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Improving the reaction kinetics of LiNiggMng;C010, is of great importance
for realizing batteries with both high energy and power density. The promotion
of electrochemical kinetics, i.e. exchange current density of LiNig sMng1C0010,
materials, is a significant strategy. Because there is great variation in exchange
current density of different crystal facets, it is critical to fundamentally
understand the intrinsic exchange current density of crystal facets for design-
ing high-rate electrode materials. To quantitatively analyze the intrinsic
exchange current density of six representative crystal facets on
LiNig sMng 1Coq 10, particles, we develop a quantitative single-particle method
based on the combination of the electrochemical impedance spectrum and
three-dimensional geometric reconstruction on the single-particle scale. Here
we show, compared to the exchange current density of (003) facet of
LiNip gMng 1C00 10, particles, interestingly, the exchange current density of
(201) facet exhibits a 25-fold higher value (-1.50 mA/cm?), which is used to guide
the nano-structure design of anisotropic core-shell LiNip gMng ;Coq 10, particles
with improved rate performance (500 cycles) at discharge rate of 10 C (6 min).

In the increasing market of electric vehicles, it is urgently required to
substantially promote the power and energy density of lithium-ion
batteries (LIBs) for achieving fast charging and long mileage'. Some
positive electrode materials, particularly LiNig.gMng;C0¢10>
(NMCS8L11), are considered as the emerging materials for high energy
density. For realizing both high energy and power density capabilities
of LIBs, it is critical to improve the kinetics of ion intercalation reaction
of both positive electrodes and negative electrodes if the electrode
thickness is remained®. As a result, increasing the intrinsic electro-
chemical kinetics of NMC811 materials is one of strategies to release
higher capacity at high rate**, in term of reducing the polarization of
porous electrodes®.

To achieve the goals, in NMC811 particles, promotion of the
electrochemical kinetics, i.e., exchange current density (jo), is one of
the significant approaches because j, substantially influences the
deintercalation/intercalation rate of Li-ion across the particle-

electrolyte interface’. For example, the porous electrode using
NMCI11 particles with an exchange current density ~1.5 mA/cm? pre-
sents a discharge capacity ~104 mAh-g™ at 5 C, while the one with an
exchange current density ~0.6 mA/cm? delivers a discharge capacity
~-85mAh-g™ at 5C (at the similar electrode thickness)®. To rationally
increase the j, of NMC8I1 particles, it is essential to fundamentally
analyze each jo(racer) (defined as the ji of the facets on the particle scale
in this work) of representative facets on the NMC8I1 surface, because
Jjo of NMCS8I1 particles is understood as the statistical analysis of all the
representative joracery ON the particle surface (Fig. 1). Compared with
the electrochemical method upon macroscopic porous electrodes
(known as the electrode scale for statistical analysis of aggregated
NMCS8I1 particles), measurement of the electrochemical kinetics on a
single particle scale is considered the powerful base to analyze the
Jo(racer) in @ more accurate way?®. Several electrochemical methods have
been developed for quantitatively studying the charge transfer kinetics
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b Experimental identification of joracer) fOr quantitative kinetics of six representa-
tive crystal facets using single-particle measurements.

at the single-particle scale. For example, scanning electrochemical cell
microscopy (SECCM) is used for determining the exchange current
density of single LiFePO, particles at different discharge states’, and it
could be also used to map the activity of crystal facets via reducing the
diameter of the micropipettes'®. In addition, fluorescence spectro-
scopy is helpful to investigate the activity of active particles, and TiO,
nanorods could be scanned to study both electron- and hole-driven
photoelectrocatalytic activities under illumination". Although the
characterization of electrochemical kinetics of a single particle has

been well established to date'>, there is still a great challenge to
identify the quantitatively joacer) for crystal facets, because it is diffi-
cult to recognize the facet types of each particle.

To overcome such bottlenecks, here we report a quantitative
single-particle electrochemical method (Fig. 1). In a typical operation,
the electrochemical impedance spectra (EIS) of six single-crystalline
particles were experimentally analyzed, followed by three-dimensional
(3D) geometric reconstruction of each particle to measure the surface
area for six representative crystal facets. Following the calibration of
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crystal facets, the corresponding intrinsic joacery Of €ach crystal facet
on the NMCS8I1 particle surface is identified. The quantitative results
suggest that the (201) facet of NMC8I1 exhibits the fastest kinetics for
Li* intercalation, and the rate of 1.50 mA/cm? is 25-fold higher than that
of the (003) facet (rate -0.06 mA/cm?). By understanding such a
principle, we have proposed a NMC811 particle with an anisotropic
core-shell nanostructure to get rid of the reaction between the slowest
(003) facet and electrolyte. The as-assembled LIBs deliver high-rate
performance (144 mAh g™ over 500 cycles at a discharge rate of 10 C),
which is enhanced compared to the isotropic NMC811 materials.

Results and discussion

Quantitative identification of joacer) fOr each crystal facet
Porous electrodes composed of active particles are widely applied in
commercial LIBs". The active particles act as the basic reactive units
and their electrochemical properties determine the performance of
the LIBs"™. To clarify the exchange current density (jo) on the different
scales, three types of j, (or ip) have been defined and their relations are
provided in Fig. 1a. On the porous electrode scale, the exchange cur-
rent density (olectrode)) iS the sum of the exchange current of all the
active particles (ip(particley ON the particle scale) per unit projection area
of porous electrode (Fig. 1a). The corresponding relation between the
electrode scale and particle scale could be described as

jO(E]ectrode): E iO(ParticIe) /S(F_lectrode) (1)
Allparticles

where Sgiectrode) iS the projection area of porous electrode. The inter-
facial reaction rate of active particles is associated with the exposed
crystal facets'*™". On the particle scale, ioparicle) represents the total
current density of all the exposed crystal facets jogacery Of @ single
particle.

n

; — i A
IO(ParticIe) - Z S(Facet)’O(Facet)
i=1

(03

where Sacer) is the geometric area of a specific crystal facet on the
particle surface, the superscript i represents the different crystal
facets. Therefore, characterization of jorace), i-€., the absolute value of
current density of cathodic reaction or anodic reaction at the unit area
of crystal facet in the equilibrium state, of different crystal facets is
significant in the reasonable design of crystal facets. These values are
critical to guide in enhancing the rate performance of LIBs.

