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Ni-rich layered oxides (LiNi,Co,Mn;_,,0,, x> 0.8, NCM) are technologically
important cathode (i.e., positive electrode) materials for next-generation high-
energy batteries. However, they face challenges in cycle stability and durability
due to internal strain accumulation and particle fracture as the batteries cycle.
Here we report a simple molten-salt-assisted synthesis route to introduce
gradiently distributed pores into the polycrystalline NCM secondary particles.
The gradient porous strategy creates void spaces to buffer the anisotropic
volume change of the primary particles, effectively mitigating the inter-
granular fracture and limiting the impedance growth. It not only increases the
maximum accessible capacity of the NCM cathodes but also greatly enhances

their cycle stability in practical pouch-type batteries and all-solid-state-
batteries. It further enables a high nickel, low cobalt cathode
(LiNig.06C00.02Mng 020,) with a combination of high specific energy

(941.2 Wh kg™ based on cathode weight at 0.1 C and 25°C,1C=245mAg™)
and high stability during cycling (80.5% capacity retention after 800 cycles at
1C relative to that of the first cycle) and high-temperature storage (reversible
capacity retention >95.5% after 42-day storage at 60 °C at the fully charged
state) in pouch cells.

High-energy lithium-ion batteries (>400 Wh kg™ at the cell level) play a
crucial role in the development of long-range electric vehicles and elec-
tric aviation', which demand materials innovations, especially on the
cathode (i.e., positive electrode) side. Ni-rich layered oxides
(LiNix<CoyMny«,O,, X2 0.8, NCM) have been intensively researched in
recent years because of their high specific energy and relatively lower
cost compared to the Co-rich cathodes*®. However, the practical appli-
cation of Ni-rich NCMs is still plagued by complex chemo-mechanical
degradations, including surface lattice collapse, oxygen release, cathode-

electrolyte side reactions, and transition-metal dissolution, which greatly
affect the battery’s cycle life and safety’ ™. These problems are further
exacerbated by intergranular fractures induced by electrochemical
cycling, which expose fresh internal surfaces susceptible to electrolyte
attack and disrupt ion/electron transport within NCM secondary particles
(so-called polycrystalline NCM)“. The importance of inhibiting NCM
particle crack to reduce capacity fade has been widely recognized” ™.
Crack generation in the polycrystalline NCM is primarily attrib-
uted to the non-uniform stress resulting from the anisotropic volume
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change of the primary particles upon Li extraction/insertion (Fig. 1,
left)'*8, It was reported that the cracks are preferentially nucleated at
the core region of the NCM secondary particles, where there is a
greater degree of orientation randomness among the primary
crystallites'®”®. As the battery cycles, the microcracks propagate and
merge into larger ones extending from the interior to its surface**”.
Making “single-crystal-like” NCM (SC-NCM) particles is a straightfor-
ward strategy to reduce such intergranular fracture and greatly
enhance the battery cycle stability. This strategy has attracted great
research interest recently’”””. However, the accessible Li-storage
capacity is usually lower for the SC-NCMs compared to their poly-
crystalline counterparts with the same chemical composition®. Alter-
natively, the crack generation in the polycrystalline NCMs can be
effectively mitigated by grain-boundary modification (for example, by
LisPO,” and Co,B®), tuning the size, morphology, and orientation of
the primary crystallites (mostly by high-valence element doping)*,
and concentration gradient design (e.g., Co-rich surface, Ni-rich
core)®. Although these microstructural engineering strategies have
led to remarkable electrochemical performance, they require sophis-
ticated controls over a set of experimental variables, such as the
amount of the doping elements, the particle size of the dopant
materials, the spatial distribution of the dopant materials after its
mixing with the NCM materials or their precursors, and the heating
conditions®*®, It is also difficult to ensure that the microstructural
modifications are uniformly applied in the ensemble of NCM particles
(see examples in Supplementary Fig. 1). These challenges motivated us
to devise another straightforward strategy to reduce internal strain
accumulation, which utilized a simple molten-salt-assisted method to
create interconnected internal pores gradient distributed within the
NCM secondary particles (Fig. 1, right, GP-NCM).

