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Stress-induced fractures are recognized as a primary cause of degradationin
awide range of positive electrode active materials during battery operation.
However, the state-of-the-art mechanistic understanding and strategy
development often overlook the brittle nature of these materials, as well as
the dynamic and localized characteristics of mechanical stress during the
charge and discharge cycles of the cell. Here we present a shape-memory
polymer nanocoating method using initiated chemical vapour deposition to
dynamically delocalize concentrated stresses in various positive electrode
active materials, including Ni-rich layered oxides with different Ni contents
and LiFePO,. Fracture simulations and surface-to-bulk physicochemical
characterizations collectively show that the balanced stiffness and
deformability of the shape-memory polymer nanocoating on the positive
electrode material effectively mitigate stress gradients and the consequent
surface reconstruction, chemical heterogeneity and intergranular cracking
during battery operation. In particular, when a polymeric nanocoated
nickel-rich layered oxide positive electrode active material (90 at% of Ni) is
tested in non-aqueous lithium metal coin cell configuration at 25 °C, the cells
can be consistently charged and discharged over long cycles at moderate
(forexample, 1,000 cycles at 400 mA g™*) and high (for example, 500 cycles
at1A g™) specific currents.

Brittle fracture isacommon cause of mechanical failure innatural and
artificial engineering systems, including earthquakes', bone fractures®
andbattery performance decay**. In brittle materials, stress concentra-
tion canlocally raise the stress by 10 to 100 times above the average®®,
lowering the fracture initiation threshold®. In polycrystalline materials
(for example, steels and Al,O; ceramics), grain boundaries (GBs) are
commonsites where stress concentrates, making intergranular fracture
adominant failure mode”®, Recent studies have identified intergranular
crackingas akey degradation mechanismin various battery materials

suchas Si’, Litransition metal oxides' "> and solid-state ceramic elec-
trolytes®. In particular, polycrystalline Ni-rich LiNi,_,_,Co,Mn,0, (NCM,
Xx+y<0.2) positive electrode active materials exhibit pronounced
intergranular microcracks during battery operation and manufactur-
ing, contributing to rapid battery performance decay'*"***, The micro-
cracks are exacerbated at high Ni content (Ni > 0.9)"*" and elevated
upper cut-off potentials™'® (>4.3 V), posing challenges for deployment.

Such cracking originates from anisotropic lattice-level strain
and stress induced by lithium insertion and extraction'". Despite
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Fig. 1| Stress delocalization strategy using SMP nanocoating at GBs of
polycrystalline Ni-rich layered oxide materials. a, lllustration of the stress
delocalization and shape-memory effect of cartilage in human joints. The
cartilage exhibits a biological structure primarily composed of collagen fibres
(greenlinesin the right panel) and proteoglycans (red lines in the right panel),
enablingits shape-memory capability. b, Conceptual design diagram showing
the application of SMP nanocoating at GBs of polycrystalline Ni-rich layered
oxide particles. Stress concentrates severely on the GBs and induces microcracks
inthe bare material, highlighted by the red curvesin the spherical particle
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(right panel). By contrast, the polymer nanocoating mimics cartilage-like
behaviour to delocalize the intergranular stress and suppress microcrack
formation. ¢, Phase-field simulationsillustrate stress concentration behaviour
inlayered oxide with and without SMP nanocoating, emphasizing the effect

of stress delocalization and its relationship to the stiffness of nanocoating.
Increasing polymer nanocoating stiffness (£, Young’s modulus from 0.4 MPa
to 5 MPa) decreases stress localization and raises thresholds of crack initiation,
demonstrating effective stress delocalization.

great efforts on mechanism understanding and strategy develop-
ment, the dynamic'*" and localized characteristics” " of the stress
in brittle NCM materials are largely overlooked. Notably, the hard-
ness and Young’s modulus of NCM materials (80-200 GPa)>*° are
comparable to those of typical brittle materials (glass, 70-150 GPa
(ref.21); concrete, 30-60 GPa (ref. 22)), underscoring their tendency to
fracture under small strain. While conventional lattice element doping
atthe lattice level’>” improves the crystalline structure, this strategy
does notaddress stress concentrations at GBs. Moreover, mechanical
studies” " show that localized stress at GBs decreases the fracture
threshold. During battery redox cycling, lithium-ion gradients across
NCM secondary particle electrode generate alternating compressive
and tensile stresses* ¢, amplifying stress concentration—especially
at high states of charge'" and high current rates™. This understand-
ing drove the development of GBs coating strategies using either soft
polymers” or rigid inorganics®®. However, these coatings often suffer
a stiffness—deformability trade-off, limiting their ability to provide
durable andreversible protection against dynamic mechanical stress
during long-term cycling.

Nature offersinspiration for overcoming this limitation. Inhuman
joints, cartilage functions as areversibly deformable interface between
articulatingbones, effectively dissipating stress and protecting brittle
bones (Young's modulus -20 GPa)” from fracture (Fig. 1a). This function
isenabled by adensely entangled collagen-proteoglycans network that
formsarobust hydrogel matrix with water within cartilage®**' (Fig. 1a,
right panel). Under load, the soft components of cartilage—primarily
water and proteoglycan gel-deform to increase the contact area and
mitigate stress concentrations. Upon unloading, the entangled col-
lagen microstructure facilitates shape recovery, allowing cartilage
to endure millions of loading/unloading cycles without fracture®**,
Thisreversible deformation exemplifies efficient stress delocalization
that protects brittle materials under dynamic and localized stress in
biological systems.

Here, inspired by this dynamic stress delocalization mechanism
(Fig. 1a), we propose the use of shape-memory polymers (SMPs) to
mimic cartilage in delocalizing dynamic stress at the GBs of brittle
NCM materials. SMPs are a class of polymers capable of deformingin
response to external stimuliand returning to their original state upon
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relaxation®*. This on-demand response has garnered enormous inter-
est in applications such as soft robotics®, biomedical devices** and
soft electronics. Thus, we expect that a cyclically deformable SMP
nanoscale coating at the GBs of NCM can effectively mitigate stress
concentration in a dynamically responsive way, stabilizing the NCM
microstructure during prolonged battery redox cycling, analogous
to cartilage in joints (Fig. 1b). As a proof of concept, we applied SMP
nanocoating to high Ni content NCM positive electrode active materi-
als (Ni=90.4 at%, LiNij ¢0,C00,05:MnNg 0440,; the chemical composition
is shown in Supplementary Table 1, hereafter denoted as Ni90). As
aresult, the non-aqueous Li metal coin cells using SMP nanocoated
Ni90 as the positive active material exhibit improved redox cycling
stability compared with bare (uncoated) Ni90. Indeed, for one of the
Lillnanocoated Ni90 coin cells tested, a specific discharge capacity
retention of 91.6% after 1,000 cycles can be achieved at 400 mA g™
and 25 °Cwithin the potential range of 2.7-4.3 V (with the replacement
of the Li metal negative electrode at the 510th cycle). The testing of
another Li|[nanocoated Ni90 coin cell delivers afinal specific discharge
capacity of155.6 mAh g after 500 cyclesat1A g™ and 25 °Cwithinthe
potential range of 2.7-4.3 Vwith a calculated specific discharge capac-
ity retention 0f 90.3% (no Li metal negative electrode replacement for
this high specific current galvanostatic cycling test). To demonstrate
the general applicability of the SMP nanocoating strategy, we also
applyitto other positive electrode active materials such as polycrystal-
line LiNig 50C0016MMo100, (NCM811) and LiNiq sC0 0sMng 0,0, (Ni88),
single-crystal LiNi 3C0,,6,Mny 100, (NCM83) and LiFePO,.

SMP nanocoating design

To validate the stress-delocalizing strategy via SMP nanocoating, we
simulate the fracture behaviour of NCM materials with nanocoatings
of varying stiffness using a phase-field fracture model, assuming
that these layers could deform elastically. Finite element simulation
results (Fig. 1c) reveal that deformable interlayers effectively delocal-
ize stress concentrations, evidenced by the decrease in red colora-
tion with polymer coating. Since the red colour indicates the tensile
stress that initiates microcracks when exceeding a certain crack-onset
threshold, its decrease reflects a drop in stress concentration. This is
achieved through the stress delocalization effect of the SMP nano-
coating, analogous to the function of cartilage in human joints. The
simulations further suggest that increasing nanocoating stiffness as
indicated by £ values enhances stress delocalization and raises the
crack-onset threshold (Extended Data Fig. 1; for further discussion,
see Supplementary Note 1).

