack the ability to provide oper-
ando visualization with a large characterization area. In contrast,
neutron imaging has unique advantages for tracking Li transport
because of Li’s high visibility in both ionic and metallic states?>***5, In
addition, neutron imaging has great Li isotope contrast, so it can be
used to track Li* diffusion in the solid electrolyte?”. Thus, neutron
imaging is a powerful operando characterization method for ASSBs.

Herein, to identify the limit factor of the electrochemical reaction
in thick cathodes in ASSBs, operando neutron imaging was successfully
conducted to visualize the reaction gradient over the whole thick
cathode with a mass-loading of 33 mg/cm? (-180 um thick). By per-
forming image calculation, the spatial inhomogeneous reaction of
CAMs was observed. Image analysis combined with electrochemical
analysis identified the mismatch between the non-uniform Li* flux and
the homogeneous SE distribution in the thick cathode as the main
cause of poor electrochemical performance. Based on the visualized
electrochemical reaction gradient within the thick cathode, we strate-
gically designed a three-layer cathode with a catholyte content gradient
to promote fast Li* transport and uniform reaction throughout the
entire thick cathode. By tailoring the catholyte content to match the Li*
flux at different depths within the cathode, this design aims to alleviate

the kinetic limitations observed in high-mass-loading ASSB cathodes,
which could ultimately lead to enhanced electrochemical rate perfor-
mance. As a result, high-mass-loading cathodes—100 mg/cm? with
theoretical areal capacities of 15.0 mAh/cm? for LiNiggC0g1Mng;0-
(NMC 811) and 11.25 mAh/cm? for LiCoO, (LCO)—based on a three-layer
design, showed significantly improved rate performances compared
to that of the thick cathode without SE gradient and given the
same CAMs content.

Results and discussion

Visualizing reaction kinetics in high-mass-loading cathodes
through operando neutron imaging

Low-mass-loading cathodes (<5mg/cm? or 1.0 mAh/cm?) are com-
monly employed in research to investigate material-level capabilities
and usually demonstrate excellent rate performance. However, as
cathode mass-loading increases, poor kinetics become a significant
issue. lon transfer, electron transfer, interface resistance, ion diffusion,
and electron transfer in the CAM are the most common factors that
contribute to kinetic limitations in composite cathodes (Fig. 1a). The
ion and electron transfer will further affect the reaction prioritization
and uniformity of CAMs on the electrode level. Despite results in
previous work that have demonstrated thick and high areal capacity
cathodes (>10 mAh/cm?), this capacity was obtained at a low rate
(0.025 C), even when utilizing a highly ion-conductive SE with a con-
ductivity of 32 mS/cm’. Faster cycling of high-mass-loading cathodes
in ASSBs without compromising rate performance is crucial for real-
world applications. However, the primary bottleneck for achieving
high-mass-loading cathodes in ASSBs remains unclear, so efforts to
investigate cathode mass-loading are essential.

To investigate the limitation on reaction kinetics, operando neu-
tron imaging was carried out to visualize the reaction homogeneity
within a thick cathode during charge and discharge processes (Sup-
plementary Fig. 1). Figure 1b illustrates the mechanism and setup of
operando neutron imaging for ASSBs. The operando cell, featuring a
high-mass-loading cathode (33 mg/cm? and 5.0 mAh/cm?), was posi-
tioned vertically in front of the detector, and the layer interfaces were
aligned parallel to the neutron beam. Given the distinct neutron
attenuation coefficients of the materials in the ASSB (Supplementary
Table 1), the intensity of the transmitted neutron beam varies after
passing through the battery. This variance facilitates easy differentia-
tion between the cathode, SE, and anode layers based on the gray level;
differentiation can be achieved by normalizing the neutron transmis-
sion intensity (Tr) from zero (no transmission) to one (full transmis-
sion). Darker areas correspond to lower neutron transmission,
indicating that the material has a higher neutron attenuation coeffi-
cient. In the neutron image, the three layers—the In-°Li anode, SE, and
the thick cathode—could be clearly recognized from top to bottom
(Fig. 1b). Subsequently, the battery underwent charging and dischar-
ging processes while simultaneously collecting electrochemical impe-
dance spectroscopy (EIS) data (Supplementary Fig. 2) and operando
neutron imaging data. Note that some variations could affect the per-
formance of the operando cell during beamline operation. These factors
are discussed in Supplementary Discussion 1 (Supplementary Fig. 3).