To measure the intrinsic electrochemical kinetic parameters of
JoFacery advanced nanotechnologies were combined as shown in
Fig. 1b. Specifically, powder X-ray diffraction (XRD) was initially per-
formed for analyzing the main crystals of NMC811 particles (Fig. 2a).
Subsequently, high-resolution transmission electron microscope
(HRTEM) was carried out for determining the typical crystal facet of
one slice cut from a single particle (Figs. 1b, 2c-2d). Furthermore,
single-particle electrochemical impedance spectroscopy (EIS) was
used for calibrating the iyparicie) (Fig. 2b) of each NMC811 particle.
Furthermore, three-dimensional reconstruction of the corresponding
particles was performed via tomographic scanning of the sliced par-
ticles (Supplementary Fig. 1). Thereby, the surface areas of each crystal
facet on the single particle could be calculated (Figs. 1 and 2e). Using
the as-established single-particle measurements on six particles,
Joracery Of six representative crystal facets with distinct atomic
arrangements of NMC8I11 particles were acquired (Figs. 1a and 2f).

The corresponding experimental results of the six particles are
presented in Figs. 2a-2e and Supplementary Fig. 1. The single-particle
EIS curves were fitted using an equivalent circuit model (ECM). In such
amodel, R represents the resistance in the loops, Rct and CPEcy refer
to the interfacial charge transfer process, and W refers to the Warburg

diffusion process (Fig. 2b). The parameters of each component in ECM
and measured ip(particie) are listed in Supplementary Table. 2. According
to the results, there is great difference in various ip(particie), because the
exposed crystal facets on each particle surface are diverse.

The crystal facets with consistent atomic arrangement are marked
with the same color in Fig. 2e. To determine the area of each exposed
facet (either rough or smooth) from the three-dimensional recon-
struction images, two methods were used, i.e., measurement of pro-
jection areas of the facets and measurement of the surface areas of the
facets (the area in a three-dimensional space). These two methods are
schemed in Supplementary Fig. 2, and the corresponding measured
areas for each particle facet are listed in Supplementary Table 3. The j,
of the crystal facets was calculated using these two area values, and the
obtained results were then converted into the error bars in Fig. 2f.
Figure 2f displays the experimental measured jiogacery Of the repre-
sentative crystal facets. The joo3) is 0.06 mA/cm?, much smaller than
Jo(racery Of the other crystal facets. Among these six types of crystal
facets, the largest value is obtained from jo.or) (1.50 mA/cm?), i.e., a 25-
fold higher value than joo3). Since the goal is to develop a method for
measuring the joracery Of NMC811 positive electrode (rather than all of
Joracery Of NMC8I11 positive electrode), a certain number of NMCS811
particles are selected. Because the selection of particles is random, the
results of the selected NMCS8I1 particles are sufficient to exhibit the
Joracer) Of the six representative crystal facets. Note that the other low-
index crystal facets of NMC811 positive electrode without identifying in
the characterization, such as (110) facet, may be ignored in the identi-
fication. As is known, the NMCS8I1 particle exhibits a hierarchical
structure with an alternating cycle of transition metal and Li atom layer.
The angles between the (003) facet and other crystal facets, i.e.,
regarded as the angle between transition metal layers on each facet,
were displayed in Fig. 2f. Note that the larger angle with the transition
metal layer leads to larger joacer) Of the crystal facet. For Li-ion trans-
port in the NMC lattices, the energy barrier of transport perpendicular
to the (003) is higher than that parallel to (003), which indicates that the
probability for Li-ion diffusion perpendicular to the (003) is smaller, or
known as weak reactivity. In the experiment on the particle scale, EIS
techniques for measuring a quasi-equilibrium state allow for monitoring
the small current signal on the (003) facet, i.e., 0.06 mA/cm? according
to our measurement. Such a value is much smaller than those obtained
on the other facets (> 0.28 mA/cm?). More importantly, these intrinsic
exchange current densities in NMC811 facets are also experimentally
identified in this work. According to the value comparison, such a tiny
value of jiooo3) may be ignored in the experiments using other tech-
nologies beyond particle scale.

To evaluate the reliability of such single-particle measurements
for determining joracen, three additional particles were tested
(detailed data for these three particles is provided in Supplementary
Figs. 3-5). Subsequently, the measured and calculated values for
charge transfer resistance (Rcy) were evaluated, as plotted in Fig. 2g.
The calculated values (Rct) were based on jogacery from different
crystal facets, and the measured values (Rct) were extracted from the
EIS spectra by fitting the equivalent circuit. In these three particles, the
difference between the calculated Rct and measured Rct is within 20%.
In the previous literature, the difference of joiectrode) fOr LIBs is gen-
erally greater than one order of magnitude in value. Therefore, the
values of joracery Obtained from the single-particle measurement here
are experimentally acceptable.

Mechanism of dominated factors in determining joacer) ON

the facets

To clarify the origins of distinct kinetic behaviors on the different
facets, the ion intercalation kinetic is described using an adiabatic
electron-coupled ion transfer model*. In this model, the process of ion
transfer from the electrolyte phase to the solid phase has been
focused. It also involves transport and desolvation of the lithium ions