However, the trade-off between stiffness and deformability is a
well-known phenomenon in materials. Polymer crosslinking offers a
solutionbyintegrating adeformable linear segment with astiff crosslink-
ing network, enabling both mechanical strength and shape-memory
capability. This approach is widely adopted in the design of SMPs,
where the crosslinked network serves as the ‘shape-memory centres’
forreversible shape recovery®*. Following this principle, we designed
crosslinked poly(butyl acrylate-co-1,3,5,7-tetravinyl-1,3,5,7-tetramethyl-
cyclotetrasiloxane) (p(BA-V4D4)) as the SMP nanocoating material.
Poly(butyl acrylate) (pBA), awell-known elastomer with linear chains,
exhibits lowstiffness (0.38 MPaas measured by atomic force microscopy
(AFM); Supplementary Fig.1a), which is desirable for deformation®**.
The 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4)
crosslinker is incorporated to form a robust crosslinked net-
work that improves the strength (4.91 MPa as measured by AFM;
Supplementary Fig. 1a,b). Importantly, the crosslinked p(BA-V4D4)
exhibits good shape-memory capability, as evidenced by the revers-
ible deformation over 500 cycles (Supplementary Fig. 1c). Beyond
mechanical properties, p(BA-V4D4) was selected for its reported Li*
ionic conductivity, contributed by both pBA (-10"° mS cm™at 20 °C)*
and pV4D4 (-5.0 x 107 mS cm™ at 25 °C)*°. Linear sweep voltamme-
try measurements suggest that the p(BA-V4D4) is electrochemically

stable asapositive electrode (Supplementary Fig. 2). With these desired
mechanical and electrochemical properties, the p(BA-V4D4)-coated
Ni90 enables improved cycling performance in cells compared with
pBA- or pV4D4-coated Ni90 samples, when tested in anon-aqueous Li
metal coin cell configuration (Supplementary Fig. 1d; more discussion
on the strength, shape-memory capability and cell cycling stability in
Supplementary Note 2).

To fabricate a p(BA-V4D4) layer at the GBs of NCM materials,
we used an initiated chemical vapour deposition (iCVD; for process
details, see Supplementary Note 3) nanocoating approach*. The suc-
cess of crosslinking polymerization, based on the reaction scheme
(Supplementary Fig.3a,b), is confirmed by Fourier transforminfrared
spectroscopy (Supplementary Fig. 3c). High-resolution transmission
electron microscopy (TEM) confirms the formation of a uniform and
amorphous coatinglayer on the surface of Ni90 particles, with an esti-
mated thickness of ~14 nm (Fig. 2a,b). The physicochemical properties
ofthe p(BA-V4D4)-coated Ni90 particles were comprehensively char-
acterized by scanning electron microscopy (SEM), high-energy X-ray
diffraction (HEXRD), thermogravimetric analysis, X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) measurements. This set of characterization results
(Supplementary Figs. 4 and 5) collectively validate the formation of a
conformal p(BA-V4D4) nanocoating on Ni90 particles (detailed analy-
sesinSupplementary Note 4).

Focused ion beam (FIB) technique is used to expose the pri-
mary particles for TEM and energy-dispersive spectroscopy (EDS)
experiments to confirm the nanocoating on GBs. TEM images
(Supplementary Fig. 6) of nanocoated Ni90 reveal distinct coatings
atthe GBs, in contrast to the clean and uncoated interfaces of the bare
counterpart. More notably, while the bare Ni90 exhibits minimal Si
(Fig.2c) in EDS mapping of the Si element (a marker element originat-
ing from p(BA-V4D4)), the nanocoated Ni90 shows a conformal Si
enrichment on the GBs (Fig. 2d). The Si signal on GBs is a strong proof
confirming the success of p(BA-V4D4) nanocoating on GBs. EDS map-
pings (Supplementary Figs. 7 and 8) at additional randomly selected
sites consistently confirm the presence of p(BA-V4D4) nanocoating
at the GBs. Notably, this conformal polymer coating is observed not
only onthe outer surfacebut alsoonthe core of the secondary particle
(Extended Data Fig. 2). No discernible coating gradient is detected
across the secondary particle, as evidenced by the uniform Si distri-
bution in the EDS compositional analysis (Supplementary Table 2).
This deep penetration of the p(BA-V4D4) coating into the core of the
secondary particle is critical for achieving effective stress delocaliza-
tionat the secondary particle level.

To evaluate the impact of the p(BA-V4D4) nanocoating on
the mechanical properties of Ni90 particles, we conducted multi-
scale characterizations, including AFM for shallow surface analysis
(<10 nm), micro-compression tests at the microscale and powder
crushing tests at the macroscale. AFM nanoindentation mapping
(5-8 nm depth) reveals a decrease in surface elastic modulus from
23.8 GPaforbare Ni90 to 7.83 GPafor nanocoated Ni90 (Figs. 2e,f and
Supplementary Fig. 9). This suggests that the deformable p(BA-V4D4)
nanocoatingimparts ductility to the originally brittle Ni90 particles. A
ductile nanocoating is expected to mitigate intergranular microcrack-
ing through stress delocalization. Indeed, the micro-compression
(Fig. 2g and Supplementary Fig. 10) and crushing test results
(Supplementary Fig. 11) validate the enhanced anti-cracking capa-
bility imparted by the polymer nanocoating (further discussion in
Supplementary Note 5). Collectively, these mechanical assessments
support our hypothesis that an SMP nanocoating effectively delocal-
izesinterparticle stress, enhancing anti-cracking capability.

Electrochemical characterizations
The impact of the stress-delocalizing p(BA-V4D4) nanocoating on
the electrochemical properties of Ni90-based positive electrodes is
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DMT modulus

Fig. 2| SMP nanocoating on Ni90 GBs enhances anti-cracking capability
through stress delocalization. a,b, TEM images of the outer surfaces of bare
(a) and nanocoated (b) Ni90 particles. A conformal and uniform nanocoating
layer is observed on the surface of the nanocoated Ni90 particle. Insets: inverse
fast Fourier transformation images of the marked regions of interest, revealing
anamorphous layer on the surface of the nanocoated Ni90. ¢,d, TEM images
and corresponding EDS mappings of Ni and Si for bare Ni90 (c) and nanocoated
Ni90 (d) particles. Ni originates from the bulk Ni90, while Si comes from the
p(BA-V4D4) molecule. The enrichment of the Si signal on the GBs confirms the
presence of the p(BA-V4D4) polymer nanocoating on GBs. e,f, AFM mapping
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of the DMT modulus for bare (e) and nanocoated (f) Ni90 particles. The darker
brown colour indicates lower DMT modulus (more deformable), while the
brighter brown colour means higher DMT modulus (less deformable). The darker
colourinffrom the nanocoated Ni90 indicates increased surface deformability
owingto the polymer nanocoating. g, Micro-compression force-displacement
curves comparing bare and nanocoated Ni90 particles show enhanced rupture
resistance in the nanocoated Ni90 sample compared with bare Ni90. The
nanocoated Ni90 can withstand higher stress (9.56 mN) than bare Ni90 (4.55 mN)
before cracking, suggesting that the nanocoating enhances the anti-cracking
capability of Ni90.