To amplify changes in the cell's neutron transmission during
charge and discharge, the operando images were further processed by
dividing each image at a given time point by the image taken at the
pristine state to obtain the transmission change ratio, Tr,/Tr, (Fig. 1c).
Pseudo-color was applied to represent the value of Try/Trq in the
neutron image (Fig. 1d-f). For the area with limited transmission
change (Try/Trg =1), the color remains green. Color shifts toward red
and blue indicate a decrease (Tr,/Try <1) and increase (Try/Trg >1) of
the neutron transmission, respectively. Supplementary Movie 1 shows
a pseudo-color video that depicts the transmission change over the
charge and discharge process. The cylindrical shape of the operando
cell results in different neutron beam transmission lengths over the
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Fig. 1| Schematics of different mass-loading cathodes in ASSBs and the setup of
operando neutron imaging. a Configurations with different mass-loadings and the
influence factors for the kinetic issues in the thick cathode. b Schematic of the
experimental setup of operando neutron imaging. ¢ Schematic of the image

Changes of Li distribution

calculation process. The results at different states: d before charge, e fully charged,
and f fully discharged, presented by the pseudo-color images. Source data are
provided as a Source Data file.

cross-section and further affects the neutron transmission. Therefore,
to obtain the most reliable data (Supplementary Fig. 4), we narrowed
the sampling region to the center area (1.2 mm) of the cell such that the
transmission length was close to the cell diameter (4 mm).

To better track the transmission changes over time, the average
transmission change ratio of the sampling region of the operando
battery is plotted in Fig. 2a as a function of time with the corre-
sponding charge/discharge profile. Figures 2b, ¢ provide detailed 2D
images at specific SoCs and depths of discharge (DoDs). We focused
on the behaviors at the whole-cell level. During the charging process,
the colors of the cathode layer gradually changed to blue because the
CAM underwent a delithiation process, which resulted in a decrease in
the neutron attenuation coefficient (Supplementary Table 1). The Li*
flux was directed toward the anode side during charging, but there was

almost no transmission change in the SE layer with a thickness of
around 700 pm; this result proves that there was no Li* concentration
change in the SE layer, since Li* in both CAM and SE is natural Li. A small
amount of red color was observed at the interface between the SE and
the In-°Li anode, caused by the self-diffusion of °Li* from the anode
layer to the SE layer by replacing the natural Li* in SE*°. For the In-°Li
anode layer, due to the high neutron attenuation coefficients of In and
®Li, the neutron transmission remained at almost zero throughout the
process under the current setup, resulting in no observable transmis-
sion change.

During the discharge process, the Li* flux was directed toward the
cathode side. As the CAMs underwent lithiation, the color of the
cathode layer gradually turned from blue back to green after dis-
charge. For the SE layer, based on the data from the charging process,
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cathode layer during the charging process with the corresponding voltage profile.
Source data is provided as a Source Data file. The negative electrode is In-Li. The
stack pressure is 50 MPa at a temperature of 15 to 20 °C.

Li* flux did not affect the Li* concentration and neutron attenuation
coefficient of the SE layer. Therefore, in Fig. 2a, the enlargement of the
red color region in SE during discharge was contributed by °Li* dif-
fusing into the SE, along with the Li* flux. Because °Li* replaced the
natural Li* in the SE, the SE’s neutron attenuation coefficient sig-
nificantly increased (Supplementary Table 1). A clear front of °Li"
proceeding through the SE from the anode side to the cathode side
was observed, which can also be seen in Fig. 2c as well as

Supplementary Movie 1. The operando neutron imaging successfully
visualized the Li* diffusion in ASSBs from the anode to the cathode side
through the SE layer during discharge, using the °Li isotope to enhance
neutron contrast.

The cathode layer was further magnified with enhanced contrast
to investigate the delithiation uniformity of the CAM along the vertical
direction (Fig. 2d). The thickness of the composite cathode layer with a
mass-loading of 33 mg/cm? (5.0 mAh/cm?) is around 180 um. At the
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start of the discharge, it was difficult to observe the transmission
change because of the limited concentration change. After 3 h, with a
capacity of around 0.4 mAh/cm?, the region close to the SE side started
to turn blue. As mentioned above, this indicates the delithiation of the
CAM. The cathode close to the current collector remained unchanged.
As the charging time increased, a gradual movement of the reaction
associated with the CAM delithiation was observed, progressing from
the SE side toward the current collector side. After around 16 h, the
entire cathode turned blue, and a specific charge capacity of 175 mAh/
g with a voltage reaching 3.7 V (4.3 V vs Li/Li*) was observed. Note that
the cell was charging for one hour and then rested for the EIS within
the next hour. We observed that color change and gradient formation
occurred mainly during the charging process. During rests, the deli-
thiation gradient was slightly reduced (red circles in Supplementary
Fig. 5). One hour of rest is not enough to let the SoC of the CAM
become uniform in the whole cathode, and the rest does not affect the
direction of the delithiation gradient that we identified above. A cor-
responding simulation by Newman pseudo two-dimensional (P2D)
model was then carried out as shown in Supplementary Fig. 6 to test
our observation. The simulation result is well aligned with our oper-
ando neutron image data, showing that changes in delithiation gra-
dients are minor during the rest stages. (Note that the simulations
described herein are intended to capture general trends, but have not
been calibrated for precise quantitative predictions). A similar trend
was also observed for the discharge process (Supplementary Fig. 7).
The CAM close to the SE side first turned back to green, indicating that
the lithiation process also started from the SE side.