Nature Communications | (2025)16:10229


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65068-5

a X
:,- Cell prarmeter: a=b=2.8737A c=14.1957A
g‘ Experimental X Calculated Background Error I Standard card
[4]
E i i A A, > 9 P4 A X,
1 rn (] L} L] L1} [} o nn m
T T T T T T T
1 2 4 7
0 0 30 0 2 T?\Oeta/" 60 0 80 90
b 120
o R Rer Charge transfer resistance (Rcr)
. v O Measure EIS
—— Fited EIS
£ CPEcr ~24 H
N ~24 Hz ~24 Hz ~36 Hz ~24 Hz z
v / /
o 1 v VI
0 60 120 600 1200 0 60 120
c The back: @ The back: @ The back: @
d
€ = AC —.Types and areé of crystal facets (s)
w003 019 ©F) o2 it ’ (201) o e
E 2o 17 (0o3) 7 (11 (003) Taisy 1 I 10%3)(011)
K] C®) v (003)163 = (101) T oos) - 012 Fo1
g, T omneo )y %, (A12),.x = (014)201)102) I(oﬁg) ) &
T (111)(101) = (113) (112X113)014) o (102) (102)1
WL (13) 11 - I (021) IV ——=T== v (112 (0
®20 @66 PO20@H66 O ®®®@®®®Number®®®@®®®® ®o06d6 6 @@@@@@@
f ge Measured jyeacey Of the six particles » 9 Validation of three additional particles
S 80 8 60F T
1.0k AN e @ ‘ y =N
g / \‘\\5 ----- ) E’ 8 c A=1.2%
Loat PN < = 40
£ -] T0E 5
g / ) &«
.50-1 3 ¢ 2
/ lO(Pamcle) Z S(Facet).]O Facet g 20r A=19.7% A=5.4% Calculated Rgr
¥/ =l b F " = Measured Ry
0.0k A : .
003) @00 (104) 13 (102) N Particle-VII Particle-VIIT Particle-1X

Facet

Fig. 2 | Experimental measurement ofjoacer) Of different crystal facets in single
NMCS811 particles. a The XRD of NMC8I1 positive-electrode material. b The single-
particle EIS of six particles (the values for all elements in the equivalent circuit and
the numerical errors are provided in Supplementary Table 2). ¢ The SEM of six
particles (scale bar: 2 um). d The HRTEM of six particles. e The types and area of

crystal facets of six particles (the error bars origin from two methods of calculating
area). f The joracen Measured by single-particle measurements and the angle
between these crystal facets and (003) facet. g Comparison of the measured and
calculated Rt of additional three particles.

in a heterogeneous electric double layer, and electronic interactions
between the solid surface and the lithium ions. The latter factor, i.e.,
electronic interactions, assists in the desolvation process via partially
occupying the valence orbital and thus reducing the charge of the
lithium ion. The ion transport in the bulk phase of the host material is
not considered in this model”*. In this model, the ion transport in the
bulk phase of the host material is not considered, and the single-
electron description is used while the electron correlation effects are
ignored in the Model Hamiltonian®**. The description of electrode-
electrolyte interface is based on the continuum model and the effects
of cathode electrolyte interphase (CEI) are not considered. Recently,
Bazant et al.”>* developed a nonadiabatic coupled ion-electron

transfer theory. The key difference between the Bazant’s theory and
the present model lies in the consideration of electronic interactions,
which are revealed to be an important factor in understanding the
different kinetics at different facets.

In the adiabatic electron-coupled ion transfer model, potential of
zero charge (PZC) affects the potential of crystal facets (@racer), and
thus the distribution of electric field near the crystal facets. The elec-
tronic interaction between Li* and crystal facet (defined as Ag) affects
the charge of lithium ions. These two factors (PZC and Ap) are the
essential parameters to calculate £, using the above model (Supple-
mentary Fig. 6). Currently, there is not a general theoretical expression
for PZC and it cannot be accurately calculated or measured.
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Fortunately, PZC is proportional to the work function (WF), and
therefore, the WF of each crystal facet was put into the electrical
double layer (EDL) model to calculate @g,cec according to Eq. (3):

¢Facet =E Positive—electrode — WF/ € (3)

where Epositive-electrode (VS. Vacuum) acts as a reference potential which
is taken according to the potential of the NMC811 positive electrode.
Supplementary Fig. 7 presents the Ag, WFs calculated by DFT (the
atomic coordinates are provided in Supplementary Data 1), w;;", and A
calculated by the EDL model of the six crystal facets. Note that a typical
cross-sectional view of the EDL model was simulated by Comsol
Multiphysics 5.6, as shown in Supplementary Fig. 8. Also, the data for
fitting the Ao of six crystal facets are given in Supplementary Figs. 9-14.
According to the transition state theory, joacer) is correlated with £, as

i _ pref

in |JoFacet, | Ea—Ea @)
ref kg-T
JoFacet)

ref ref . .
where JoFacet) and E3~" are the exchange current density and acti

vation barrier of a reference facet-(003) facet, respectively. Adopting
the form of Eq. (4) avoids the uncertainty associated with the pre-
exponential factor in the Arrhenius equation. Figure 3b presents the
ratios of joo3)ljo03) Joonlo©o3), Joaoayljowos) Joarzjowos) joaoz/

ef

Jooz), and joaon/jocoos), in Which jocos) is considered as the j, Facet,-

The trend of measured ln(io(Facet)/jg?Ffacet)) with crystal facets in Fig. 3b

is consistent with the calculated (£ {ff-Ea) (Fig. 3c), indicating that the

adiabatic electron-coupled ion transfer model for ion intercalation
reaction could be used to accurately describe the kinetics of crystal
facets. In the model, different crystal facets are characterized by
different WFs and electron interactions with Li*. Supplementary Fig. 15
presents the calculated £, based on the actual WF of the six crystal
facets when wy;* and Aq are set as 0.1eV and 0.2 eV, respectively.
Supplementary Fig. 16 presents the calculated £, based on actual Ag of
the six crystal facets when w;;" and WF are set as 0.1eV and 3eV,
respectively. To clearly display the relationship between experimental
values and calculated values, the data were replotted in Fig. 3d, where

the measured ln(io(Facet)/jg?Ffacet)) and calculated (EQEf-Ea) are set as

horizontal and vertical axes, respectively. There is a linear relationship

ref

between the calculated (E3~" -£,) and measured In(io(Facet)/j(r)(eFfacet)),

which indicates that the WF is an important factor in determining
Joracer)- Note that WF affects the intensity of electric field near the
solid-liquid interface, and thus it also impacts the potential distribu-
tion in the EDL. A larger WF results in a weaker electric field, larger A,
and larger E,. A similar linear relationship between measured

ln(iO(Faceo/j(r)ﬁ:facet)) and calculated (Egef-Ea) based on Ag is also

observed, as shown in Fig. 3e, which suggests that both WF and Ao
determine the jiogacer- According to the model, stronger electron
interactions lead to smaller E,. Thus, the slope of the fitting line in
Fig. 3d is 0.083, which is larger than 0.039 in Fig. 3e. Comparison of
these two slopes implies that WF is the dominant factor in determining
the intercalation rates of Li ions for different crystal facets on the
NMCS8I1 particles. Note that both values of slope in Fig. 3d and Fig. 3e
are in the same order of magnitude with 1/kg-T (0.025), which indicates
that the obtained values of WF and A, are reasonable.