investigated by testinginanon-aqueous coin cell configuration using
Li metal as the negative electrode. The nanocoated Ni90 shows simi-
lar electrochemical behaviour to the bare counterpart, with slightly
decreased polarization during initial cycles at 20 mA g and 25+ 2°C
(2.7-4.4 V) (Supplementary Fig.12; extended discussion in Supplemen-
tary Note 6). The nanocoated Ni90 enables improved cycling stability
inLimetal coin cells compared with Li||bare Ni90 cells. Specifically, the
Lillnanocoated Ni90 shows a discharge capacity retention of 93.2% at
200 mA g over 200 cycles (Fig. 3a—c) and maintains a stable average
cell discharge potential (Supplementary Fig. 13). Long-term cycling
data (Fig. 3d) are obtained from coin cells cycled at 400 mA g and
25°C +2°C within the potential range of 2.7-4.3 V. The 1st discharge
cycle of Li|[nanocoated Ni90 cell at 400 mA g™ shows a specific dis-
charge capacity of 186.4 mAh g}, which decreases t0162.7 mAh g at
the 510th cycle. Electrochemical testing was paused at that cycle to
replace the Li metal electrode before resuming redox cycling (details
areprovidedinthe Methods), and restarted the galvanostatic cycling
test. Atthe1,000th cycle, the coin cell still delivers a specific discharge
capacity of170.7 mAh g™, corresponding to a specific discharge capac-
ity retention of about 91.6% from the first cycle and the last cycle at
400 mA g™. The differential capacity (dQ/dV) analysis (using the data
shown in Fig. 3a,b) suggests that the nanocoating helps maintain

the reversible H2-H3 phase transition of Ni90 during cell cycling
(Supplementary Fig. 14; further discussion in Supplementary Note
7).Furthermore, theresults of the galvanostatic intermittent titration
technique (GITT) (Fig. 3e) and electrochemical impedance spectros-
copy (EIS) (Supplementary Fig. 15 and Supplementary Table 3) col-
lectively confirm that the polymer nanocoating stabilizes the positive
electrodelelectrolyte interface.

A common concern with coatings of active material particles
is their potential to impede ion or electron transport, which may
adversely affect battery rate performance. In our case, the cell using
nanocoated Ni90 as positive electrode active material exhibits an
improved rate capability compared with its bare counterpart, deliver-
ing high specific discharge capacities 0f176.0 mAh g 'and166.8 mAh g™
at specific currents of LAg™ and 2 A g™, respectively (Fig. 3f; detailed
discussion in Supplementary Note 8). The Lillnanocoated Ni90
coin cell enables a 90.3% specific discharge capacity retention
over 500 cycles (Fig. 3g) at a high rate of 1A g™ (2.7-4.3 V) with ini-
tial and final specific discharge capacity values of 172.3 mAh g and
155.6 mAh g (Supplementary Fig. 16), respectively. All electrochemi-
cal cycling performance datain Fig. 3 have been repeated three times
(Supplementary Figs.17-19 and Supplementary Tables 4-6), exhibiting
good reproducibility. The battery performances of the Li|[nanocoated
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Fig. 3| Electrochemical characterizations of the Li|[nanocoated Ni90 and
Li||bare Ni90 coincells. a,b, Evolution of cell potential profiles during cycling
at200 mA g'between 2.7 Vand 4.4 V for Li metal coin cells with the bare

(a) and coated Ni90 (b) as active materials in positive electrodes. ¢, Cycling
performance of Li||nanocoated Ni90 and Li||bare Ni90 coin cellsat 200 mA g™
inthe2.7-4.4 V cell potential range at 25 + 2 °C. Retention values (77.9% and
93.2%, respectively) are calculated based on the first and last discharge specific
capacities at 200 mA g™ by taking the ratio of capacity at the final cycle to

that at the first cycle (excluding the initial 3 cycles of formationat 20 mA g™).

d, Long-term cycling performance at 400 mA g'in the 2.7-4.3 V cell potential
range at 25+ 2 °C. The Li metal negative electrode was replaced at the 510th cycle
to minimize degradation effects from the Li metal, electrolyte and coin cell cases.
The specific discharge capacity retention of 91.6% is calculated from the first to

Cycle number

thelast cycle at 400 mA g by taking the ratio of capacity at the final cycle to
thatat the first cycle (excluding the initial 3 cycles of formationat 20 mA g™).

e, Evolution of the Li* diffusion coefficient calculated from GITT measurements,
for Li metal cells with the bare and nanocoated Ni90-based electrodes. The Li*
diffusivity over cycling is measured at the 10th and 50th cycles. GITT was carried
outfrom4.5Vto2.7 Vtocoverabroad range of depth of discharge (DoD).

f, Galvanostatic rate capability comparing Li||bare Ni90 and Li|[nanocoated
Ni90 across various specific currents in the 2.7-4.4 V cell potential range at

25 +2°C. The specific currents are indicated in the figure in terms of mA g™,

g, High-rate cycling performance at1A g over 500 cyclesinthe 2.7-4.3 V cell
potential range at 25 + 2 °C. The results show 90.3% specific discharge capacity
retention (from172.3 mAh g't0155.6 mAh g™).

Ni90 coin cells are also well aligned with the state-of-the-art results
reported in literature of non-aqueous lab-scale Li metal cells tested
using various types of NCM-based positive electrode, exhibiting per-
formance advantages in cycling stability (Supplementary Fig. 20 and
Supplementary Tables 7 and 8).

Insitu and ex situ physicochemical
characterizations of Ni90-based electrodes
Toelucidate the mechanism underlying theimproved cycling stability
of Li|lnanocoated Ni90 coin cells against those with the bare Ni90, we
investigate the crystalline structure of cycling-aged positive electrodes

(after 200 cycles at200 mA g7, in the cell potential range of 2.7-4.4 V
and 25 + 2 °C) via ex situ HEXRD measurements. The bare and nano-
coated Ni90 materials after cycling exhibit similar spectral patterns and
peakintensities, with only minor peak shifts (Supplementary Fig. 21),
indicating that the structural framework is well maintained in both
samples. These results suggest that phase changes are not the main
cause of difference in battery performance. Therefore, we focus on
strain accumulation, microcrack formation and surface degradation
inthe Ni90-based electrode materials.

To assess the impact of the SMP nanocoating on stress and
strain evolution, we analyse the lattice parameter changes via in situ
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Fig. 4 |Lattice and volume changes characterized by in situ synchrotron XRD
(wavelength 0.493168 A)at20 mA g'between2.7 Vand4.3 V.

a,b, Contour plots of the (003), (101) and (104) diffraction peaks obtained from
insitusynchrotron XRD tests on Li||bare Ni90 (a) and Li||nanocoated Ni90 (b)
cells. The bare Ni90 shows peak splitting, while the nanocoated sample exhibits
continuous contour evolution. ¢,d, Insitu evolution of the (003) diffraction peak
for bare (c) and nanocoated (d) Ni90-based electrodes tested in Li metal cell
configuration, showing decreased lattice contraction in the nanocoated sample.

e, Evolution of the c-axis during charge from 2.7 Vto 4.3 V. Reported values
indicate the c-axis contraction from the peak value to 73% SoC (corresponding
to the specific capacity of 200 mAh g™). The c-axis contraction is decreased
from1.56% in bare Ni90 to 0.58% in nanocoated Ni90. f, Lattice volume evolution
with SoC during charge. Reported values indicate the volume changes from

the highest point at 0% SoC to 73% SoC (corresponding to the specific capacity
0f200 mAh g™). The volume change is suppressed from 3.68% for bare Ni90 to
2.39% for nanocoated Ni90.

synchrotron XRD during charge of the Li||[nanocoated Ni90 and
Li||bare Ni90 cells within the potential range of 2.7-4.3 V at a specific
current of 20 mA g™, Both electrode materials exhibit the character-
istic HI-M-H2-H3 phase transition during charge (Fig. 4a,b), con-
sistent with existing literature'***, However, unlike the continuous
contour evolution in the nanocoated Ni90 (Fig. 4b), the bare Ni90
exhibits distinct peak splitting during evolution (Fig. 4a), indicative
of abiphasic-like HI-H2 transition related to heterogeneous state of
charge (SoC) distribution’**%. A more detailed discussion on the dif-
ference in phase evolution between the bare and nanocoated Ni90
samplesis provided in Supplementary Note 9. To assess lattice strain,
we track the evolution of the (003) peak from the highest value to 0.73
SoC (corresponding to aspecific discharge capacity of 200 mAh g™).
Here, Orepresents the Bragg diffraction angle. Compared withalarger
shift of 0.13° (Fig. 4c) in the bare Ni90, the nanocoated Ni90 exhibits
a smooth 26 shift of 0.06° (Fig. 4d). Rietveld refinement (details in
Supplementary Tables 9-18) yields reliable lattice parameters with
good fitting quality (Supplementary Figs. 22 and 23), revealing a
similar shrinkage in the a-axis (Supplementary Fig. 24), but a nota-
ble difference in the c-axis (Fig. 4e). The nanocoated Ni90 exhibits a
‘delayed’ and decreased c-lattice shrinkage (0.58%) compared with
bare Ni90 (1.56%), because of the Li*-conductive p(BA-V4D4) nano-
coating, which promotes a more uniform SoC distribution. Further-
more, the extent of volume change is also suppressed: from 3.68%
for bare Ni90 to 2.39% for nanocoated Ni90 (Fig. 4f). These findings
suggest that the nanocoating mitigates lattice and volume changes,

likely owing to improved utilization of active material through a more
uniform SoC distribution.