The structure of the GP-NCM differs from the traditional poly-
crystalline NCM, which has a tightly packed primary particle arrange-
ment. The porosity is higher at the core than the exterior, which is
designed to suppress the crack nucleation. These pores also provide
additional void space to buffer the anisotropic volume change of the
primary particles. Hence, the microcracks can be effectively mitigated,
alleviating all sorts of surface-related failures. The interparticle contact
between the primary particles is also well-preserved during battery
cycling, ensuring facile ion and electron conduction. A similar

Pristine NCM

exacerbate

After cycling

Fig. 1| The gradient porosity design for NCM cathodes. The cross-sections of the
pristine NCM (P-NCM) and the gradient-porous-structured NCM (GP-NCM) before
electrochemical cycling are shown as the “Before cycling” areas. There are more
voids between the primary particles in GP-NCM compared with P-NCM, in which
the primary particles are tightly packed. After cycling, GP-NCM is resistant to

Secondary particle

Primary particle

structural design concept was recently demonstrated by Gao et al.,
who utilized the Kirkendall effect to introduce a central void into the
NCM secondary particles to provide buffer space and thus achieve
outstanding electrochemical performance®. In this work, the as-made
GP-NCM exhibits outstanding cycle performance in both liquid-
electrolyte-based and all-solid-state batteries (ASSBs). This structural
design concept is also applied to a high Ni, low Co cathode
(LiNip.06C00.02Mng 0,0,) to realize a combination of high specific
energy (-941 Whkg™ based on cathode weight) and cycle stability in
pouch-type cells.

Results and discussion

Synthesis and characterizations of GP-NCM

We first demonstrate the GP strategy using a Ni-rich layered oxide
cathode (LiNipg3C0011Mng 0602) as the model system. The GP-NCM
was prepared by introducing a small amount of potassium sulfate
(K»S0,) into the typical synthesis of NCM, which is a reaction between
Niog3C001:MNng 06(OH), and LiOH-H,O at high temperature (see
Experimental Methods for additional details). K;SO4 and LiOH (i.e., the
Li source) form a molten-salt mixture upon heating (Supplementary
Fig. 2), The molten-salt mixture could infuse into the secondary par-
ticles of the NCM precursors. As the LiOH phase was consumed by the
transformation of the NCM precursors to the NCM product, the K,SO,
phase remained between the primary particles (see elemental mapping
results in Supplementary Fig. 3) and likely plays a role in regulating
their growth. We note that the molten-salt-based syntheses were more
commonly used to prepare single-crystal-like NCM materials in pre-
vious literature because the ion migration and crystal growth kinetics
are enhanced in the molten salts in comparison to the cases in the
solid-state reactions®*’. In this work, we used a small amount of K,SO,
to enable microstructural tuning of the polycrystalline NCM secondary
particles. After the synthesis, K,SO,4 could be removed by cold-water
washing after the synthesis (see inductive coupled plasma-optical
emission spectroscopy results in Supplementary Table 1 and chemical
mapping results in Supplementary Fig. 4). In previous literature, it
was reported that K doping can provide a pillaring effect and improve
the structural stability of the NCM cathodes. Slightly increased
lattice parameters were observed for those K-doped NCM samples*®*,
which were different from the case of our GP-NCM sample

Gradient porous NCM

intergranular fracture (represented by the bottom right corner region in GP-NCM),
whereas severe microcracks occur in P-NCM (represented by the bottom right
corner region in P-NCM), exposing internal fresh surfaces to various surface-related
degradations. The chemo-mechanical stability of GP-NCM is crucial to its stable
cycle performance.
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Concentric circles

Fig. 2 | Characterizations of GP-NCM. a, b are representative SEM images of GP-
NCM and P-NCM secondary particles, respectively. High-magnification SEM images
are included as the insets, showing a looser primary-particle arrangement in GP-
NCM. ¢, d are cross-sectional SEM images of GP-NCM and P-NCM, respectively. The
cross-sections were prepared by Ar-ion milling. e Comparison of cross-sectional
porosity of GP-NCM and P-NCM. The porosity was calculated by threshold seg-
mentation based on the grayscale value at each image pixel, with the porous region

GP-NCM
E Mean: 8.19%
==~ =~ Box 25%-75%
8 Bar: Meant1 SD
S
>
@
o
o
o P-NCM
Mean: 1.96%
2 Box: 25%75% B2 ===
Bar: Mean+1 SD
1
GP-NCM P-NCM
h
15
GP-NCM
12
)
2
@
2]
£e
31 P-NCM
50 75 100

Concentric circles Radius of the concentric circles (%)

being darker. The calculation was done for 25 randomly selected cross-sections (15
for GP-NCM versus 10 for P-NCM, see Supplementary Fig. 9 for more details).

f, g, and h show the spatial distribution of the internal pores along the radial
direction of the secondary particles’ cross-sections, which were approximated to a
series of concentric circles with different radii, ranging from 50% to 100% relative to
the radius of the largest circle.

(see Supplementary Fig. 5 and Supplementary Table 2). For the sake of
comparison, we also prepared the pristine NCM (P-NCM) through
identical procedures except for the use of K,SO, (see Experimental
Methods).