Application of jogacer) toward nanostructural design of a high-
rate NMCS8I11 electrode

Based on the understanding of the electrochemical kinetics on dif-
ferent facets, we have proposed a nanostructural design for NMC811

materials, which enables both high-capacity and high-rate capabilities
simultaneously. Figure 4a shows the schemes of two typical NMC811
electrodes assembled with two types of NMC8I1 particles, i.e., iso-
tropic NMC811 agglomerate with arbitrary distribution of crystal facets
and anisotropic core-shell NMC811 with anisotropic arrangement of
the outer shell. The (003) facet of NMC811 positive electrode is per-
pendicular to the c-axis, which represents the direction of interlayer
stacking. Under the synthesis conditions of isotropic NMCS8I1
agglomerate, due to weak interlayer forces, the (003) facet tends to be
parallel to the exposed surface of particle during the growth of crystal
and forms a large basal plane. Thus, the isotropic NMC811 agglomerate
is known as the common commercialized agglomerated particles that
were used for high-capacity NMC8I1 positive electrode, and the latter
anisotropic core-shell particles are the high-rate NMC811 materials
with remained high-capacity ability because the solid-liquid interface
created by the kinetically slowest (003) facet is mostly avoided.
Figure 4b and c exhibit the SEM images of these two kinds of
uniform NMCS8I1 particles. Figure 4d shows the HRTEM image, SEM
image, and corresponding schematic diagrams of an isotropic
NMCB811 agglomerate after focused ion beam (FIB) slicing. To
manipulate the rate capability, the size of agglomerate particles plays
a significant role in Li* transportation in the porous electrode and Li*
diffusion in the solid active particles, and meanwhile the charge
transfer kinetics on the particle surface of exposed crystal facets is
also critical. As shown in Supplementary Fig. 17, the sizes of the
agglomerate particles of the two samples are similar, and thus the
effects of the former would be similar. As a result, the effects of
latter, i.e., the charge transfer kinetics on the particle surface, would
be more sensitive. According to the results of BIB and energy dis-
persive spectrometer (EDS) analysis (Supplementary Fig. 18 and
Supplementary Fig. 19), the Ni, Co, and Mn elements are found to be
uniformly distributed within the two types of positive electrodes.
The corresponding electrochemo-mechanical simulation indicates
the stress distribution of the pristine and fully charged particles
(Supplementary Fig. 20 and Supplementary Fig. 21). In the isotropic
NMC811 agglomerate, the stress was found to be uniformly dis-
tributed in the particles upon fully charged (Supplementary Fig. 20).
In the anisotropic core-shell nanostructure, on the other hand, its
primary particles are slightly smaller than that in the isotropic
agglomerate (Supplementary Fig. 20). More importantly, the
electrochemo-mechanical simulation results suggest that the stress
of anisotropic core-shell nanostructures is likely to be distributed in
the particle center after being fully charged. Such simulated results
imply that the anisotropic core-shell nanostructure would be more
stable upon cycling owing to less strain variation in the shell regions.
Accordingly, Fig. 4f and Supplementary Fig. 22 present the com-
parison of cycling performance (low-charge (0.5 C)/fast-discharge
(10C)) for anisotropic core-shell NMC811 and isotropic NMCS8I1
agglomerate (the average result of 5 samples). After 500 cycles at such a
high rate, the anisotropic core-shell NMC811 is more stable than the
isotropic NMC8I1, with a capacity retention ratio of greater than 80%.
Supplementary Fig. 23 shows the rate performance of the electrodes
assembled with two kinds of NMCS8I1 particles (isotropic agglomerates
and anisotropic core-shell nanostructures). Figure 4g shows the bat-
teries with intermediate values among the five samples, and the corre-
sponding voltage profiles are shown in Supplementary Fig. 24. The
capacity of electrodes assembled with anisotropic core-shell nanos-
tructures is higher than that of electrodes with isotropic agglomerates.
The anisotropic core-shell nanostructure exhibits a capacity of
144 mAh-g? at 10 C during the first cycle, while the isotropic sample
exhibits only a capacity of 67 mAh-g™ at the same rate. As is expected,
both NMC8I1 electrodes exhibit similar capacities at 0.1 C because they
are essentially the same NMC811 material with high-capacity storage and
delivery. As the discharge rate increases, the electrochemical kinetics
determines the capacity of the electrode. Because the diffusion
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Fig. 3 | Determination of factors that dominate the kinetics of the crystal
facets. a Schematic diagram of electrochemical double layer model at NMC811-
electrolyte interfaces. b, ¢ The measured In(io(raceo/j(rfgacet)) and calculated (F {ff-fa)
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j(r)?Facet)) and the calculated (£ 5ef-£a) with considering the effect of electron inter-
actions, and the schematic diagram of the effect of electron interactions on E,.

pathways for Li* ions are prone to parallel to the (003) facet (with lower
energy barriers for Li* diffusion), the anisotropic core-shell structured
NCMBSI1 particles exhibit increased Li* diffusion rate in addition to
improved reaction kinetics at the solid-liquid interface. Both of these two
factors could contribute to promoted rate capacity in the anisotropic
core-shell structured NCM8IL. As a result, the polarization of electrode
with small interfacial impedance is still at a low level, and thus the ani-
sotropic core-shell electrode reaches the cutoff voltage later than the
isotropic sample. Therefore, Fig. 4h also shows the comparison of