Full-field transmission X-ray microscopy (TXM) with X-ray absorp-
tion near edge structure (XANES) is a cutting-edge non-destructive
synchrotron characterization that provides morphological, defects
and valence-state information of battery materials*’. Here we use
three-dimensional (3D) TXM-XANES for the analysis of chemical and
microstructural changes in both bare and nanocoated Ni90 parti-
cles because of electrochemical cycling-induced ageing. Ni K-edge
white-line (WL) energy is used to evaluate the chemical homogene-
ity of the particles, with green representing Ni in a lower valence
state (approaching +3) and red indicating Ni in a high valence state
(approaching +4). To provide a quantitative reference for the TXM
energy interpretation, ex situ bulk Ni K-edge hard X-ray absorption
spectroscopy (hXAS) measurements are conducted on the same
set of samples, alongside NiO (Ni?*) and LiNiO, (Ni**) standards
(Extended DataFig. 3a). The bulk absorption edge energy (E,) is deter-
mined fromtheinflection point of the mainrising edge, corresponding
to the second peak in the first derivative of the normalized Ni K-edge
XANES spectrum (-8,342 eV). This value is 8,341.8 eV for both bare and
nanocoated freshsamples (before cell assembly), indicating an average
Nivalence state close to+3. After 200 cycles (200 mA g, 2.7-4.4 V cell
potential range, 25 + 2 °C), the E, value shifts to 8,342.0 eV for the nano-
coated sample and to 8,342.9 eV (a shift of 1.1 eV) for the bare sample
(Extended DataFig. 3b). This corresponds to a progressive valence shift
of approximately 0.5-0.7 electrons, with the bare sample approaching
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Fig. 5| Microstructural and chemical state change of Ni90 particles before
and after cycling in Li metal coin cells. The samples before cell assembly are
referred to as ‘fresh’, while the cycled samples are referred to as ‘cycled’. The
cycled particle material samples are collected from positive electrodes that have
been cycled in Li metal coin cells for 200 cycles at 200 mA g *and 25 £+ 2 °Cin the
cell potential range of 2.7-4.4 V, followed by a final discharge at 20 mA g 't0 2.7 V.
a,b, 3D NiK-edge TXM-XANES of fresh bare Ni90 (a) and fresh nanocoated Ni90
(b). ¢, NiK-edge WL energy histogram based on approximately 10° pixels for fresh
bare and fresh nanocoated Ni90 samples. d,e, 3D TXM-XANES results of cycled
bare (d) and cycled nanocoated (e) Ni90 samples. Two representative particles

areselected for slice image reconstruction: aland a2 for cycled bare Ni90, and
bland b2 for cycled nanocoated Ni90. f,g, Ni WL energy maps from 3D XANES
reconstructions of cycled bare (f) and cycled nanocoated (g) Ni90 samples.
Particles al and a2 are from the cycled bare sample, where al is the same particle
shownindand a2is arepresentative particle from another region. Particles bl
and b2 are from the cycled nanocoated sample; blisalsoshownine,andb2isa
representative particle froma different region. h, Ni K-edge WL energy histogram
of Ni90 particles from fresh bare, cycled bare and cycled nanocoated electrodes.
ij, Cross-sectional CT scanimages acquired using 3D TXM techniques for bare (i)
and nanocoated (j) Ni90 particles at both fresh and cycled states.

aNivalence state of +3.5 or higher. Furthermore, the pre-edge region
(-8,333-8,336 eV; Extended Data Fig. 3c), associated with the 1s > 3d
transition, exhibits distinct intensity variations among the samples.
Notably, the cycled bare sample shows the highest pre-edge intensity,
exceeding that of the fresh bare (before assembly), fresh nanocoated

(before assembly) and cycled nanocoated samples. Thisenhancement
suggests pronounced Ni 3d-0 2p hybridization and increased local
distortion. By contrast, the nanocoated samples show more moderate
pre-edge features, indicating suppressed over-oxidation and better
preservation of the local coordination environment. These findings
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align well with the FT-EXAFS results (Extended Data Fig. 3d), support-
ing the stabilizing role of the surface nanocoating during prolonged
electrochemical cycling.

In the fresh state (before assembly), both bare Ni90 (Fig. 5a) and
nanocoated Ni90 (Fig. 5b) particles exhibit ahomogeneous Nivalence
state distribution across the entire secondary particle, which aligns well
with the bulk hXAS results. The Ni valence state histograms (Fig. 5c)
show sharp peaks that areidentical for both samples, confirming that
the coating process does not alter theinitial chemical state of the Ni90
particles. However, after 200 cycles, anotablered regionis observedin
boththe 3D representation (Fig. 5d) and the 2D sliced (Fig. 5f) chemical
mapping of the bare Ni90 particles, indicating substantial changes in
the chemical state after redox cycling. These changes, associated with
an increased proportion of high-valence Ni species, reflect severe
performance degradation caused by contact loss and increased sur-
face impedance, which hinders Ni from participating in reversible
electrochemical reactions during prolonged battery cycling. By con-
trast, the comparative analysis of Ni K-edge WL energy ranges (Fig. 5e)
reveals that the nanocoated Ni90 retains asmaller ratio of irreversible
high-valence Nispecies (8,354-8,358 eV, red regions), underscoring the
ability of the nanocoating in preserving the reversible redox reaction of
Niduringelectrochemical cycling. These conclusions are more evident
inthe 2D representationresults (Fig. 5g), in which the nanocoated Ni90
exhibitsinsignificant red regions, highlighting the beneficial chemical
state stability provided by the p(BA-V4D4) nanocoating. Statistical
analysis of the WL peak position confirms the high stability of nano-
coated Ni90, with only slight changes in the chemical state (Fig. 5h).

3D TXM characterization is also an advanced tool for directly
observing microcracks. The TXM computed tomography (CT) tech-
nique with a fixed incident X-ray energy of 8.2 keV has been utilized
to further reveal the microcrack formation mechanisms during elec-
trochemical cycling. Both TXM-XANES chemical mapping results
(Fig.5d-g) and cross-sectional TXM-CT results (Fig. 5i,j) demonstrate
that the SMP nanocoating suppresses cracking at the Ni90 GBs. The
TXM-CTresultin Fig. 5i shows that after cycling, the bare Ni90 material
exhibitsadistinct microstructure compared withits fresh state (before
cellassembly), exhibiting typical intergranular cracks that propagate
fromthe core throughout the whole particle to the surface. Such major
microcracks canbe attributed to the dynamically concentrated stress
at GBs*** that accumulates and develops into cracks owing to the lack
of a stress release mechanism in brittle NCM materials. By contrast,
the nanocoated Ni90 particle largely maintainsits integrated particle
structure after cycling without observable microcracks (Fig. 5g,j). This
microcrack difference is also verified by cross-sectional SEM images
(Supplementary Fig. 25), confirming the role of the SMP nanocoating
incrack suppression.