A relatively thinner cathode (16.7 mg/cm?) was also characterized
using operando neutron imaging (Supplementary Fig. 8). The reaction
inhomogeneity is not obvious in the thin cathode (Supplementary
Fig. 9). Although both the thick and thin cathode cells were cycled
under the same C-rate, the thin cathode cell shows small overpotential
because of the smaller areal current density. Moreover, the color
change in the SE layer due to the °Li* diffusion in the discharge process
was much lighter in the thin cathode, reflecting the smaller Li* flux and
corresponding with the smaller current density.

Identifying the key factors limiting ion transport in thick
cathodes
The reaction uniformity of the thick electrode is closely linked to the
reaction kinetics, especially the transport of charge carriers (both for
ions and electrons). In early studies of the composite cathode used in
ASSBs, electron-conductive additives (mainly carbon) were usually
avoided in the composite cathode because of concerns about SE
decomposition upon contact with high-surface-area carbon®*2, The
electron conductive pathway only relies on the contact between CAM
particles. Therefore, the restriction of electron transport increases
with increasing SE content because of the contact loss between CAM
particles”. However, one-dimensional vapor-grown carbon fibers have
proven to be ideal electron-conductive additives in ASSBs due to their
excellent electrical conductivity. SE decomposition is significantly
reduced in the composite cathode when using one-dimensional car-
bon fibers as the electron-conductive additive®. Based on our cycling
test result (Supplementary Fig. 10), there is almost no capacity decay.
Therefore, electron-conductive additives were applied in our compo-
site cathode. Our operando neutron imaging data reveal that the
delithiation and lithiation processes of CAM were nonuniform in the
thick cathode. Most of the Li* ions first reacted in the area near the SE
layer and experienced difficulty reaching the CAM close to the current
collector; this finding indicates that the electrochemical reaction
kinetics were primarily restricted by Li* ion transport along the long
pathway within the thick electrode, rather than by electron transfer.
To further diagnose the ion transport limitation within the thick
cathode, electrochemical performances were examined with cathode
mass-loadings of 3, 10, and 30 mg/cm? at 60 °C. Indium-lithium

symmetric cells were also studied to evaluate the In-Li anode behavior
and determine whether the anode contributes to the battery perfor-
mance limitations. The symmetric cells maintained stable perfor-
mance with limited overpotential (<100 mV), even at high current
densities of up to 15.0 mA/cm? (Supplementary Figs. 11 and 12). This
result proved that the anode is not the main performance barrier in our
ASSBs system. To explore the intrinsic rate performance on the
material level of NMC 811 with minimal influence from electrode
thickness, a low-mass-loading (3 mg/cm?) cathode with high SE con-
tent (33.0wt%) and sufficient carbon additives (2.0wt% of carbon
nanofibers) was tested. The cell shows a specific discharge capacity of
199 mAh/g at C/10, approaching the theoretical capacity of NMC 811
(Fig. 3a). At C/2,1C, and 2 C, the capacities were 174,160, and 141 mAh/
g, respectively, representing the rate capacity of our NMC 811 at the
material level under conditions designed to minimize ion and electron
transport limitations at the electrode level.

We further evaluated the rate performance for our normal cath-
ode (75.0wt% NMC with 1.5wt% of carbon nanofibers) with
mass-loadings of 10 and 30 mg/cm?. When using a mass-loading of
10 mg/cm? with an areal capacity of 1.5 mAh/cm?, there is no obvious
decay of the rate performance: discharge capacities of 194, 170, 153,
and 134 mAh/g were observed at C/10, C/2, 1C, and 2 C, respectively
(Fig. 3b). However, when the mass-loading was increased to 30 mg/cm?
with an areal capacity of 4.5mAh/cm? the rate performance sig-
nificantly decreased. The discharge capacities were 152, 140, 109, 80,
and 49 mAh/g at C/10, C/2, 1C, and 2C, respectively (Fig. 3c), which
represent only 76%, 63%, 50%, and 35%, respectively, of the corre-
sponding values achieved in the 3 mg/cm? cell. The great rate perfor-
mance of the 10 mg/cm? cathode was due to the short ion pathway
within the thin electrodes, whereas the cell with a 30 mg/cm? cathode
showed a significantly poorer rate performance, suggesting an insuf-
ficient reaction of the cathode materials within the thick electrode
because of sluggish ion transport along the long ion pathway.

The reaction homogeneity at the electrode level can also be
characterized by the dQ/dV analysis®*. For the CAM (NMC 811), the
intrinsic dQ/dV curve has four clear peaks representing the sequential
intercalation reactions of NMC 811%*. As shown in Fig. 3d, the dQ/dV
curve for the 3 mg/cm? cathode at the low rate (C/10) corresponds to
the standard behavior of the CAM at the material level. The four peaks
can be observed even at 1C. When the rate increases to 2C, the shape of
the dQ/dV curve changes to a rounded rectangle. Since the cathode is
very thin, this behavior mainly contributes to the rate capacity of CAM
on the material level. In other words, it is due to the lithiation gradient
on the particle level. We conducted simulations of the SoC variation of
the CAM under different rates with the Newman P2D model for the
very thin cathode (3 mg/cm?) to explain this phenomenon, as shown in
Supplementary Fig. 13. For the very thin cathode, the lithiation inho-
mogeneity comes mainly from the particle level rather than the elec-
trode level. For increased mass-loading (10 and 30 mg/cm?), both
through-thickness and intra-particle lithiation gradients were
observed (Supplementary Fig. 14).