charge and discharge voltage curves of the two electrodes at 10 C. The
state-of-the-art for the high-rate NMC8I1 electrodes from the literature is
listed in Fig. 4i and Supplementary Table 4 (coin-type cells
compared)®*?. It suggests that the as-designed NMCS8I1 electrode of
anisotropic core-shell nanostructures here highlights specific advan-
tages in capacity at high rates because of the minimized presence of
solid-liquid interface created by the kinetically slowest (003) facet. These
results also promise a platform to achieve advanced lithium-ion batteries
(LIBs) with both high-power and high-energy densities.
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Fig. 4 | Application of joacer) toward designing high-rate NMC811 positive
electrode via minimizing the presence of solid-liquid interface created by the
kinetically slowest (003) facet. a Schematic diagrams of two kinds of electrodes
using agglomerates with isotropic structure and anisotropic core-shell structure.
b, ¢ SEM images of NMC811 particles with isotropic structure and anisotropic core-
shell structure. d, e SEM and HRTEM images of isotropic NMC811 agglomerates and
anisotropic core-shell NMC811 agglomerates. f Long-term cycle performance of
anisotropic core-shell NMC811 electrode and isotropic NMC811 electrode (slow

charge at 0.5 C/fast discharge at 10 C and 1 C =180 mA-g™). g Rate performance of
the cell assembled by NMC811 agglomerates with isotropic structure and aniso-
tropic core-shell structure. h The charging and discharging curves of the cell
assembled by NMC811 agglomerates with isotropic structure and anisotropic
core-shell structure at 10 C. i Comparison with the rate-performance and capacity
retention of other interface-modified NMC811 reported in the literature (the
source of the literature data shown in this figure can be found in Supplementary
Table 4).

In summary, a quantitative single-particle method was developed
to identify the intrinsic electrochemical kinetic parameter-j, of dif-
ferent crystal facets of NMC8I1 particles. The joror) Shows the largest
value of 1.50 mA-cm™, which is 25-fold larger than jo(o3). According to
an adiabatic electron-coupled ion transfer model, the difference in the

WF and electron interactions between crystal facet and Li* lead to the
difference in the kinetics of the crystal facets. Based on such under-
standing, we have designed an anisotropic core-shell nanostructure for
NMCS8I1 positive electrode material to avoid the solid-liquid interface
created by kinetically slowest (003) facet. This positive electrode
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material exhibits a capacity of 144 mAh-g™ at 10 C, which is more stable
and higher than that of the isotropic NMC811 positive electrode
material. This work provides a way to investigate the kinetics of crystal
facets and design positive electrode materials with both high-capacity
and high-rate capabilities.

Methods

Preparation of Positive Electrode Material

The single crystal LiNipgC00;Mng;0, (NMCB8I1) is obtained by high-
temperature sintering of NipgMng;C0oo1(OH), precursors. At first,
NiSO4-6H,0 (Aladdin, >99.9%), CoSO47H,0 (Aladdin, >99.9%) and
MnSO45H,0 (Macklin, >99.9%) were added into deionized water
according to the desired atomic ratio to form an aqueous solution
containing 2 mol/L of metal ions. 5mol/L NaOH solution used as the
precipitation agent and 3 mol/L ammonia used as a chelating agent were
separately added to the previous mixed salt solution with continuous
stirring under an N, atmosphere. The environment temperature of co-
precipitation operation was controlled at 40 °C and the pH was 10.5.
After the washing, filtering, and drying steps, the hydroxide precursor
was mixed with LIOH-H,0 (Aladdin, >99.9%) according to the mole ratio
of Li: M was 1.05:1. The mixture was preliminarily annealed at 500 °C for
5h, and subsequently calcined at 750 °C for 48 h in an O, atmosphere.
Finally, the single-crystalline NMCS8I1 particles were obtained. The
agglomerates NMC811 positive electrode with isotropic structure was
obtained by using Nip sMng 1C001(OH), precursor which was synthesized
under fast stirring in pH of 12 at 50 °C. After being mixed with LiOH-H,0,
the precursor was calcined at 730 °C for 10 h under O, flow. To prepare
the agglomerates NMCS8I11 positive electrode with anisotropic core-shell
structure, the spherical NipgMngCoq1(OH), precursor was synthesized
in two steps. Firstly, a small amount of precipitant is added to allow the
precursor to nucleate under fast stirring in the pH of 12 at 50 °C. Sec-
ondly, add precipitants gradually to allow precursors to grow under slow
stirring in a pH of 10.5 at 50 °C. Afterward, the reaction was allowed to
continue for 48 h. Finally, the anisotropic core-shell structure NMC811
positive electrode was synthesized through the high-temperature solid-
phase reaction. To investigate the effect of pH changes on the distribu-
tion of transition metal elements, the two types of agglomerates were cut
using the broad ion beam (BIB). The corresponding cross-sectional SEM
images and the EDS of two samples indicate that the Ni, Co, and Mn
elements are uniformly distributed within the two types of positive
electrodes (Supplementary Fig. 18 and Supplementary Fig. 19).

Fabrication of the coin cell

The coin half-cells (LIR2032 with stainless steel spring) were assembled
by using the NMC8l1-based positive electrode, lithium metal (Aladdin,
>99.9%) negative electrode, and Celgard 2325 separator with the thick-
ness of ~20 pm. The lithium metal negative electrode with the thickness
of 1 mm and diameter of 14 mm was scraped using a knife to remove the
oxide layer before use. 1M LiPF¢ in ethylene carbonate (EC) / ethyl
methyl carbonate (EMC) (1:1, by wt) was used as the electrolyte (pur-
chase from Aladdin). The electrolyte was stored in a glove box filled with
dry Ar gas and kept at a temperature of 20 °C +1°C. The NMC-based
positive electrode consists of 85wt% active material, S5wt% poly-
vinylidene fluoride (PVdF) (Macklin, 299.9%), and 10 wt% carbon black
(Aladdin, 299.9%). The thickness of aluminum current collector (Wuxing
Aluminum Co., Ltd., 299%) is 12 um. Firstly, the powder mixture was
dispersed in n-methyl pyrrolidone solvent (NMP) (Aladdin, 299%) and
mixed in an agate mortar in air at 20 °C +1 °C. Then the obtained slurry
was coated on the aluminum foil by doctor blading at a 60 pm wet
thickness. The coated sheets were dried under the dynamic vacuum at
80 °C for 10 h, after which it was punched into 12 mm diameter elec-
trodes using coin cell electrode punching machine. And then cylin-
drically rolled at 150 MPa, and finally further dried under the dynamic
vacuum at 80 °C for 12 h. The fabrication of coin cells was carried outin a
glove box filled with Ar gas (the concentrations of water and oxygen are

below 0.1 ppm). During the assembly of coin cells, sufficient electrolyte
should be added to ensure that the electrodes are completely saturated.