Despite the inherent structural stability of the bulk structure, sur-
face deterioration***® driven by the highly reactive Ni** in Ni-rich NCM
remains akey challenge for long-term battery operation. Post-cycling
TEM-EDS and TOF-SIMS 3D mapping confirm that the p(BA-V4D4) nano-
coating remainsintact at GBs after 200 cycles (Supplementary Fig. 26),
which is key to long-term surface protection. Surface analyses using
TEM-EDS (Extended Data Fig.4a-d), XPS (Supplementary Figs.27 and
28) and TOF-SIMS (Extended Data Fig. 4e-g and Supplementary Figs. 29
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and 30) collectively indicate that the polymer nanocoating stabilizes
the surface. Consequently, metal crosstalkis effectively suppressed, as
shown by the diminished Ni, Co and Mn signalsin XPS spectraoftheLi
metal negative electrode (Supplementary Fig. 31) obtained after elec-
trochemical cycling with nanocoated Ni90 electrode in comparison
with that frombare Ni90. Suppression of metal crosstalk isimportant
forbattery safety*”*, asillustrated in Extended DataFig. 4h. A detailed
discussion of these characterization results can be found in Supple-
mentary Note 10.

General applicability of the SMP nanocoating
strategy to battery electrode active materials

To demonstrate the broad applicability of the stress-delocalizing
strategy using SMP nanocoating, the p(BA-V4D4) nanocoating is
further applied to other positive electrode materials, including
threelayered oxide positive electrodes with varying Ni contents and
LiFePO,. The bare and nanocoated active materials are fabricated
into positive electrodes to be tested in non-aqueous Li metal coin
cells. The results reveal that the nanocoating enhances the specific
discharge capacity retention of Li|[NCM811 cellsincreased from 85.9%
forthe bare NCM811t0 99.0% for the coated NCM811 after 100 cycles
at 200 mA gtin the cell potential range of 2.7-4.5 V (Fig. 6a). Even
whenahigh cut-off potential of 4.6 Vis applied, the Li||coated NCM811
cell still maintains an 89.5% retention over 100 cycles at 60 mA g,
compared with the value of 70.6% for the Li|[bare NCM8I1 (Fig. 6b).
Battery performance improvement associated with the p(BA-V4D4)
nanocoating can also be noticed for the Li||[Ni88 cells during long-term
cycling (Fig. 6¢) and applying a high cut-off potential of 4.5 V (Fig. 6d).
The p(BA-V4D4) nanocoating strategy also improves the cycling
stability of the Li||single-crystal NCM83 and Li||LiFePO, coin cells
(Extended Data Fig. 5a,b). These results confirm the applicability
of the stress-delocalizing SMP nanocoating strategy across various
positive electrode materials.

Conclusion

We prepared a cartilage-inspired SMP nanoscale coating to address
the dynamicand localized stress characteristics of the brittle positive
electrode active materials during battery operation. Our findings indi-
cate that the coatings at GBs effectively enhance fracture resistance
through a stress delocalization mechanism enabled by the reversible
deformation of the polymer, as confirmed by fracture simulations and
mechanical tests. Such a polymer nanocoating not only effectively
maintains microstructure integration during redox cycling but also
ensures a stable and Li*-conductive surface, enabling the long-term
cycling of Li metal coin cells for 1,000 cycles and good high specific
current cyclabilityup to1 A g™. Through a combination of synchrotron
X-ray imaging, in situ diffraction, and ex situ post-cycling electron
microscopy and spectroscopy analyses, we demonstrate that the
microcracks induced by the dynamic and localized stress are effec-
tively mitigated, enabling long-term cyclability for various positive
electrodes including LiFePO, and Ni-rich positive electrodes with Ni
contents of 80-90 at%. In conclusion, this work presents atechnology
to mitigate microcracksin battery positive electrode active materials
by using an SMP with high stiffness and deformability as an adaptive
stress dissipator. Further optimizations of the scalable iCVD nanocoat-
ing process and overall architecture of battery cell are necessary to
make the proposed nanocoating approach a feasible strategy for use
in practical large-arealithium-based batteries.
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Methods
Positive electrode active materials preparation
Polycrystalline Ni90 samples were synthesized using Nij,C0 s
Mn, s(OH), as precursor material (battery grade, BTR New Material
Group). The precursor was manually mixed with lithium hydroxide
monohydrate (LiOH-H,0, >98%, Sigma-Aldrich) using a mortar and
pestlewithamolarratio of Li:(Ni + Co + Mn) being 1.04:1under ambient
air conditions at room temperature (25 + 5 °C). The resulting mixture
was subjected to a two-step thermal treatment: first, it was heated
from room temperature to 550 °C ata ramp rate of 5 °C minand held
for 5 h; subsequently, it was further ramped at a rate of 5°C min™ to
825 °C and maintained at this value for 15 h in a tube furnace under
continuous oxygen flow. After calcination, the sample was allowed to
cool down naturally below 80 °C. The resulting calcined material was
then pulverized and gently grounded using amortar and pestle inside
anargon-filled glovebox (MBRAUN, MB-Unilab Pro, Ar purity 299.999%,
0,<0.1ppm, H,0 < 0.1 ppm) to avoid exposure to moisture. The fine
powder was sealed inside a glass container and designated as Ni90.
The hydroxide precursors used for the synthesis of Ni88, NCM811
and single-crystal NCM83 are Ni, 4sC0, osMn, o,(OH), (battery grade,
BTR New Material Group), Niy sCo,;Mn,;(OH), (battery grade, BTR
New Material Group) and Ni, g;C0,0Mn, o;(OH), (battery grade, CNGR
Advanced Material), respectively. For Ni88 and NCM811 samples, the
high-temperature steps were set at 820 °C and 800 °C, respectively,
while all other synthesis parameters remained identical to those used
for Ni90. The single-crystal NCM83 sample was also prepared follow-
ing a procedure similar to that used in the polycrystalline NCMs, with
the high-temperature step at 850 °C for 12 h. After calcination, the
sample was manually crushed using a pestle and mortar to obtain afine
powder, whichwas subsequently passed througha400-meshsieve to
yield the final single-crystal NCM83 sample. The commercial LiFePO,
material sample was obtained from MTI Corporation. All the Ni88,
NCMB8I], single-crystal NCM83 and LiFePO, samples were stored in a
glass container inside an argon-filled glovebox (MBRAUN, MB-Unilab
Pro, Ar purity >99.999%, 0, < 0.1 ppm, H,0 < 0.1 ppm) to avoid exposure
to moisture.

iCVD p(BA-V4D4) polymer coating of Ni90

The iCVD process was used to coat Ni90 with p(BA-V4D4) polymer.
A home-made iCVD coater similar to the one previously reported”
was utilized for the polymer coatings. In this process, the 1,3,5,7-tet
ravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4, >97%, Aladdin)
monomer andbutylacrylate (BA,>97%, Aladdin) were introduced into
the chamber at flow rates of 0.3 and 0.5 standard cubic centimetres
per minute (SCCM), respectively, with nitrogen as the carrier gas at
4 SCCM. The di-tert-butyl peroxide (TBPO) initiator (98%, Aladdin)
was introduced at 1 SCCM using a mass flow controller. To regulate
the chamber pressure at 570 millitorr, adownstream feedback-control
throttle valve (253B-1-40-1, MKS Instruments) was used. The reaction
flask was immersed in a water bath to maintain a constant substrate
temperature of 50 °C. The filament, heated resistively to 250 °C using
a DC power supply, facilitated the thermolysis of the TBPO initiator
toinitiate the chain-reaction polymerization. The NCM samples were
coatedinside the reactor for 30 min, and the process was terminated by
switching off the filament heating and stopping the flow of monomer
and initiator.