Powder X-ray diffraction and Rietveld refinements confirm that
both GP-NCM and P-NCM have highly-ordered layered structures with
minimum Li-Ni cation mixings (GP-NCM 1.47% versus P-NCM 1.80%,
Supplementary Fig. 5 and Supplementary Table 2). Scanning trans-
mission electron microscopy (STEM) characterizations further

confirmed the highly ordered layered structure (Supplementary
Fig. 6). Only a thin cation-mixing layer was observed at the surface of
the primary particles. Large field-of-view scanning electron micro-
scopy (SEM) images show that the secondary particles of GP-NCM and
P-NCM are highly similar in size and morphology (Supplementary
Fig. 7). Two representative high-resolution SEM images of the two
samples are shown in Fig. 2a, b. Although the morphology of the pri-
mary particles seems indistinguishable, a looser interparticle attach-
ment and some pores could be seen in GP-NCM (see SEM images in
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Fig. 2a, b insets), suggesting higher porosity. To provide validations,
the secondary particles were polished by argon ion-milling (see
Experimental Methods) to allow cross-sectional SEM analysis, which
indeed revealed a larger number of internal pores in GP-NCM com-
pared with P-NCM (Fig. 2c, d). Quantitative analysis of the cross-
sectional porosity was further performed by threshold segmentation
based on the grayscale value at each image pixel*?, with the porous
region being darker. The porosity was calculated using the following
equation,

Porosity = (Pcpores /PCS> x100% @

in which PCpores and PC; represent the total number of pixels in the
pore-containing region and the selected circle area (including as much
of the entire secondary particle cross-section as possible), respectively
(Supplementary Fig. 8). The calculation was done for 25 randomly
selected cross-sections (15 for GP-NCM versus 10 for P-NCM, see
Supplementary Fig. 9 for details). The porosity of GP-NCM was
consistently higher than P-NCM (8.19% + 0.19% versus 1.96% + 0.16%,
Mean +1SD, Fig. 2e). This result was further corroborated by nitrogen
physisorption experiments (Supplementary Fig. 10), which revealed
that GP-NCM has higher surface area, pore volume, and average pore
size than P-NCM (Supplementary Table 3 and Supplementary Fig. 10).
The higher porosity of GP-NCM led to a smaller tap density in
comparison to P-NCM (1.75 + 0.03 and 2.17 + 0.06 g cm ™, Mean +1SD,
three measurements in parallel), which brings some challenges in
achieving high volumetric energy density. This issue may be mitigated
by tuning the internal porosity and/or optimizing the (secondary)
particle size distribution (i.e., using large + small particles).

We further analyzed the spatial distribution of the pores along the
radial direction in GP-NCM and P-NCM (Fig. 2f, g). The cross-sections of
the secondary particles were approximated as a series of concentric
circles with different radii, ranging from 50% to 100% relative to the
radius of the largest circle. The porosity was calculated using the same
threshold segmentation method mentioned above, and the results are
summarized in Fig. 2h. GP-NCM exhibits a gradient decreasing porosity
from the center (13.11%) to the exterior (8.11%), whereas the pores in
P-NCM are uniformly distributed.

Three-dimensional characterization of the internal pore struc-
ture in GP-NCM

To better understand the spatial distribution of the internal pores and
their interconnection, three-dimensional (3D) tomographic imaging
was carried out using a cryogenic focused-ion-beam SEM (FIB-SEM).
Figure 3a shows the working principle of the FIB-SEM experiments*
and the 3D image reconstruction process. A series of SEM micrographs
were first recorded at different etching depths with a fixed step size of
20 nm (Fig. 3al). Then these two-dimensional images were aligned and
reconstructed using the Dragonfly software to provide a 3D visuali-
zation of the GP-NCM secondary particle (Fig. 3a2). Finally, we applied
the grayscale-threshold segmentation method to distinguish between
the pores and the solid particles. Figure 3b shows the spatial dis-
tribution of the coral-reef-shaped pores with a pore volume larger than
0.002 pm? (pores smaller than 0.002 pm? are considered noise pores),
using different colors to differentiate the non-connected pores. The
statistical analysis of the pore volume is summarized in Fig. 3c. Small
pores significantly outnumber the large ones. Approximately 80% of
the pores have a pore volume in the range of 0.002 pm? to 0.010 pm?.
Another 16% of them have a pore volume in the range of 0.010 pm? to
0.030 pm?’. Large pores (pore volume>0.030 um?®) constitute only
~4% of the group. By eliminating the small pores (pore volume
<0.030 pm®) shown in Fig. 3b, the spatial distribution of the large
pores (pore volume>0.030 pm?®) can be obtained and shown in
Fig. 3d. The comparison between the two 3D reconstructions reveals
that there are more small pores near the surface of the secondary

particle whereas the large pores are mainly located at the interior. The
two largest ones (pore volume: 3.779 um? and 1.123 pm’) are located at
the center of the secondary particle (Fig. 3d, represented by the orange
and blue meshes). These results further confirm that gradient-
distributed internal porosity was successfully introduced into the
GP-NCM particles.