Measurement of the coin batteries

The assembled coin batteries (~30 um and 6.3 mg-cm?) were settled
for 5h and then were tested using a battery charged/discharged
equipment (CT-4000, Neware Technology Limited). The battery
charged/discharged equipment is located in a room with air con-
ditioning running and the environment temperature is maintained at
20°C+1°C. The testing steps are as follow. The coin batteries were
pre-cycled for an initial two cycles at 0.1 C rate between 2.5 and 4.5V
(1C=180mA-g™). For the long-term cyclic test, the cells (electrode
thickness~10 pm and 2.1 mg-cm?) were subjected to the same pre-
cycle, then was cycled for 500 cycles (with a protocol of 0.5 C charging
to 4.5V and 10 C discharge to 2.5 V). The specific capacity is obtained
by dividing the total capacity of coin cell by the mass of positive
electrode material.

Measurement of exchange charge density of different facets
(iO(Facet))

Firstly, X-ray diffraction (XRD) analysis was carried out on NMC811
powder. The cell parameters of the material were obtained from the
refined XRD pattern. The standard angles between various crystal
facets can be obtained from the reconstructed NMCS8I1 crystal
structures. Secondly, several images of a defined particle were taken
from various viewpoints in a scanning electron microscope (SEM)
equipped with a focused ion beam (FIB). It aims to record the geo-
metrical features of the particle, and these SEM images can be used
later to assist in the identification of the facets. Afterward, a small
portion at the edge of the particle was excised for high-resolution
transmission electron microscope (HRTEM) characterization to
identify one to two crystal facets. It is important to record the face of
the particle corresponding to the crystal facet characterized by the
HRTEM. In the HRTEM operation, crystalline axis alignment was per-
formed according to the routine HRTEM tuning method. Then, the
specific lattice stripes that were parallel to the particle edge profile
were selected. Note that additional particles should be employed if
the specific lattice stripes with the aforementioned feature could not
be acquired (Caution: more particles might be repeated in the HRTEM
experiments to achieve the goal). In the following operation, the TEM
sample was rotated along the axis in the direction of the lattice stripe
until the exposed facet was almost perpendicular to the observed
angle, and thus the rotation angle was recorded. The exposed crystal
facets were identified by matching the rotation angles acquired from
HRTEM with the standard angles from XRD. The accuracy of mea-
sured angles using such a rotatable sample holder depends on the
shape of the samples (e.g., flatness of exposed facets) and the profi-
ciency of the tester (Caution: more attempts might be required in
the HRTEM experiments to achieve the goal, and the errors in the
obtained angles would influence the identifying accuracy of
the facets). In the case that the angles between a given crystal facet
and multiple crystal facets is very close, more possible facets may be
identified and such uncertainty could be addressed via introducing
three-dimensional (3D) construction of the particle. Compared to the
established approaches in the previous studies**, the method in the
present study is a feasible way to capture the information from an
arbitrary facet that is not perpendicular to the zone axis. Thirdly, the
particle was welded to a resin-coated tungsten probe to prepare a
single-particle electrode using the SEM equipped with FIB®. The pro-
cess that is accomplished by using a deposition and FIB etching
procedure during the single particle electrode preparation process,
the coating layer on the tip of the tungsten needle was first removed
by ion beam, and then, the NMC8I11 particle was welded with the
needle by sputtering Pt. It is worth noting that under the premise of
ensuring the welding strength, the area of the exposed tungsten
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needle and the deposited Pt must be as small as possible to avoid
interference with the electrochemical measurement. The single-
particle electrode was subjected to electrochemical impedance
spectroscopy (EIS) measurement using a three-electrode system.
Firstly, all the pristine NMC81lparticles were scanned at 0.05mV-s™
via one cycle in the electrode potential range OCV~4.0V (vs. LilLi*)
prior to electrochemical impedance measurements, with purpose of
cleaning the particle surface. Then, the particles were delithiated to
3.5V with a current of 0.1 nA. At this potential, the pristine arrange-
ment of atoms could be largely reserved, and meanwhile the blocking
behavior could be partially eliminated since the voltage platform of
NCMSI1 positive electrode is higher than 3.6 V. The charge transfer
resistance of the particle ((Rct)particle) Was extracted from the EIS by
fitting an equivalent circuit and the exchange current of the particle
(io(particie)) Was obtained using the following equation:

RT

T S — 5
FRe ©)

Lo(particle) =

where R is the gas constant, T is the temperature, n is the number of
electrons transferred in the reaction, and F is the Faraday constant.
Due to the small charging voltage, there is almost no pronounced CEI
formed on the surface of positive-electrode particles, and thus the
resistance of CEl is not considered®. As a type of ultra-microelectrode,
the single-particle electrode generates an extremely small current, and
therefore the IR drop of the electrode and the concentration
polarization of electrolyte to be neglected. In addition, only a small
stimulation signal of 5mV is applied during the EIS measurement,
which further reduces the current that travels through the entire
single-particle electrode. Therefore, the position of W-tip, i.e., changes
in the resistance of different facets, will not significantly affect the
measurement results. The entire electrode system was shielded from
vibration and electromagnetic interference. Fourthly, the single-
particle electrode is cleaned by immersion in acetonitrile after testing
to remove residual electrolytes. The single-particle electrode is then
transferred to an SEM equipped with FIB for 3D reconstruction. The
area of each facet and the angle between every two facets were
recorded by measuring the 3D reconstructed image of the particle.
These angles were further matched with the standard angles from XRD
to identify the types of exposed facets (Caution: more attempts should
be repeated if any exposed facet is not well matched during this
calibration process). Finally, the areas and types of each facet of the
individual particle were obtained. It is assumed that the different
crystal facets of a particle do not interact with each other when the
reaction occurs. The relationship between these facets is equivalent to
the parallel relationship in a circuit. Therefore, the exchange current
density for each facet (joacery) can be obtained using the following
equation:

nF 1

nF&~ .
RT Z SEFacet)IIO(Facet) = RT Lo(particle) = (6)
i=1

(Ret)particle

where S(acer) iS the area of facet and i represents different facets. It is
essentially an inverse step when calculating the (Rct)particle USing the
JoFacen- Firstly, the type and area of each crystal facet of a defined
particle were identified using single particle measurements. Afterward,
the ioparticiey Was calculated using the Eq. (6). Finally, the (Rcr)particle
was calculated by Eq. (5).