Physicochemical characterizations

The metal composition in NCM materials was measured by induc-
tively coupled plasma mass spectrometry (Agilent 710 Series). The
chemical composition of the polymer coatings was analysed using
Fourier transform infrared spectroscopy in transmission mode, con-
ducted using a Bruker Vertex-70 instrument. Sample morphology was
examined by SEM with HitachiS-4700-11and TESCAN VEGA3 systems.
High-resolution TEM was performed on aJEM-3200FS instrument

operating at 300 kV and equipped with EDS for elemental analysis.
FIB polishing was carried out using a Thermo Fisher SCIOS system to
expose the primary particles and GBs. XPS measurements were con-
ducted onaThermo Fisher Nexsa spectrometer with Al Ka X-ray excita-
tion. Binding energies were calibrated to the hydrocarbon C1s peak at
284.8 eV.Ar‘ionetching (2kV, 2 pA, 45°incident angle) was performed
withvarying sputtering times (0's,100s,200s,300 sand 500 s). Sur-
face and depth profiles of cycled positive electrodes were analysed
by time-of-flight secondary ion mass spectrometry (TOF-SIMS 5-100,
IONTOF) in negative polarity mode. For TOF-SIMS depth profiling, a
Cs* beam (-60 nA at 1keV) was used to sputter a 300 x 300 pm?area,
followed by raster scanning with aBi," analysis beam (-0.75 pA, 30 keV)
over al00 x 100 um? area within the sputtered region. The TOF-SIMS
sputtering rate, calibrated using a GaN reference, was 0.5 nm s, Exsitu
post-cycling positive electrode active material particles were collected
from cycled electrodes for XPS and TEM analyses, while electrodes
were used directly for TOF-SIMS analysis. The post-cycling positive
electrode and active material particle sample preparation details are
disclosed inthe ‘Post-cycling electrodes/active material particle sam-
ples preparation’ section.

Mechanical property tests

The mechanical properties of bothbare and nanocoated Ni90 samples
were characterized using various techniques. Nanoindentation tests
were conducted to assess the surface’s force response at the nanoscale
using a cantilever mounted on an atomic force microscope (Bruker
Multimode 8 with a NanoScope V controller). The nanoindentation
curves can befitted using the Derjaguin-Muller-Toporov (DMT) model
(Supplementary Fig. 32) to calculate the stiffness (Young’s modulus)
ofthe tested material, following the mathematical equations detailed
in Supplementary Note 11. PeakForce Quantitative Nanomechanics
(QNM) measurements were performed using a high-precision cantile-
ver (RTESPA-525-30) mounted on an atomic force microscope (Nano-
Scope llla/Dimension 3100). The DMT model was also used in the QNM
measurement to quantify the strength as well. The mechanical stability
ofindividual Ni90 particles was evaluated using a micro-compression
tester (MCT-210, Shimadzu). The measurement was repeated on more
than 20 particles of similar diameters (10-11 pm) to obtain a statistically
meaningful result. In addition, crushing tests were performed with
both the bare and nanocoated Ni90-based active material particles,
using a universal tension/compression testing system with a pressure
of 200 MPa (MTS810, MTS).

Electrochemical characterization

Electrode preparation. The positive electrodes were fabricated using a
slurry-casting method. A mixture of active material, carbonblack (C65,
battery grade, MTI Corporation) and polyvinylidene difluoride (PVDF;
>99.5%, MTI Corporation) was dispersed in N-methyl-2-pyrrolidone
(NMP; >99.0%, Sigma-Aldrich) at amassratio of 90:6:4. As the polymer
coating constituted only 0.34 wt% in the nanocoated Ni90 (calculated
from the TGA result in Supplementary Fig. 4e), its mass was not con-
sidered in the slurry preparation or in specific capacity calculations.
The mixing was performed using amortar and pestle to prepare a uni-
formslurry, whichwas coated onto aluminium foil (>99.3%, thickness
5-16 um, MTI Corporation) using adoctor blade (EQ-Se-KTQ-MH, MTI
Corporation) inside an Ar-filled glovebox (MBRAUN, MB-Unilab Pro, Ar
purity 299.999%, O, < 0.1 ppm, H,0 < 0.1 ppm). The coated laminates
were taken out of the glovebox and dried ina vacuum oven overnight at
110 °C, and subsequently cutinto electrodes with a diameter of 10 mm
using aprecision disc cutter (MSK-T-10, MTI Corporation). The average
active material loadingin the electrodes was controlled at 3-4 mg cm™.
To improve the compactness of positive electrodes, electrodes were
mechanically pressed using a pressure of 5 + 0.5 MPa (hydraulic press
YLJ-10T, MTI Corporation) to achieve an average porosity of 23-26%
(cross-sectional SEM in Supplementary Fig. 33 and calculation details
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inSupplementary Note 12). Notably, the polymer coating was found not
toaffect the rheology of the slurry, and therefore the slurry preparation
and coating procedures were identical for bare and coated samples.

Coin cell assembly. The specific discharge capacity, rate capability
and cycling performance were assessed using type 2025 coin cells
(CR2025,SS304, MTI Corporation). The prepared positive electrodes
were coupled with lithium metal negative electrodes (d=15.6 mm,
thickness = 0.45 mm, >99.90%, China Energy Lithium), Celgard 2325
separators (MTI Corporation, thickness, 25 um; diameter, 19 mm;
average poresize, ~-30 nm; porosity, 39%) and non-aqueous electrolyte,
which was sealed using a crimping machine (MIT MSK-110, pressure
400 ton m™) inside an Ar-filled glovebox (MBRAUN, MB-Unilab Pro,
Ar purity 299.999%, 0, < 0.1 ppm, H,0 < 0.1 ppm).Ineach cell, 30 pl of
electrolyte solutionwas added using a pipette (Sartorius, 50 pl, BU-50F)
with a100 pltip (Sartorius, 0.5-200 pl). The electrolyte solution con-
sists of 1 M LiPF, (>99.9%, China Duoduo Chem) dissolved in a solvent
mixture of fluoroethylene carbonate (FEC; 299.9%, China Duoduo
Chem) and ethyl methyl carbonate (EMC;>99.9%, China Duoduo Chem)
(3:7by volume), supplemented with 1 wt% lithium difluorophosphate
(LiDFP; 299.9%, Shenzhen Capchem Technology). The salts used were
dried at 55 °C on a hotplate (Thermo Scientific Cimarec+) for 12 h
inside an Ar-filled (=99.999%) glovebox (MBRAUN, MB-Unilab Pro,
0,<0.1ppm, H,0 < 0.1 ppm) before use. All solvents used in electro-
lyte solution were treated by 4 A molecular sieves (beads, 1.6-2.5 mm,
Sigma-Aldrich, -20% in volume) inside the same glovebox for 3 days
before use. The molecular sieves were pre-activated by heating at
350 °Cin amuffle furnace (Carbolite RFH 16/15) for 12 h.

Coin cell testing. Coin cells were cycled at various specific currents
usingalandt CT2001battery tester within defined potential windows.
For standard electrochemical tests, the potential range between 2.7V
and 4.4 Vwas used, while arange of 2.7-4.3 Vwas adopted for long-term
cycling (>200 cycles) to avoid degradation of the electrolyte solution
at cell potentials higher than 4.3 V. For long-term cycling exceeding
500 cycles, the coin cells were disconnected from the tester at around
500 cyclestoreplace the Limetal negative electrodes before continu-
ing the cycling test. This procedure was implemented to evaluate the
intrinsic stability of the positive electrode active material, minimiz-
ing the influence of Li metal electrode degradation, consumption
of electrolyte and corrosion of coin cell cases. To this end, the cells
were carefully disassembled usingan MTIMSK-110 crimping machine
equipped with MSK-160D disassembly die set, inside the argon-filled
glovebox, ensuring an inert atmosphere throughout the process.
The aged Li metal electrodes were detached from the separators and
replaced with pristine Li metal electrodes. Subsequently, new coin
cell cases were assembled following the same protocol as described in
the ‘Coin cell assembly’ section, with the addition of ~20 pl of freshly
prepared electrolyte solution. The assembled coin cells were con-
nected tothe tester and then cycled under the same conditions before
cell disconnection to ‘continue’ the long-term cycling. The specific
capacity and specific current values reported in the article is based
on the mass of the active material in the positive electrode. Unless
otherwise specified, all electrochemical measurements were con-
ducted in a temperature-controlled room maintained at 25+ 2 °C.
Linear sweep voltammetry measurements were conducted to evalu-
ate the electrochemical stability of p(BA-V4D4) in lithium metal coin
cells, using the p(BA-V4D4)-coated Al and uncoated Al as the positive
electrodes. Dataacquisition was conducted using aMetrohm Autolab
PGSTAT204 potentiostat at a scan rate of 1 mV s™, sweeping from the
open cell potential to 5V at atemperature of 25 + 2 °C. To prepare the
p(BA-V4D4)-coated Al, Al discs (10 mm diameter) were coated in an
iCVD coater for 30 min under the same conditions as those for the
Ni90 coating (refer to the iCVD p(BA-V4D4) polymer coating of Ni90’
section).Subsequently, both the p(BA-V4D4)-coated Aland uncoated

Al discs were assembled as positive electrodes in lithium metal coin
cells for linear sweep voltammetry measurements.