Electrochemical performance of GP-NCM

The electrochemical performance of GP-NCM was first evaluated in
coin-type half cells using Li metal foil as the counter electrode in the
voltage range of 4.3 to 2.8 V. GP-NCM exhibited a discharge capacity of
213.3mAhg™ and a Coulombic efficiency (CE) of 94.8% at the first
charge-discharge cycle at 0.1C (Fig. 4a, 1C=190 mAg™), which are
evidently higher than those of the control sample (P-NCM,
201.0 mAh g and CE = 91.9%). We attribute these improvements to the
porous structure, which allows better electrolyte wetting and increases
the active surface area. In the cycling test at 1 C-1 C rate, GP-NCM
showed remarkable cycle stability by retaining 86.1% of its initial
capacity after 300 cycles (Fig. 4b, see the corresponding voltage
profiles in Supplementary Fig. 11). P-NCM, by contrast, had a capacity
retention rate of 70.6% after 300 cycles. Differential capacity (dQ/dV)
analysis was further carried out for both samples, revealing significant
peak shifts and increased polarization for P-NCM compared with GP-
NCM as the cycle number increased (Fig. 4c, d). GP-NCM also exhibits
better rate capability than P-NCM (Fig. 4e). GP-NCM delivered a dis-
charge capacity of 176.6 mAh g at 5 C, which is 85.8% of that at 0.2 C
(versus P-NCM, 170.0 mAh g™ and 83.8%). The electrochemical per-
formance of GP-NCM is also benchmarked against literature data for
Ni-rich NCMs (with similar Ni contents) in terms of the maximum
available capacity at 0.1 C and capacity retention rate after 100 cycles
at 1C (Fig. 4f, see more details in Supplementary Table 4), which
highlights the benefits of the GP structural design in achieving high
specific capacity and outstanding cycle stability simultaneously. We
further assembled multi-layered pouch-type full cells** (150 mAh in
capacity) to evaluate the long-term cycle performance of GP-NCM in
the voltage range of 4.2 to 2.75 V at 25 °C, using artificial graphite as the
anode (Fig. 4g, N/P ratio ~ 1.1). The pouch cell with the GP-NCM cath-
ode exhibited a cycle life approaching 1000 cycles (78.8% capacity
retained), whereas the P-NCM-containing pouch cell lost about half of
its initial capacity after 500 cycles.

In addition, GP-NCM also exhibited moderately improved thermal
stability in the differential scanning calorimetry (DSC) tests compared
with P-NCM (Supplementary Fig. 12), which may also be linked to
enhanced mechanical stability. We collected cross-sectional SEM
images from the fully charged GP-NCM and P-NCM cathodes (Sup-
plementary Fig. 13). The P-NCM particles already showed some major
cracks penetrating the whole particles after the 1** charge process
(which was hardly observed in the GP-NCM sample). The more severe
cracking led to a higher surface area for the P-NCM sample, which
might contribute to a more intense oxygen release and stronger side
reactions with the liquid electrolyte during the DSC tests.

GP design preserves solid-solid contact and reduces
impedance growth

To understand the performance enhancement brought by the GP
structural design, hybrid power pulse characterization (HPPC) tests
were first carried out to measure the discharge resistance of GP-NCM
and P-NCM. The HPPC test was first proposed by the US Department of
Energy as a standardized test to determine the dynamic power cap-
ability of a cell over its usable charge and voltage range. Full cells
containing GP-NCM or P-NCM were assembled using artificial graphite
as the anode and cycled at 1C (1C=190 mA g™). The HPPC tests were
performed after the 1° and the 50™ cycles. The testing methodology is
based on ref. 45. and illustrated in Supplementary Fig. 14a, b. The
discharge resistance was calculated by Eq. 2 based on Ohm’s Law, in
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Fig. 3 | Three-dimensional characterizations of the pores in GP-NCM.

a Schematic illustration of the 3D tomographic imaging experiments. Panel (al)
shows that SEM images are continuously acquired as the secondary particle is
gradually milled by a focused-ion beam. The SEMs images are aligned and recon-
structed to provide a 3D visualization of the secondary particle (a2). b Pore analysis
derived from the 3D reconstruction results. ¢ The pore volume distribution inside

[ 10.100-0.200
[ 10.200-0.300
[ 11123
[ 13.779

(a2) Secondary particle 5

Image process

Blue Mesh 1.12

the GP-NCM secondary particle. The sector diagram inside the purple area specifies
the pores with pore volume > 0.030 pm’. d The 3D spatial distribution of large
pores (pore volume > 0.030 pm?®). This 3D reconstruction was made by eliminating
the small pores (pore volume < 0.030 um’) shown in Panel (b), which proves that
large pores are mainly located at the interior of the secondary particle.

which V and Vg correspond to the voltages at time tp, and t;,
respectively, while lg;s is the discharge current. The resistance data
were further used to calculate the pulse power capability by Eq. 3.

th — VtO

1 dis @

Rdischarge =

Power Capability=V ., x (Vo — Va)/Raischarge 3)