There are defects in the crystal structure as well as uneven areas
on the surface of the NMC811 positive electrode. This feature is com-
mon in commercial crystalline materials®*. The defects and uneven
areas may lead to some deviations between the measured jioacery and
the real joacer)- Note that the use of single-particle measurements to
investigate the kinetics of crystal facets remarkably reduces the

difficulty of the preparation of samples, and this method is highly
feasible and robust.

Electrochemo-mechanical model

The stress distributions of NMC811 particles with two types of struc-
tures under different Li* concentrations were simulated by Comsol
Multiphysics 5.6. A simplified chemo-mechanical model was employed
to simulate the electrochemo-mechanical stress distribution in differ-
ent particle structures. In such electrochemo-mechanical model, the
agglomerate particles assembled with primary particles were assumed
to be homogeneous, and these agglomerate particles were assumed to
present a uniform feature, with different characteristics according to
the anisotropic crystal orientation. Meanwhile, the effect of volume
expansion induced by lithium-ion intercalation on the mechanical
stress distribution was considered. However, the impact of mechanical
deformation on the diffusion process is not considered. In the bulk
particle, the electrochemo-mechanical coupled equations could be
used to determine the stress distribution and anisotropic expansion, as
shown in Egs. (7) and (8).

E Eacy;
Ox= 5 (Etre) - l—i/l (7)
E
%=1—73 (g, +vey) (8)

where expansivity «a is partial molar volume of Li atom, which can be
also used to describe the expansivity of grains in the particles. F and v
are Young’s modulus and Poisson ratio of grains in the particles,
respectively. The parameters values of the electrochemo-mechanical
model are a=1.23 x 10° m*mol™, =140 GPa, v=0.2166". In the small
part of boundary of secondary particle, the fixed support was applied
and free boundary is applied on the others. The coordinate
transformation was used to simulate the different orientation of the
primary particles, as shown in Eq. (9).

& cos 6

Lﬂ:[ex i ®
where 0 is used to describe the angle of the primary particle. In the
anisotropic core-shell structure NCM8I1 particle, the 6 of primary
particles in the shell were selected in order as shown in Supplementary
Fig. 21, and the 6 of primary particles in the core were selected
randomly. In the isotropic structure NCM8I11 particle, on the other
hand, the 6 of all the primary particles were selected randomly. Finally,

the effect of stress on the ion diffusion has been evaluated using
Eq. (10):

M
1l

10

™| Q

The results showed that the largest deformation of NMC8I1 lattice
caused by the stress in the particle was <0.03%. Therefore, the effect of
stress on ion diffusion could be ignored in this case.

Calculation of E,

The expression of E, is based on the microscopic Hamiltonian model
established by Huang’® for dealing with hydrogen reactions in alkaline
media. In contrast to the hydrogen reactions, the molecules that make
up the solvation shell have no charges for the intercalation reaction.
The work that is required to move solvent molecules in the electric
field is zero. The commonly used lithium salt (LiPF¢) in LIBs is sup-
posed to be completely ionized in the electrolyte. Therefore, the
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equation of E, can be simplified as:

_ A+egn+w- )

1
42 an

Ea + Ee(AO)r
where 1is solvent reorganization energy, ey is the elementary charge, n
is the overpotential. Typically, wy;" is the electrostatic work consumed
in moving Li* from the bulk solution to the transition state, which can
be obtained from an established EDL model’. E.(A) is the part of
electronic interaction and is described as:

effy 2
EE(AO)%—Q—,‘; ln<l+ (%)) )

eff
a

12)

& RE,, 13)
where g, is the energy of Li 2 s orbital and A is the integral strength of
electronic interaction, which can be calculated using a DFT-

parameterized model as®®:

Pas= L A (14)
2T 2, 2 5’

Tie—( +A)] +A?

where A and A are the chemisorption functions, p,s is the DOS of 2's
orbital of Li near the surface of a target facet, and €'=¢,-2Aq-eo¢p in
which €, denotes the energy of the 2s orbital of the Li atom, q is the
number of charges, and ¢ is the electric potential.

A=Y Vil mpi(e), (15)
k

where k means the s, p, and d bands of facet, |V[* is the strength of
electronic interactions exerted by different bands, and py is the DOS of
different bands.

Azlp/ 8 g (16)
b €—¢

where 2 is the Cauchy principal part. Note that p, adopts the value at
the Fermi level and |V,J* adopts the value at 1nm for different bands
when calculating Ag using Eq. (15).

Calculation of A
The A adopts the form in the derived hybrid quantum-classical
model*’:

1= )2 — () — M) + (H)y

17
3 17)

The H" represents the Hamilton operator of inertial (slow) part
corresponding to the nuclear polarization of the two-stage Debye
charging approach. The subscript numbers imply the elements of the
square matrix in the second order. Meanwhile, the 1 and 2 show the
physical implication of initial and terminal states during the charge
transfer process. The H" can be calculated using the following equation:

(Hm)ij =(H)ij - (Hoo)ijr (18)

The H” represents the Hamilton operator of non-inertial (fast) part
corresponding to the electronic polarization of the two-stage Debye
charging approach. The (H); and (H"); can be obtained from the EDL
model. The EDL is controlled by the simplified volumetric Gibbs free-
energy density functional. In this model, the volume effect of the
species within EDL is considered.

Calculation of (H)™
The (H); and (H”); can be expressed as:

(H); = / ,0,,dS, - / 07,345 19)

W)=~ [ 95055~ [ #or yds; 20)
where ¢ is the electrical potential, g is the surface charge density, and S
is the area. The subscript I and F represents Li* and crystal facets
respectively. Note that og is determined by the electrical potential of
crystal facets which is kept constant during the reaction. Therefore the
last term in Egs. (19) and (20) is zero.