Using the dQ/dV curves of the 3 mg/cm? cathode as the baseline,
we further analyzed the effects of the increase in mass-loading. For
the cathodes with 10 and 30 mg/cm? mass-loadings (Fig. 3e, f), both
cells show four pairs of peaks indicating uniform and sequential
multiphase transitions under a low rate of C/10 or C/20. With the
increase in the rate, the change of the dQ/dV curves of the 10 mg/cm?
mass-loading cathode is similar to our baseline. However, for the
cathode with 30 mg/cm? mass-loading, the trend of the dQ/dV curves
varies with the increase of the C-rate. Even at C/10, four pairs of peaks
are difficult to observe. At C/5, there is a peak emerging at 3.4V
(Fig. 3f), which is a peak but not a shift of peak two because it cannot
be simply corrected by the IR drop*. The shape of the dQ/dV curve
for oxidation transforms into a semi-isosceles triangle (yellow line in
Fig. 3f). When the rate increases to C/2, the shape of the dQ/dV curve
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Fig. 3 | Electrochemical investigation of the ASSBs with different mass-loading
cathodes. Charge and discharge profiles of the ASSBs with different mass-loading
cathodes of a 3 mg/cm? b 10 mg/cm? and ¢ 30 mg/cm?; and the corresponding dQ/
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ion conductivity of the composite cathode with the electron block electrode and
the geometric definition of tortuosity. h Schematic of the Li* flux distribution
crossing the thick cathode with faradaic reaction during charge and discharge.
Source data are provided as a Source Data file. The negative electrode is In-Li. The
stack pressure is 50 MPa at a temperature of 60 °C.

of the thick cathode becomes a right triangle (blue line in Fig. 3f),
which is significantly different from that of the thin cathode of 3 and
10 mg/cm?. The sequential intercalation reactions of NMC 811 were
completely unobservable. Although the lithiation inhomogeneity
that happened on both particle level and electrode level can affect
the dQ/dV curve, the different behavior of the 30 mg/cm? when
compared with the 3 mg/cm? and 10 mg/cm? cathodes indicates that
the huge inhomogeneity at the electrode level is the key reason for
the obvious change of the dQ/dV curves of the thick cathode. The
simulation results of local particle surface SoC and particle average
SoC as a function of position for electrodes with different mass
loadings (Supplementary Fig. 14) also clearly demonstrated that SoC
variation on the electrode level is much more severe than the SoC
variation on the particle level for the thick cathode (30 mg/cm?),
which is distinctive with the phenomenon of the thin cathodes (both
3 and 10 mg/cm?). The strange dQ/dV curves indicate the huge
reaction inhomogeneity in the thick cathode of 30 mg/cm?, espe-
cially at high rates, and these trends correspond well with the
simulated dQ/dV curves (Supplementary Figs. 15 and 16), which is
consistent with the findings from the operando neutron imaging.
While the electrochemical results and operando neutron imaging
provide valuable insights into the reaction inhomogeneity and

performance limitations in thick cathodes, it is essential to understand
the underlying factors that contribute to these issues. In much of the
literature, ionic tortuosity (1) and effective ion conductivity are con-
sidered key parameters in the kinetics of the cathode in terms of
controlling Li* diffusion and transportation in the electrodes?-*. Tor-
tuosity is defined as the ratio of the actual path length through a
structure (Al) to the straight-line distance between the starting and end
points of that pathway (Ax) (Fig. 3g)*®. In order to reduce the tortuosity,
many researchers focus on building continuous ion transport path-
ways and low-tortuosity structural designs in ASSBs and have found
great success’. Nevertheless, in the thick cathode, we should note that
the distribution of Li* flux on the whole-electrode level will be dra-
matically different on the current collector side compared with the SE
side because of the accumulation of Li* flux generated by the faradaic
reaction of the CAM with increasing thickness, as shown in Fig. 3h. In
terms of the Li* flux distribution, the ion transfer paths requirement
varies among the whole electrodes. To adapt the Li* flux gradient, a
gradient SE content design of the thick cathode in ASSBs was inspired
by the gradient porosity design in LE-based batteries® . In contrast
with LEs, there is no Li" concentration variation in the SE with a
transference number of 1, which avoids the occurrence of electrolyte
depletion in the thick cathode of LE-based batteries. In addition, the
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Fig. 4 | Schematic and evaluation of the three-layer cathode with gradient
design. a Schematic of the three-layer cathode with gradient design and b the
design details of each layer corresponding to the Li* flux over the thickness of the
cathode. ¢ Comparison of the capacities at different rates for the three-layer
cathode, reversed three-layer cathode, and the control group without the gradient

design. The comparison of charge and discharge curves at d C/20, e C/10,and f1C,
and the dQ/dV curves at g C/20 and h C/10. Source data are provided as a Source
Data file. The negative electrode is In-Li. The stack pressure is 50 MPa at a tem-
perature of 60 °C.