Figure 5a summarizes the discharge impedances of GP-NCM and
P-NCM at a series of state-of-charge (SoC) after the 1* and 50" cycles.
GP-NCM exhibits a smaller increase in discharge resistance compared

to P-NCM, especially at the beginning and near the end of the dis-
charge. In addition, GP-NCM always provided higher power output
than P-NCM (Supplementary Fig. 14c, d). The electrochemical impe-
dance spectroscopy (EIS) measurements and the fitting results also
revealed smaller changes in cell impedance after cycling, especially in
the charge-transfer resistance (Fig. 5b, ¢ see more details in Supple-
mentary Table 5). These findings are consistent with the dQ/dV analysis
results (Fig. 4c, d) and imply that the electrochemical-cycling-induced
structural damages are likely alleviated in GP-NCM.

STEM characterizations were performed to evaluate the structural
changes after about 100 cycles at the atomic scale (Fig. 5d, e). Thin
specimens from the cracked region of the secondary particles were
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Fig. 4 | Electrochemical performance of GP-NCM. a Voltage profiles of GP-NCM
and P-NCM at the first charge-discharge cycle at a C-rate of 0.1C (1C=190mAg™)
between 2.8 and 4.3 V at 30 °C, which were measured in half cells using Li metal as
the counter electrodes. b Cycle performance of GP-NCM and P-NCM at1C-1C. A

constant-voltage charging step was adopted, and the cut-off C-rate was set at 0.1 C.
The capacity retention is calculated based on the 1 cycle of 1 C. ¢, d are differential
capacity versus voltage plots (dQ/dV) at the 10, 100, 200%, and 300" cycles of
GP-NCM and P-NCM, respectively. e Rate capability tests of GP-NCM and P-NCM.

The cells were first cycled at 0.1 C for five cycles. Then, they were charged at 0.2 C to
4.3V and discharged to 2.8 V at different C-rates. f Comparison of specific capacity
at 0.1 C and capacity retention after 100 cycles at 1 C between GP-NCM and Ni-rich

NCMs modified by other strategies reported in previous literature. See more details
on the reference work in Supplementary Table 4. g Cycle performance of GP-NCM
and P-NCM in practical pouch-type cells, using artificial graphite as the anode.
These full cells were cycled between 2.75 and 4.2V at 25°C at 1 C-1 C. These cells
were cycled at 0.1 C every 500 cycles, a process called “capacity grading”. The cells
released higher capacities when the current was reduced, which led to the data
spikes. The inset is a photograph of the assembled full cells. The reversible capacity
in Fig. 4g is shown in the unit of mAh (the total capacity of the pouch cells), instead
of mAh g™ (i.e., the specific capacity of the cathode). The capacity retention is
calculated based on the 1* cycle of 1C.

prepared by FIB (Supplementary Fig. 15), which, in theory, should
exhibit the most dramatic structural changes. High-angle annular dark-
field (HAADF) imaging revealed the formation of the rock-salt-like (RS)
phase (i.e., the cation-mixing phase) at the surface of the primary
particles in both GP-NCM and P-NCM samples after cycling whereas
the bulk lattice retained the highly ordered layered structure (see
Fig. 5d, e, and the corresponding fast-Fourier-transform diffracto-
grams in the insets). Despite the contrast in the capacity retention rate,
the thickness of the RS-like surface layer was actually quite comparable

in GP-NCM and P-NCM (- 7 nm versus ~ 9 nm). Therefore, we believe
that the performance enhancement in GP-NCM may not be simply
attributed to the reduced surface phase transition from the original
layered structure to the RS-like structure, although this is often sug-
gested in the literature.

We complemented the atomic-scale characterizations with sta-
tistical analysis of the secondary particles’ fracture behaviors at the
electrode level (i.e., multiple particles). Duplicate GP-NCM and P-NCM
cathodes were prepared. They were calendared to a density of
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cracked region of the NCM secondary particles (see Supplementary Fig. 15).

f, g show the representative cross-sectional SEM images of broken, mildly
damaged, and intact NCM secondary particles for cycled GP-NCM and P-NCM,
respectively. h Counts of different types of particles after 30 and 100 cycles at 1C.
The corresponding percentages are shown in panels (i and j). 2042 secondary
particles were analyzed. Their cross-sectional SEM images are included in Supple-
mentary Figs. 16-19.