The (H);; and (H");; can be obtained from an EDL model established
by Huang et al.*°. In this model, the volume effect of the particles is
considered. The EDL is controlled by the simplified volumetric Gibbs
free-energy density functional

~ e 1 sinh(pEP)\ | 1 N!
f=eop(Ne = Ny) — =3 f*Ns'rI(W)*B'“W'

B
@n

where ey is the elemental charge, N is the number of particles, ¢.. is the
non-inertial optical component of dielectric constant, E is the electric
field, p is the dipole moment of the electrolyte solvent, and g is the
inverse thermal energy. The subscripts ¢, a, and s of N represent
cations, anions, and solvent molecules. The N. and N, are determined
by the electrochemical potential in the EDL which is equal to the
electrochemical potential in the bulk of electrolyte

a%c ) (a%c>bu,k

af _ < af )
aNa aN(l bulk
Meanwhile, N=N.+ N, + N.

The free-energy density function is submitted to variational ana-
lysis, which leads to the Euler-Lagrange equation in terms of ¢:

(22)

(23)

(24)

Thus, the double layer on the electrolyte side is governed by the
modified Poisson-Boltzmann equation in which the volume effect of
the particle is taken into account. In the bulk of electrolytes, the ¢ is set
as 0, which is defined as a reference potential. On the surface of par-
ticles, the potential (¢,,p) Of the facet is determined by the work
function (WF) of crystal facet and the potential of NMC811 positive
electrode (Epositive-electrode) as EQ. (23):

¢Facet = ECathode - WF/eO (25)

The Epositive-electrode 1S S€t as 5.3 V (vs. vacuum).

Material characterizations

The microstructure of the samples was characterized by field emission
SEM (Helios Nanolab G3 UC) and TEM (Jem-2100F Jeol). The micro-
structure of crystal facets was characterized using a cryogenic scan-
ning transmission electron microscope (cryo-STEM) (JEM-1400Flash
(HC) 120KV). The phase composition of the samples was characterized
by XRD (BRUKER D8 Series). The agglomerate size of NMC811 positive
electrode with isotropic structure and anisotropic core-shell structure
was analyzed using a laser particle size analyzer.
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The EDS sample preparation

The two types of NMCS8I1 positive-electrode materials with isotropic
structure and anisotropic core-shell structure were prepared as thin
porous electrodes. After cutting using BIB, the porous electrodes were
transferred to a SEM for EDS analysis.

Cryo-STEM sample preparation

The NMCS8I1 single particle was cleaned with acetonitrile after being
tested and then transferred into a FIB-capable SEM using an Ar gas-
filled vessel. After cryo-sectioning in FIB, the slice was transferred to
cryo-STEM for characterization. The samples were only briefly
exposed to air during installation in the SEM and Cryo-STEM.

Design and fabrication of the three-electrode single-particle cell
The three-electrode system adopts a single-particle electrode as a
working electrode, lithium metal as a counter electrode and the
reference electrode®. The working electrode consists of a resin-coated
tungsten needle welded with a single crystal NMCS8I1 particle, a pro-
cess that is accomplished by using a deposition and FIB etching pro-
cedure during the single particle electrode preparation process. The
coating layer on the tip of the tungsten needle was first removed by ion
beam, and then, the NMC8I1 particle was welded with the needle by
sputtering Pt. Note that the area of the exposed tungsten needle and
the deposited Pt must be as small as possible to avoid interference with
the electrochemical measurement under the promise of ensuring the
welding strength. 1M LiPF¢ in ethylene carbonate (EC) / ethyl methyl
carbonate (EMC) (1:1, by wt) was used as the electrolyte (purchase from
Aladdin).

Electrochemical measurements

The measurement of EIS spectra and charge in the three-electrode
single-particle battery was carried out on the electrochemical work-
station (VersaSTAT 3 F) equipped with VersaSTAT LC. The EIS mea-
surement was performed in the frequency range from 10°Hz to 10 Hz
(7 points per decade). A voltage of 10 mV was selected as the pertur-
bation signal for EIS measurements. Prior to the single-particle EIS
measurement, the NCM8I1 particle surface were pre-cleaned with one
cycle of cyclic voltammetry (CV) at a scan rate of 0.05mV-s™ in the
electrode potential range OCV-4.0V (vs. LilLi*). Then, the particles
were charged to 3.5V with a current of 0.1 nA. After completing the CV
treatment, the open-circuit potential of single-particle electrode was
measured. When the change in open-circuit potential is less than10 mV
within 30 min, the EIS measurement was performed. Therefore, the EIS
measurement is conducted under quasi-stationary potential condi-
tions. All the single-particle electrochemical measurements were per-
formed in a glove box with an Ar atmosphere (the concentrations of
water and oxygen are below 0.1 ppm), and the devices were placed in a
vibration-free and electromagnetic-shielded environment. The glove
box is located in a room with air conditioning running and the envir-
onment temperature is maintained at 20 °C +1°C.

The DFT calculation

All computational simulations conducted in this work are based on
the density functional theory (DFT) framework, with specific calcu-
lations implemented through the Vienna Ab initio Simulation Pack-
age (VASP). For the description of the exchange-correlation
potential, the generalized gradient approximation proposed by
Perdew, Burke, and Ernzerhof-referred to as GGA-PBE-is adopted. To
handle the interactions existing between ion cores and valence
electrons, the projector augmented-wave (PAW) method is utilized
throughout the entire calculation process. A fixed plane-wave cutoff
energy of 500eV is set to ensure the accuracy of the electronic
structure calculations. For the structural relaxation of the given
models, the relaxation process is continued until two key con-
vergence criteria are satisfied: first, the Hellmann-Feynman forces

acting on each atom are reduced to a value smaller than —-0.02 eV/A,
and second, the variation in the total energy of the system is mini-
mized to less than 10°eV. During the structural relaxation stage, the
Brillouin zone is sampled using a I'-centered k-point grid with a mesh
density of 2 x 2 x 1. Additionally, to avoid the occurrence of spurious
interlayer interactions caused by the periodic boundary conditions, a
vacuum layer with a thickness of -40 A is introduced in the direction
perpendicular to the material surface.

Data availability

The authors declare that all data are available in the main text or the
supplementary materials, and the Source Data is provided with this
manuscript. Source data are provided with this paper.
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