following equation relates concentration gradients and potential gra-
dients to the current in the electrolyte phase:
) Vinc.,

2K fRT(1—t
= = Kege Ve + (7” F( +)> (1

where i; is the current in the electrolyte phase, k. is the effective ionic
conductivity, @, is the potential in the electrolyte, ¢, is the transfer-
ence number, F is Faraday’s constant, 27+ is the activity, and c is the
electrolyte concentration. A transference number of 1 results in the
omission of the second term, which reduces potential gradients in the
LE and therefore reaction inhomogeneity’®. The absence of con-
centration gradients in SEs allows for more precise control over ion
transport pathways to match the Li* flux distribution at the electrode
level. Therefore, appropriate allocation of SE gradient with Li* flux over
the thick cathode could effectively improve the rate performance.

dinf ,
* dinc

@

Gradient design in high-mass-loading cathode for enhancing
rate performance

Based on the findings from the operando neutron imaging and the
above-mentioned point of Li* flux generated from the faradaic reac-
tion, we designed a three-layer cathode with gradient ion transport

paths for realizing homogenous electrochemical reaction and
improved rate performance in the thick cathode by adjusting the SE
content with the Li* flux distribution (Fig. 4a, b). The overall CAM
content in the three-layer cathode was kept at 75.0 wt%, which is the
same as the non-gradient thick cathode. From the SE layer side to the
current collector side, layer A is the fastest Li* transfer layer, with
65.0wt% CAM, 33.0wt% SE, and 2.0 wt% carbon nanofibers. The
highest SE content is designed to bear the largest Li* flux close to the SE
layer. More carbon additives were also used to prevent electron iso-
lation of the CAM due to the high SE content. Layer B is composed of
75.0 wt% CAM, 23.5 wt% SE, and 1.5 wt% carbon nanofibers, the same as
the original composite cathode. Layer C is a high-energy-density layer
with the highest CAM content (85.0wt.%) and lowest SE content
(14.0 wt.%). A comparison group with a reversed sequence of the three
layers was also prepared, as well as a control group with only one
composition of 75.0wt% CAM, 23.5wt% SE, and 1.5wt% carbon
nanofibers.

The rate capabilities of the three different cathodes were com-
pared to evaluate the effectiveness of our gradient design (Fig. 4c). The
results show that the rate performance of the cell with the three-layer
cathode outperforms that of the cell without a gradient design, even
when tested under a very low current rate of C/20. The superiority of
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the gradient cathode is further exaggerated when the current rate
increased from C/20 to high rates of C/10, C/5, C/2, 1C, and 2C
(9.0 mA/cm?), with 112%, 119%, 120%, 135%, 155%, and 171% of the
capacities obtained from the conventional cathode, respectively. To
further verify that the designed gradient ion transport paths can
benefit the rate performance for the thick cathode, a reversed gradient
cathode was examined, and it shows a much worse rate performance
than that of the non-gradient cathode. Although the initial discharge
capacity of the reversed three-layer cathode is very close to the ori-
ginal single-layer cathode at the low rate (C/20), its capacity decays
dramatically as the rate increases. There is almost no capacity obtained
when the rate is higher than C/2.

We further compared the charge/discharge profiles of these three
groups to dig into the fundamentals of the three-layer design. Under
the lowest rate we tested (C/20) with a current density of 0.225 mA/
cm? (Fig. 4d), the three-layer cathode exhibited a noticeably smaller
overpotential and larger capacity. As the C-rate increased, the advan-
tage became more pronounced (Fig. 4e, f). The dQ/dV analysis can
provide more detailed insights into kinetics. As shown in Fig. 4g, at C/
20 the dQ/dV curves of the three-layer cathode and the conventional
cathode are very similar, with four pairs of peaks corresponding to the
sequential intercalation reactions of NMC 811. However, for the
reversed three-layer cathode, in addition to the shift of the peaks due
to the larger overpotential, one pair of peaks at high voltage (around
3.6V vs. In-Li/Li* or 4.2V vs Li/Li") is missing due to the sluggish
kinetics. Specifically, the low SE content of the top layer creates sig-
nificant resistance for the Li* transfer into or out of the cathode,
resulting in a rapid voltage rise to the cut-off voltage without the last
phase transition (H, > Hsz) of NMC 811. When the rate increases to C/10
(Fig. 4h), the cell with the three-layer cathode still clearly shows the
four pairs of peaks for the sequential intercalation reactions, indicating
a homogeneity reaction throughout the cathode thickness. However,
for the conventional and reversed cathodes, the four pairs of peaks
become blurred, wider, or even disappear as a result of reaction
inhomogeneity at the electrode level during the charge and discharge
process®. Overall, the three-layer cathode demonstrates better rate
performance with more homogenous delithiation and lithiation reac-
tions across the entire cathode. Although the three-layer cathode and
reversed groups have the same tortuosity, they show dramatically
different performances. We conducted simulations with the Newman
P2D model to study the three-layer design’s effect on the SoC uni-
formity. In supplementary Fig. 17, the local SoC vs. position is shown
for the NMC811 monolayer, three-layer, and reversed three-layer
designs for a C/2 charge with 30 mg/cm? mass-loading. The distribu-
tion of the SoC shows increased SoC near the separator for the three-
layer design and decreased SoC near the separator for the reversed
three-layer design, compared to the monolayer. These results provide
evidence that the appropriate allocation of SE content to match the Li*
flux over the whole thick cathode is an effective way to improve
homogeneous electrochemical reactions and the rate performance of
the thick cathode.