~3.2-33gcm™ using a roller press before the electrochemical mea-
surements. They were cycled at a 1C rate (1C=190 mA g™) and stop-
ped after 30 and 100 cycles, respectively (capacity retention is shown
in Supplementary Table 6). The cross-sections of the cathodes were
prepared by argon ion-milling and inspected by SEM, which include
2,042 NCM secondary particles (see images in Supplementary
Figs. 16-19). Based on the degree of the particle fracture, the NCM
secondary particles were divided into three groups, namely the intact
particles, mildly damaged particles, and broken particles (see

representative examples in Fig. 5f, g). The statistical analysis results
are summarized in Fig. 5h-j. After 30 cycles, 75.9% of the GP-NCM
secondary particles remained intact, while 67.3% of the P-NCM sec-
ondary particles became mildly damaged, and another 17.6% of them
were already broken. Although the particle cracking situations wor-
sened in both samples after 100 cycles, an even sharper contrast
was observed. 37.2% of the GP-NCM secondary particles remained
intact, in comparison to 8.5% for P-NCM (Fig. 5j). These statistically
significant results confirm that the GP structural design effectively
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Fig. 6 | GP-NCM as a high-performance ASSB cathode. a Schematic illustration of
the ASSB. b, c are voltage profiles of GP-NCM and P-NCM between 2.2V and 3.7V
(The potential of anode Li-In reference versus Li*/Li is 0.6 V), respectively. The
ASSBs were cycled at 0.1 C (1C is approximately ~ 4 mA cm™) for three cycles and
then switched to 0.5 C-0.5 C cycling between 2.2V and 3.7V in the subsequent

cycles. A constant-voltage charging step was adopted during the 0.5 C cycling, and
the cut-off current was approximately 0.05 C. d Cycle performance of GP-NCM and
P-NCM in ASSBs under a stack pressure of 100 MPa at 0.5 C (2mA cm™) at 30 °C.
The capacity retention is calculated based on 1% cycle of 0.5 C.

suppresses secondary particle fracture, which not only reduces the
exposure of fresh internal surfaces to electrolyte attack (relevant to the
surface phase transition) but also preserves the solid-solid contact that
is crucial to efficient ion and electron conduction within the NCM
secondary particles. These synergistic effects slowed down the impe-
dance growth in GP-NCM and contributed to its outstanding electro-
chemical performance.

The application of GP-NCM in all-solid-state batteries

All-solid-state batteries (ASSBs) have gained significant attention
recently due to their potential to simultaneously achieve high specific
energy density and high safety*®*°, Maintaining good interfacial con-
tact is a more pressing need in ASSBs because solid-state electrolytes
(SSEs) do not “wet” the electroactive particles like the liquid ones.
When the electroactive particles are fractured, Li-ion and electron
conduction pathways are severely disrupted, thus compromising the
electrochemical performance. The outstanding stability of GP-NCM in
liquid-electrolyte-based batteries inspired us to explore its application
in ASSBs (Fig. 6a). GP-NCM was mixed with a halide-based SSE
(LizInCl)® to produce a solid cathode, which is contact with a LigPSsCl
SSE interlayer. Li-In alloy was used as the anode. The GP-NCM solid
cathode delivered a similar capacity with P-NCM (171.1 mAh g versus
173.6 mAh g, Fig. 6b, c) at 0.1 C (1C is approximately ~ 4 mA cm™) in
the voltage range of 3.7-2.2V (the potential of anode Li-In reference
versus Li*/Li is ~ 0.6 V). When they were cycled at a current density of
2mAcm™ (approximately 0.5C rate), the GP-NCM solid cathode
retained 84.0% of its initial capacity after 600 cycles, whereas the
P-NCM solid cathode exhibited a sharp capacity decay after only 55

cycles and then slowly degraded afterward (Fig. 6d). These results
demonstrate the strength of GP design for the ASSB cathodes.

GP-NCM with a high Ni content and specific energy

We further applied the GP structural design to a high Ni, low Co
cathode (LiNig.06C00.02Mng.020,, GP-Ni96) and were now able to per-
form the synthesis at the pilot-scale (- 100 kg/batch). Figure 7a shows
the cross-section of a GP-Ni96 secondary particle, in which a large
number of internal pores can be observed. This microstructure differs
greatly from that of the control sample (P-Ni96), in which the primary
particles are more tightly packed (Fig. 7b). The porosity of GP-Ni96 was
measured at 6.92% using the same method aforementioned, while
P-Ni96 showed a porosity of 2.25%. In the electrochemical tests, GP-
Ni96 delivered a high discharge capacity of 245.8 mAhg™ and CE of
97.7% (~0.89 Li* per structural unit was extracted) during the first
charge-discharge cycle at 0.1C and 25°C (Fig. 7c, 1 C=245mAg™),
clearly outperforming the control sample (239.9 mAh g™ and 94.7%).
This translates to high specific energy of 941.2Whkg™' based on
cathode weight at 0.1C, 888.8 Whkg™ at 0.33C, and 854.1Whkg™ at
0.5 C for GP-Ni96 (Fig. 7d), which is a great upgrade over the existing
Ni-rich or Co-based layered oxide cathodes (<850 Whkg™ at 0.1C
according to ref. 1). Remarkably, the cycling stability was not com-
promised for GP-Ni96 despite its high Ni content. Pouch-type full
batteries containing the GP-Ni96 cathode (with an electrode press
density of 3.4 g cm™) exhibited stable cycling over 800 cycles at1C-1C
rate, in stark contrast to 280 cycles for P-Ni96 (Fig. 7e). In the high-
temperature storage tests at 60°C*°, the fully charged GP-Ni96-
containing batteries also exhibited very good performance (inset in
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Fig. 7| GP-NCM with a high Ni content and specific energy. a, b are cross-sectional
SEM images of GP-Ni96 (LiNip.96C00.02Mng020,) and P-Ni96, respectively. ¢ Voltage
profiles of GP-Ni96 and P-Ni96 at the 1* charge-discharge cycle at 0.1C
(1C=245mA g™ and 25°C, which were measured in half cells using Li metal as the
counter electrodes. d Specific energy density based on the cathode of GP-Ni96 and
P-Ni96 cathodes at 0.1C, 0.33 C, and 0.5 C, respectively. In each group, four batteries
were tested. e Cycle performance of GP-Ni96 and P-Ni96 in practical pouch-type full