EIS measurement. EIS measurements were conducted on the
two-electrode coin cells, with Limetal serving asboth the counter and
reference electrode. The EIS tests were performed at 60% SoC charged
state using aMetrohm Autolab PGSTAT204 potentiostat. A sinusoidal
potential perturbation of 5mV was applied to probe the impedance
response over a frequency range of 0.1 Hz to 10 kHz. To monitor the
electrochemicalimpedance evolution during the cell cycling, EIS meas-
urements were taken at 10th and 50th cycles. The cells were initially
cycledfor3timesat20 mA g and 25 + 2 °Cwith the cell potential range
of 2.7-4.4 Vtofully ‘activate’ the cell. Subsequently, they were further
cycled at 200 mA g under the same conditions. After 9 full cycles,
the cells were charged to 60% SoC at a specific current of 40 mA g for
3 h.Then, the cells were allowed to rest at open circuit potential for8 h
before EIS testing. The EIS data obtained at this stage arereferred to as
the 10th cycle EIS data. After acquiring the EIS data at the 10th cycle,
the same cells were reconnected to the original testers to continue the
cycleat200 mA g7 (2.7-4.4 V,25 + 2 °C) and stopped at the 49th cycle.
The cells were charged to 60% SoC to acquire the EIS data at the 50th
cycle, following the same procedure as for the 10th cycle. The EIS raw
data were fitted using ZSimpWin (v3.6) software with the equivalent
circuit model presented in Supplementary Fig. 15a. The suitability of
the equivalent circuit model and detailed result interpretation are
provided in Supplementary Note 13. All the EIS measurements were
conductedinatemperature-controlled room maintained at25+ 2 °C.

GITT measurement. To monitor the electrochemical Li* diffusion
coefficient evolution during the cell operation, GITT measurements
were performed at the 10th and 50th cycles. The cells were first cycled
3 times at 20 mA g and 25 + 2 °C with the cell potential range of
2.7-4.5V to fully ‘activate’ the cell, and then cycled at 200 mA g™*
(other conditions were unchanged). After 9 and 49 full cycles, respec-
tively, the cycling process was paused to conduct GITT measurements
using the programmed protocol. The data acquired are referred to
as the 10th- and 50th-cycle GITT data in this paper. GITT measure-
ments were conducted following established protocols™*, using Landt
CT2001 testers. The test protocol was as follows: the cell was first
charged ataspecific current of 60 mA g™ to a cell potential of 4.5V, fol-
lowed by constant-potential holding at 4.5 V until the specific current
droppedto10 mA g'. The upper cut-off potential of 4.5 V was intention-
ally selected to exceed the typical cut-off values used in this study (4.3 V
and 4.4 V) to ensure that the subsequent discharge process encom-
passed both4.4 Vand 4.3 Vstates. After charging, a pulse discharge at
20 mA g was applied to the cell for 30 min, followed by 1 h relaxation
period without any current passing through the cell. The cycle, consist-
ing of a pulse discharge and relaxation period, was repeated until the
cell potential was below 2.7 V. The potential raw data during the GITT
testsatthe10thand 50th cycles are presented in Supplementary Fig. 34.
The fitting shows high-quality fitness (Supplementary Fig. 35, with
average R’ for all the fittings being above 0.99) with details and math-
ematical interpretation of the GITT presented in Supplementary
Note 14. Unless otherwise specified, all GITT measurements were
conductedinatemperature-controlled room maintained at25+ 2 °C.

Post-cycling electrodes/active material particle samples
preparation

Post-cycling positive electrodes were collected from Li metal coin
cells after 200 galvanostatic cycles at 200 mA g and 25+ 2°C in the
cell potential range of 2.7-4.4 V, followed by a final discharge to 2.7 V
at20 mA g Thecells, in the fully discharged state, were disassembled
inside an Ar-filled glovebox (MBRAUN, MB-Unilab Pro, O,< 0.1 ppm,
H,0 < 0.1 ppm) using a crimping machine (MTI MSK-110) equipped
with an MSK-160D disassembly die set. The positive electrodes were
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carefully separated from the disassembled coin cell cases and separator
using a pair of tweezers (RSPRO 130 mm) and rinsed in -5 ml of dimethyl
carbonate (DMC; Sigma-Aldrich, battery grade, >99.9%, acid <10 ppm,
H,0 <10 ppm)inaglass beaker. After 10 min, the electrodes were trans-
ferred to another beaker containing -5 ml of fresh DMC. The washing
step was repeated five times. The electrodes were then dried under Ar
atmospherein the glovebox for 30 min to obtain the cycled electrode
samples. For the sample preparation of cycled Li metal negative elec-
trodes for XPS analysis, the procedures are the same as those used for
cycled positive electrodes preparation. To collect the active material
particles, the as-prepared dried electrodes were gently scraped using
astainless-steel spatula. All disassembly, rinsing, scraping and drying
steps were performed entirely inside the Ar-filled glovebox to prevent
fromair exposure.

For post-cycling TOF-SIMS analysis, the cycled electrodes were
sealed in an aluminium-plastic laminate bag inside the glovebox
for transporting them to TOF-SIMS sample preparation. The sample
mounting process was performed under ambient air conditions
with air exposure limited to <20 min counting from the opening of
the aluminium-plastic laminate bag to the close of the TOF-SIMS
sampling chamber. For post-cycling XPS measurements, particle
samples were handled similarly, with air exposure kept below 10 min.
For TEM analysis, particles were dispersed ontoa TEM grid inside the
glovebox and transferred in an airtight glass container sealed with
a plastic lid, limiting air exposure to less than 5 min before loading
into the TEM chamber. For TXM and XAS experiments, the cycled
electrode active materials were sealed with Kapton filmin an Ar-filled
glovebox and transported in anairtight Ar container to the beamline.
During sample preparation for data acquisition, the materials were
exposed to ambient air for approximately 1 h (TXM) and 20 min
(XAS), respectively.

HEXRD

The in situ HEXRD tests of the bare and nanocoated Ni90 positive
electrodes were conducted at the l11beamline, Diamond Light Source.
The beam energy was 15 keV (1 = 0.493168 A). During the in situ experi-
ments, both bare and nanocoated Ni90 electrodes were charged in
Li metal cells between 2.8 V and 4.3 V at 20 mA g using a Neware
battery tester. The cells were prepared by a modified procedure
available in literature®® (more details of cell assembly can be found
in Supplementary Fig. 36). The wavelength and peak shape param-
eters were refined against a Si standard and are provided for each
fit. Rietveld refinements of the in situ HEXRD diffraction patterns
were performed using the GSAS-Il software for the calculation of
the lattice parameters. The specifications for Rietveld refinement
of insitu HEXRD can be found in Supplementary Note 15. To address
the splitting of in situ HEXRD peaks observed for bare Ni90, two sets
of phase parameters (H1and H2) were used to achieve the optimal fit-
ting. Ex situ XRD measurements were performed using awavelength
of 0.82411A.

TXM tests

Full-field TXM experiments were performed at ID30-Transmission
X-Ray Microscopic Beamline of High Energy Photon Source (https://
cstr.cn/31138.02.HEPS.ID30). To ex situ analyse the cycled Ni90 parti-
clesamples, both bare and nanocoated Ni90 positive electrodes were
subjected to 200 charge-discharge cycles at arate of 200 mA g in Li
metal coin cell configuration withina potential window of 2.7-4.4 V at
25+2°C, followed by discharge to 2.7 V at20 mA g™ The preparation
details of the sample can be found in the ‘Post-cycling electrodes/
active material particle samples preparation’section. The cycled active
material particle samples were sealed with Kapton filmin an Ar-filled
glovebox (99.999% Ar filled, O, < 0.1 ppm, H,0 < 0.1 ppm) for trans-
portation within an airtight Ar container for TXM experiments (the
samples have been exposed to air for ~1 h). The TXM datasets were

reconstructed, registered and fitted using aspecialized software pack-
age, TXM-Wizard**. The visualization and quantification of the 3D and
2D TXM results were obtained using the commercial Avizo software
(2025 version; ThermoFisher Scientific). The energy calibration of the
TXM-XANES measurements was performed using a Ni foil reference
measured concurrently under identical beamline conditions.