To further explore the performance of our three-layer design
cathode, we introduced another CAM, LiCoO, (LCO). LCO shows much
better C-rate performance on the material level (Supplementary
Fig. 18). In the dQ/dV curves for the low-mass-loading (3 mg/cm?) LCO
cell, there is almost no shift of the reaction peaks, even when the rate
increases to 2 C (Supplementary Fig. 19). Therefore, the LCO cathode
can better exhibit the ion transfer improvement on the electrode level.
The thick LCO cathode (30 mg/cm?) with the three-layer design shows
almost no capacity decay even when the rate increases to 2.5C
(8.44 mA/cm?), with an areal capacity of over 3.0 mAh/cm? (Fig. 5a, b).
In contrast, a dramatic decay in rate performance was observed for the
ASSB with the reversed three-layer LCO cathode (Fig. 5c). Because
there is no rate limitation at the material level and the interface
between SE and CAM is identical, the remarkable difference between

two cells primarily relies on the different ion transport kinetics at the
electrode level, which further highlights the significance of aligning the
arrangement of the SE content with Li* flux to the ion transport in the
thick cathode.

High-mass-loading cathodes (100 mg/cm?) with theoretical capa-
cities of 15.0 and 11.25 mAh/cm? for NMC 811 and with LCO as the CAM
were also studied (Fig. 5d-i). The high-mass-loading NMC 811 cathode
with the three-layer design exhibited around 189 and 170 mAh/g spe-
cific capacity for the first charge and discharge, which is equivalent to
14.25 and 12.75 mAh/cm? areal capacity under a current density of
0.38 mA/cm? Even under current densities of 1.5 and 3.0 mA/cm?, the
cell can still obtain the capacities of 9.9 and 7.9 mAh/cm?, which are 1.5
and 2.5 times better, respectively, than the conventional cell. The high-
mass-loading LCO cathode with the three-layer design exhibited even
better rate performance, achieving an areal capacity of 10.4 mAh/cm?
at a current density of 225mA/cm® All of them show obvious
improvement in rate performance compared with the traditional one-
layer cathode, further corroborating the importance of aligning the SE
arrangement with the Li* flux on the thick electrode.

With an increase in current density over 10 mA/cm? for the 30 mg/
cm? cathode and over 5 mA/cm? for the 100 mg/cm? cathode, all cells
met an abnormal failure (Supplementary Figs. 20 and 21). The capacity
suddenly decreases within a few cycles. For example, the cell with a
30 mg/cm? LCO cathode cycled stably at 2.5C with a current density of
8.44mA/cm* (Supplementary Fig. 22). However, when the current
increased to 10.13 mA/cm?, the overpotential suddenly increased even
over the cutoff voltage. The constant current (CC) charge period dis-
appeared, and the capacity was obtained by the constant voltage (CV)
charge process. This phenomenon cannot be simply explained as the
ohmic resistance because it is not linearly related to the current den-
sity when compared with the increase in overpotential from 2C
(6.75mA/cm?) to 2.5C (8.44 mA/cm?) (Supplementary Fig. 23). The
abnormal failure is also not due to the rate performance of the CAM
since both materials experienced the same issue under a similar cur-
rent density. Therefore, the issue is still related to the ion transfer in
the thick cathode, and there should be a critical current density for the
thick cathode based on the SE content and distribution. Because the Li*
flux gradually increased with the thickness, but our cells provide only a
three-level gradient, some mismatches of SE component and Li* flux
still occur on the smaller scale. A smoother and more fine-tuned
arrangement of the SE will further increase the critical current density
and benefit the rate performance of the thick cathode.