cells at 1C rate and 25 °C, using artificial graphite as the anode. The full cells were
cycled between 3.1 and 4.2 V. Capacity grading was carried out at 0.1 C every 200
cycles. The capacity retention is calculated based on the 1* cycle of 1C. The inset
shows the results from high-temperature storage tests. Three duplicate pouch cells
for each group were fully charged to 4.2V and stored in a constant-temperature
chamber set at 60 °C. The reversible capacity after storage was measured by cycling
the batteries at 0.33 C between 3.1 and 4.2V (after 15 and 42-day storage).

Fig. 7e). After 42-day storage, the reversible capacity retention rate was
95.5%+0.2% (versus 93.1% = 0.2% for P-Ni96, mean+1SD). We also
note that such performance was achieved without additional doping,
surface coating, or electrolyte engineering, which demonstrates the
effectiveness of the GP structural design for the high Ni cathodes and
suggests that further improvements are optimistic.

Conclusions

In this work, we have demonstrated a simple method to introduce
gradient porosity into Ni-rich NCM secondary particles to reduce the
electrochemically induced internal strain accumulation. The spatial
distribution and interconnectivity of the internal pores were system-
atically characterized by cross-sectional SEM and FIB-tomographic
imaging. GP-NCM offered higher specific capacity, better rate cap-
ability and thermal stability, and outstanding cycle performance in
practical pouch-type full cells (-79% capacity retention after 1000
cycles) compared with the conventional NCM. Mechanistic studies
performed on more than 2000 secondary particles reveal that the GP
design effectively mitigates intergranular fracture. As a result, it
reduces the exposure of internal fresh surfaces to electrolyte attack
and preserves the solid-solid contact that is crucial to control the
impedance growth. With the enhanced chemo-mechanical stability,
GP-NCM also showed remarkable cycle stability in the next-generation
ASSBs. Finally, we extended the GP design to a high Ni, low Co cathode
(LiNip.96C00.02Mng 0,0,) and demonstrated a combination of high
specific energy (941.2Whkg™ based on cathode weight) and stable
cycle performance (- 80% after 800 cycles in pouch cells). This work

opens innovative design space for many electrodes used in advanced
batteries.

Methods

Materials synthesis

Battery-grade Nipg3C0011Mngo0s(OH), hydroxide precursor was
acquired from the China Guizhou Zoomwe group. GP-NCM
(LiNig 83C0011Mng 060,) was synthesized by mixing the hydroxide
precursor, LiOH-H,0 (99%, Adamas), and K,SO, (99%, Greagent) in a
mole ratio of 1:1.05:0.1, followed by heating the mixture at a heating
rate of 5°C min™ to 760 °C in a tube furnace under flowing high-purity
oxygen. The temperature of the tube furnace was held at 760 °C for
12 h before it was cooled to 300 °C at a cooling rate of 2 °C min™. Then,
it was allowed to cool down naturally. The reaction product was
washed with cold deionized water twice and ethanol (95%, Greagent)
once to remove K,SO,. After that, the powders were dried at 80 °C for
5h and thermally treated again at 650 °C for 10 h under flowing oxy-
gen. P-NCM (LiNig 83C0011Mng 060,) was synthesized the same way as
GP-NCM except for the addition of K,SOy4.