XAS measurements

Ni K-edge XAS spectra were collected in the transmission mode. XAS
data of metal foils and other reference materials were also collected
in the transmission mode for bulk X-ray energy calibration and data
alignment. Data processing was performed using the ATHENA software
package. XAS measurements were performed on Ni90 particle samples
at pristine (before electrode fabrication) and cycled state (cycling and
sample preparation details can be foundin the ‘Post-cycling electrodes/
active material particle samples preparation’ section). The cycled
active material particle samples were sealed with Kapton film in an
Ar-filled glovebox (99.999% Ar filled, O, < 0.1 ppm, H,0 < 0.1 ppm) for
transportation within anairtight Ar container to the beamline for XAS
experiments (the samples have been exposed to air for ~20 min). The
edge energy values (£,) for bare and nanocoated positive electrode
samples before and after cycling were determined from the inflection
point of the mainrising edge, corresponding to the second peakinthe
first derivative of the normalized XANES spectrum.

Crack simulation

The finite element simulation of crack was performed using a
phase-field fracture model on four irregularly shaped particles as
representative elements (Supplementary Fig. 37). The simulation
details are elucidated in Supplementary Note 16.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding authors on reason-
able request. Correspondence and requests for materials should be
addressedto G.C.or Q.L.
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Extended DataFig. 1| The fracture phenomena for NCM without and with
polymer grain boundary nanocoatings of various Young’s moduli (0.4,1,
5 MPa). The mean surrounding pressure on particles (denoted as P, induced by

0.36 GPa

Nanocoating,
5 MPa

Nanocoating,
1 MPa

Nanocoating,
0.4 MPa

Bare .

initiation

Crack initiation mean stress

0.43 GPa

initiation

lithium-ion insertion) required for crack initiation are 0.35,0.43, 0.50, and

0.93 GPafor NCM without nanocoating and with nanocoatings of polymers with
Young’s modulus being 0.4, 1, and 5 MPa, respectively. When P exceed these
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microcracks. Albeit the particles are the same, crack-onset P varies depending on
the stiffness of the nanocoating polymers. Without the polymer nanocoating, the
critical value of P is 0.36 GPa (the bottom row); once exceeding this value, cracks
areinitiated, propagated and branched in nanoseconds. A soft nanocoating

0.5 GPa 0.93 GPa Fractured

initiation 1
0.8
_-‘- 0.6
-) - |
0.2
0
|

-y

initiation

)

polymer with a Young’s modulus of 0.4 MPa does not help particles resist
cracking with the P slightly increased to 0.43 GPa (the third row from top). When
the Young’s modulus of the polymer increases to1 MPa, crack nucleation is
delayed to alarger P of 0.5 GPa (the second row from top). When the Young'’s
modulus of the nanocoating polymer is increased to 5 MPa, the particles are
almost intact even when P rises to 0.93 GPa (the top row). While the further
expansion of particles leads to some damage on boundaries, the damaged area
remains small, which s distinct from the cases with much lower Young’s modulus.
These results demonstrate that nanocoatings with polymers of higher Young'’s
moduli effectively suppress intragranular cracking in NCM particles.
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Region 2, ~1.5 ym depth

Extended Data Fig. 2| TEM and EDS mapping on different regions from the mixed elements (O, Si, Mn, Co, Ni), Si, and Ni (from left to right). Note that the Si
surface to the core of asecondary particle of nanocoated Ni90. a, The sample, element from the moiety of p(BA-V4D4) can serve as a signature element for the
prepared using the FIB technique, showing the three regions selected for TEM polymer nanocoating.

and EDS analysis. b-d, TEM images (left) and corresponding EDS mappings for
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Extended Data Fig. 3 | Bulk Ni K-edge XAS and EXAFS analyses of bare and
nanocoated Ni90-based positive electrodes before and after galvanostatic
cyclingin lithium metal coincellsat200 mA g'inthe2.7-4.4 Vcell
potentialrange at 25 + 2 °C.a.Normalized Ni K-edge XANES spectra of

four representative samples: bare fresh, bare cycled, nanocoated fresh, and
nanocoated cycled, compared with NiO and LiNiO, references. Successful
normalization is confirmed by the consistent pre-edge baselines approaching
0 and post-edge plateaus approaching1across all spectra, ensuring reliable
comparison of edge and white-line (WL) positions. b. Enlarged XANES results of
bare fresh, bare cycled, coated fresh, and coated cycled samples, highlighting
the edge position shift upon cycling. The enlarged edge region (inset) shows that

Radial distance (A)

the edge energy values (E,) shift from 8341.8 eV (bare and nanocoated fresh) to
8342.0 eV (coated cycled) and 8342.9 eV (bare cycled), indicating increased Ni
valence after cycling. c. Enlarged pre-edge region (-8330-8336 eV) attributed to
1s >3 dtransitions and d. Fourier-transformed k*>-weighted EXAFS spectra of the
four samples. The Ni-O and Ni-TM peaks remain well-defined for nanocoated
samples, while bare cycled samples show dampened amplitudes, indicating more
pronounced structural disorder. The ‘fresh’ state means the particle samples
prior to cell assembly. Meanwhile, the ‘cycled’ state means the active material
particles collected from positive electrodes that have been cycled in Li metal coin
cells for 200 cycles at 200 mA g and 25 + 2 °C in the cell potential range of
2.7-4.4V, followed by a final dischargeat20 mA g to 2.7 V.
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Extended Data Fig. 4 | Ex situ post-mortem surface analyses of the cycled (d) Ni90-based active material particle samples. e-f, TOF-SIMS 3D images of the
Ni90-based positive electrodes. The ‘cycled’ state means the electrode/active PO~ (products from electrolyte decomposition) and NiO, /PO” overlay 3D images
material particles collected from positive electrodes that have been cycled in ofbare cycled (e) and nanocoated cycled (f) Ni90-based positive electrodes.
Li metal coin cells for 200 cycles at 200 mA g and 25 + 2 °C in the cell potential Note that the NiO, signals are from the bulk Ni90 material and therefore
range of 2.7 - 4.4 V, followed by a final discharge at 20 mA g t0 2.7 V.a, b, TEM represent the bulk component. g, TOF-SIMS depth profile of NiO,” (bulk),
images with corresponding Fluorine (F) EDS elemental mappings for the bare PO and LiF, (electrolyte decomposition products) acquired from the bare
cycled (a) and the nanocoated cycled sample (b). ¢, d, High resolution TEM cycled and nanocoated cycled positive electrodes. The results reveal decreased
images of the surface regions and local inverse Fast Fourier Transformation surface degradation in nanocoated samples. h, A schematicillustration of the
(iFFT) images of the marked areas for the bare cycled (c) and nanocoated cycled suppressed crosstalk mechanism enabled by the polymer nanocoating.
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Extended DataFig. 5| Application of shape-memory polymer nanocoating of capacity at the final cycle to that at the first cycle (excluding the initial three
for cyclability enhancement of single-crystal NCM83 (SC-NCM83) and formation cycles at 20 mA g™). b, Capacity retention rate of Li | Inanocoated LFP
LiFePO, (LFP) in Li metal coin cell configuration. a, capacity retention rate andLi| |bare LFP coin cells over 400 cycles between 2.7t04.2 Vat 600 mA g™
of Li | Inanocoated SC-NCM83 and Li | [bare SC-NCM83 over 40 cycles between and 25+ 2 °C. Theretention rate values are calculated using the first specific
2.7t04.3Vat100 mA gand 25 + 2 °C. The retention rate values are calculated discharge capacity at 600 mA g™, by taking the ratio of capacity at the final cycle
based on the first specific discharge capacity at 100 mA g™, by taking the ratio to that at the first cycle (excluding the initial three formation cycles at 20 mA g ™).
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