In summary, this work successfully visualized the lithium reaction
gradients in an ASSB with a high-mass-loading (33 mg/cm? NMCS811
cathode using operando neutron imaging. The results confirmed the
inhomogeneous lithiation of CAM in the thick cathode, with a lithiation
gradient from the SE layer side to the current collector side. The
electrochemical evaluations of the ASSBs with different cathode mass-
loadings of 3, 10, and 30 mg/cm? further validated the inhomogeneous
lithiation of CAM in the thick cathode, especially at high rates. Based
on the study, ion transfer was identified as the key limitation causing
kinetic issues in the thick cathode. We pioneered the concept of “Li*
flux” and its effect on ion transfer in the thick cathode of ASSBs. Due to
the Faradaic reactions of the cathode active materials (CAMs), which
consume or generate Li* ions, the Li* flux across the ion conductor
(mainly the catholyte) accumulates proportionally with the cathode
thickness. The mismatch between the Li* flux and ion transfer paths
creates a huge obstacle for the Li* transport in the thick cathode.

To address the ion transfer limitation arising from the significant
variation in Li* flux from the SE layer to the current collector side in the
thick cathode, a tailored arrangement of the catholyte in the compo-
site cathodes was designed and studied. This setup resulted in sig-
nificantly improved rate performances: 171% of the capacity obtained
in the conventional cathode at a current density of 9.0 mA/cm? for a
30 mg/cm* NMC 811 cathode. The effectiveness of this gradient design
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Fig. 5 | Electrochemical performances of the high-mass-loading cathodes with
the three-layer gradient design. Comparison of the rate performances of ASSBs:
a 30 mg/cm? high-mass-loading LCO cathode with three-layer design and reversed
three-layer cathode, and the specific charge/discharge profiles of b the three-layer
cathode and c the reversed three-layer cathode. d Comparison of the rate perfor-
mances of ASSBs with the three-layer cathode and conventional one-layer cathode
with 100 mg/cm? high-mass-loading NMC 811 cathode, and the charge/discharge

profiles of batteries with e the three-layer cathode and f conventional one-layer
cathode. g Comparison of the rate performances of ASSBs with three-layer cathode
and traditional one-layer cathode with a 100 mg/cm? high-mass-loading LCO
cathode, and the charge/discharge profiles of batteries with h three-layer cathode
and i conventional one-layer cathode. Source data are provided as a Source Data
file. The negative electrode is In-Li. The stack pressure is 50 MPa at a tempera-
ture of 60 °C.

was further demonstrated in high-mass-loading cathodes (100 mg/
cm?), which achieved areal capacities of 10.4 mAh/cm? at a current
density of 2.25mA/cm? with an LCO cathode and 9.9 mAh/cm? at a
current density of 1.50 mA/cm? for an NMC cathode. We also observed
a critical current density threshold in the thick electrodes, beyond
which an abnormal capacity drop occurs as a result of the mismatch
between the catholyte and Li* flux at smaller length scales. This work
highlights the importance of understanding and optimizing ion
transport in high-mass-loading cathodes for the development of high-
performance ASSBs. The insights gained from operando neutron
imaging and the demonstrated effectiveness of the gradient design
provide valuable inspiration for future advancements in high-mass-
loading, fast-charging ASSB technology.

Methods

Materials preparation

SE, Lis4PS44Cli6, was prepared by high-energy ball milling with an
annealing process*. Li,S (Sigma-Aldrich, 99.98%), P,Ss (Sigma-Aldrich,

99%), and LiCl (Sigma-Aldrich, 99%) were stoichiometrically mixed by
ball milling for 10 h at 500 rpm. After that, the mixture was annealed at
510 °C for 2 h. The CAMs, single-crystal NMC 811 (Nanoramic Inc., USA)
and lithium cobalt oxide (Sigma-Aldrich, 99.8%), were coated with
Li,SiO, through a wet chemical method to stabilize their interface
between the SE*%. Graphitized carbon nanofibers (US Research Nano-
materials Inc., 99.9%) were used as the electronic conductive additive.
The composite cathodes with different CAM weight percentages (65%,
75%, and 85%) were prepared by mixing Li,SiO, coated CAMs, SE, and
carbon additive. The composite cathodes with different CAM weight
percentages (65%, 75%, and 85%) were prepared by mixing Li,SiOy-
coated CAMs, SE, and carbon additive (65%, 33%, 2% for 65% CAM
cathode; 75%, 23.5%, 1.5% for 75% CAM cathode; 85%, 14%, 1% for 85%
CAM cathode) by hand milling gently for 30 mins.