GP-Ni96 (LiNip.06C00.02Mng020,) was synthesized from the
Ni.96C00.02Mng 02(OH), hydroxide precursor via the same way as that
is described above for GP-NCM (LiNig g3C0011Mng 060-), but at a lower
synthesis temperature of 700 °C because of its higher Ni content.
P-Ni96 (LiNig 9¢C00.02Mng 020,) was synthesized the same way as GP-
Ni96 except for the addition of K,SO,. All samples were stored in hot-
sealed vacuum pouch bags before they were used for characterization
or electrochemical measurements.
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Material characterizations

The crystalline structure of P-NCM and GP-NCM were examined
by powder XRD using an X-ray diffractometer (Bruker D8 ADVANCE
Da Vinci, with Cu Ko radiation). The chemical composition of
the cathode materials was confirmed using ICP-OES (iCAP™ 7600,
Thermo Fisher). Particle cross-sections were obtained by lon-million
using an ion beam slope cutter (Leica EM TIC 3X), the samples were
carried out at 7.0V for 1.5h and 5.0 V for 10 min. The surface mor-
phology of materials and electrodes was explored by SEM (Navigator-
100, FBT; Gemini 300, Zeiss; Apreo 2S, Thermo Fisher). The element
distribution mapping was explored by SEM-EDS (RISE-MAGNA, Tes-
can). Porosity was measured using the Surface Area & Porosimetry
System (ASAP2460, Micromeritics) based on the Brunauer-Emmett-
Teller theory. DSC results were obtained by NETZSCH DSC (204 F1
Phoenix). The sample consists of 5mg powder (at the fully charged
state) and 2 mg liquid electrolyte, and it is heated at a rate of 10 °C
min™ from room temperature to 400 °C. Internal pore structures were
characterized by FIB-SEM using ZEISS Crossbeam 550, followed by 3D
reconstruction using image processing in the Dragonfly software.
STEM was carried out by Hitachi HF5000 at an acceleration voltage
of 200 kV.

Electrochemical measurements

The cathodes were prepared by mixing active materials, Super-P carbon
black and poly(vinylidene) fluoride (PVDF) in N-methyl-2-pyrolidone
(NMP) solvent with a mass ratio of 90:5:5. The solid content of the slurry
was adjusted to ~ 50% by adding additional NMP. The slurry was evenly
coated onto aluminum foil (99.99%, thickness of 13 um), dried at 80 °C
for 2 h, and then at 120 °C under vacuum overnight. The active materials
loading of the cathodes used in the coin-type half-cells (CR2025) was
between 6 and 8 mg cm™. The half-cells were assembled using Li foil
(99.9%, diameter of 10 mm, thickness of 1 mm, China Energy Lithium
Co., Ltd.) as the anode, a polyethylene separator (thickness of 16 um,
Celgard), and a liquid electrolyte (200 L) consisting of 1.2 M LiPFg¢
dissolved in ethylene carbonate-ethyl methyl carbonate (30:70 by
weight) with 2 wt.% vinylene carbonate additives. The half-cells of GP-
NCM and P-NCM (LiNig g3C00.11Mng 060,) were first cycled at 0.1 C three
times, followed by cycling at1 C-1C (1C=190 mA g™). The C-rate of half-
cells of GP-Ni96 and P-Ni96 (LiNip96C00.02Mngo,0,) are the same,
except for 1C=245mA g™. The cells were charged in a constant-cur-
rent/constant voltage mode (CC-CV). The cut-off C-rate for the CV
charging step was set at 0.1 C. In the rate capability test, the half-cells
were cycled at 0.1C five times, followed by charging at 0.2 C and dis-
charging at 0.2, 0.5, 1, 2, 3, and 5 C. EIS measurements were conducted
on duplicate cells discharged to 2.7 V (versus Li/Li*) after 25, 50, 75, and
100 cycles.

The pouch cells were assembled using artificial graphite (MCMB,
BTR) as the anode (single coated, 21.09 cm?, the corresponding cathode
area is 19.25 cm?). The ratio of negative to positive electrode capacity
(N/P ratio) was adjusted to ~1.1. For GP-NCM and P-NCM, the cathode
active material loading is about 11mgcm™, and the anode active
material loading is about 7 mg cm™. For GP-Ni96 and P-Ni96, the cath-
ode active material loading is about 17mgcm™, and the anode
active material loading is about 12 mgcm™ The separator and liquid
electrolytes (1g) were the same as those used in coin-type half-
cells. Pouch cells were cycled at 0.1C three times before cycling at
1Cat25°C.

The ASSBs were assembled in a custom-made mold cell inside
an Ar-filled glovebox. First, 100 mg Lis;InCls powder was placed
into a poly(ether-ether-ketone) (PEEK) die with a diameter of
10 mm and pressed under 100 MPa, then the cathode mixture was
uniformly distributed onto one side of the Li;InClg pellet and
pressed under 500 MPa. Finally, a piece of Li-In alloy foil was
attached on the other side of the Li;InClg layer that used LigPSsCl
as the interlayer to avoid the possible side reactions between

LisInClg and the Li-In anode. All the ASSBs were tested under a
stack pressure of 100 MPa and at 30 °C. All the electrochemical
measurements were carried out using the NEWARE Battery Test
System (CT-4008T, Shenzhen, China).

Data availability
All the data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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