Operando Neutron imaging
The operando neutron imaging was taken on the Multimodal Advanced
Radiography Station (MARS), High Flux Isotope Reactor (HFIR)
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beamline CG-1D, at Oak Ridge National Laboratory. The detector-to-
pinhole distance was 6.59 m. The pinhole diameter was 11 mm. The
cells used for operando neutron imaging were assembled in the argon-
filled glovebox. Fifteen milligrams (15 mg) of SE was prepressed by
50 MPa within the quartz tube with a diameter of 4 mm. Then, the
cathode powder was cast onto one side of the SE pallet with a pressure
of 300 MPa. One piece of In (15 mg, Sigma, 99.99%) and one piece of °Li
metal (0.2mg, Cambridge Isotope Laboratories, Inc., 95%) were
sequentially attached to the other side of the SE pallet. An aluminum
pillar and a stainless-steel pillar were used as the current collector for
the cathode side and anode side, respectively. A stacking pressure of
50 MPa was applied to the cell by an aluminum framework. All gaps on
the cell were further sealed by sealing grease and hot melt glue. The
battery was operated by a VMP3 potentiostat (BioLogic) with in situ EIS
measurement with an AC amplitude of 10 mV from 7 MHz to 10 mHz.
Ten (10) points were collected per decade. Before the EIS test, the cell
was rested to reach a quasi-stationary potential with a dv/dT <1 mV/
min. The open-circuit voltage (OCV) drift correction function was
applied during the EIS measurement. For the operando neutron ima-
ging collecting, the cell was placed in front of a scientific com-
plementary metal-oxide-semiconductor (sCMOS) camera system
(Zyla5.5, Andor Technology plc., Belfast, UK) with a 20 um thick
Gd,0,S: Tb scintillator screen. The exposure time for each image was
5 minutes under the neutron beam with a wavelength range of 0.8 to
6 A and a peak flux of 2.2x10°ncm™2s™ at 2.6 A. The pixel size of the
operando neutron image is 7.5*7.5um. Open beam and dark field
images were collected before and after the operando neutron imaging
test. The ambient temperature was around 20 °C. The neutron imaging
Jupyter Notebook developed by ORNL and Fiji-image software were
used for the data processing of the operando neutron images.

All-solid-state batteries assembly and electrochemical tests
The ASSBs were assembled by the cold pressing method in an argon-
filled glovebox. First, 100 mg/cm? of SE was pre-pressed into the
homemade PEEK cell with a diameter of 1/2 inch (12.7 mm) under
50 MPa. Different amounts of cathode materials were further cast on
one side of the SE pellet. For the multi-layer cathode, the cathode
materials were cast layer by layer with a pre-press pressure of 10 MPa.
The cathode and SE were further densified under a pressure of
300 MPa by two steel pillars. One piece of In foil and Li foil each were
sequentially attached to the other side of the SE pellet. An aluminum
foil and a copper foil were used as the current collectors for the
cathode and anode, respectively. A stacking pressure of 50 MPa was
applied to the cell by a stainless-steel framework during cycling. For
the battery test at 60 °C, all batteries were placed in the gravity
convection oven (Fisher scientific) and cycled by a battery cycler
system (LAND Electronic Co., Ltd), with a cut of voltage of 1.6 t0 3.7V
for the NMC cathode and 1.6 to 3.6 V for the LCO cathode. For the
CC-CV charge process, the cut-off conditions were defined as
either the current reaching 1/10 of the current under the CC process
or reaching the maximum allowed time under the specific rate (such
as 1h for 1C). All groups were tested at least twice with the
same trend.

Theoretical Modeling

Simulations of the NMC811 cathode were conducted using the New-
man P2D model implemented in COMSOL Multiphysics 6.3. A sum-
mary of the parameters used for this study is given in Supplementary
Table 2 and Supplementary Fig. 24, and the governing equations have
been described in previous work*’. The electrolyte fractions were
determined from the mass loading of the sample and measured
thickness of the electrodes, and a significant porosity in the samples
was determined (25%). Several model parameters were chosen
empirically to match trends in experimental data, notably the ionic
conductivity in the electrolyte phase and the tortuosity of each layer in

the three-layer electrode designs. The ionic conductivity in the
catholyte was assumed to be 0.1S/m, which is less than that of the
experimental measurements of the SE. This assumption justified in
that the solid electrolyte structure is altered during the processing of
the catholyte. The tortuosity 72 values were approximated by a
Bruggeman-type correlation for different electrolyte fractions (€,) in
the layered structures, 72 = €;%8; this is similar to that used in Stavola
et al.”. (which reported a Bruggeman correlation of 2 =¢;27). This
correlation was used to calculate tortuosity for the low-electrolyte
fraction layer C (¢, = 0.26, 72 = 42) and “normal” electrolyte fraction
layer B (¢,= 0.35, 72=19). However, the “high” electrolyte faction
layer A with this correlation (e, = 0.44, t2=10) did not produce a
substantial change in predicted capacity expected for the three-layer
electrode model, as compared to experiments; to account for this, it
was assumed that the tortuosity was lower, with a value of 72 =5. This
may account for different local structure of the electrolyte at higher
electrolyte fractions, deviating from the low electrolyte fraction
values.

Simulations were conducted to evaluate the predicted voltage
response and capacity, local average intercalation fraction, and
particle surface intercalation fraction for different electrode designs
(conventional, three-layer, and reversed three-layer), various charge
rates, and mass loadings. Simulated voltage profiles for varying mass-
loadings and varying layer design are shown in Supplementary
Figs. 15 and 25, respectively, and can be compared to Figs. 3a-c and
4d-f, respectively. It should be noted that these models are used to
elucidate trends in the experimental data and do not necessarily
represent detailed predictive models. The COMSOL input files for all
modeling data presented in this work are provided in the Source
Data file.

Data availability
The data generated in this study are provided in the Source Data file.
Source data are provided with this paper.
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