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Fast charge storage kinetics by surface engineering
for Ni-rich layered oxide cathodes†

Jiacheng Wang, ah Zhenyu Zhang,f Weitao He,a Zhixuan Wang,acd Suting Weng,d

Quan Li,g Xuefeng Wang, ad Suelen Barg,hi Liquan Chen, abcd Hong Li abcdefg

and Fan Wu *abcde

ANi-rich (Ni content$ 80%) layered oxide (NRLO) cathode is a promising candidate for boosting the energy

density of Li-ion batteries due to its high discharge voltage and capacities over 200 mA h g−1. However,

hindrance to Li transport due to limited Li-vacant sites, NiO-like rock-salt structures and resistant surface

Li residuals restricts its practical electrochemical performances. Herein, controlled water treatment was

applied to modify the surface crystal structure and chemical environment of LiNi0.83Co0.11Mn0.06O2

(NCM83), which improved Li transport kinetics within NCM83 lattices and across cathode/electrolyte

interfaces. Li–H2O interactions during water treatment caused chemical de-lithiation at the NCM83

surface and induced Li migration from the bulk to the surface of NCM83, facilitating the construction of

Li-vacant layered structures at the NCM83 surface after a heat treatment in an oxygen-rich environment.

dQ/dV vs. V curves revealed that surface Li vacancies promoted Li migrations in the NCM83 lattice at

a low state of charge (SOC), improving the reversibility of the H1 phase transformation of NCM83 and

hence boosting the reversible capacity. Additionally, the concurrent removal of Li residuals on the

NCM83 surface by water treatment also ameliorated Li transport across cathode/electrolyte interfaces

and prevented side reactions induced by Li2CO3 decomposition, enhancing the rate performance and

cycling stability of NCM83. NCM83 with Li-vacant surface layered structures and the lowest Li residual

content displayed a high 1st cycle reversible capacity of 212.8 mA h g−1 (coulombic efficiency of 94.9%)

and capacity retention of 89.4% over 100 cycles.

1 Introduction

Ni-rich (Ni content $ 80%) layered oxide (NRLO) cathode
materials are known for their high capacities and low cost,

which make them promising candidates for boosting the
driving range of electric automotives.1–4 As the Ni content
increases, the open-circuit voltage at a given Li concentration of
NRLO decreases, which means high capacities can be achieved
over a narrow voltage range.5,6 However, unstable Ni3+ ions lead
to narrow stability windows of NRLOs. The reduction of Ni3+

ions to Ni2+ causes Li/Ni mixing due to the similar ionic radii of
Ni2+ (0.69 Å) and Li+ (0.76 Å),7 which triggers structural recon-
struction from layered to rock-salt phases.8 Ni ions in Li layers
reduce the interlayer spacing and act as pillars, which impedes
Li migration within the NRLO lattice and degrades the kinetics
of electrochemical reactions.9,10 To minimize Li/Ni mixing and
compensate for Li loss during NRLO synthesis, extra Li
precursors are used, which leads to the formation of Li residual
compounds such as Li2O, LiOH and Li2CO3 on the NRLO
surface. These Li residual compounds have low electronic and
ionic conductivities, leading to increased charge transfer
resistance at the cathode/electrolyte interface. Moreover, Li2CO3

decomposes at high voltages into CO2 and active singlet 1O2 to
induce electrolyte decompositions and growth of cathode/
electrolyte interface (CEI) layers, further reducing the charge
transfer kinetics.11,12 In addition, H2O in air induces chemical
delithiation of NRLOs and formation of more Li residual
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compounds in an ambient environment.13–18 Studies show that
the formation of Li residuals during ambient storage is
accompanied by the reduction of Ni3+ to Ni2+ which potentially
leads to the formation of rock salt phases at the NRLO surface,
impeding Li diffusion and degrading electrochemical perfor-
mance of NRLOs.17–20

Another crucial factor determining the kinetics of electro-
chemical reactions is the diffusion of Li ions within an NRLO
lattice. It has been proposed that Li ions migrate in NRLOs
following a tetrahedral site hopping (TSH) mechanism where
the migrating Li ion jumps from one octahedral site to another
vacant octahedral site via an intermediate tetrahedral site.8,21

High migration barriers to Li diffusion at low SOC (∼3.4–3.7 V
vs. Li/Li+) are caused by the absence of Li divacancies and high
electrostatic repulsions.21,22 The hindered Li diffusion in turn
results in suppressed H1 phase transformations and increased
irreversible capacities.21,22 On the other hand, the reversibility of
H1 phase transformation can be enhanced when Li-decient
phases are formed aer the 1st charge/discharge cycle due to
increased Li vacancy concentrations and expanded interlayer
spacing, which facilitates Li diffusion.25 At high SOC (4.1–4.3 V
vs. Li/Li+), Li diffusion rate degrades due to contraction of
interlayer spacing and increased valence states of transition
metals as the space of the intermediate tetrahedral site is
reduced and the electrostatic repulsion between migrating Li
ions and neighbouring cations is increased.8 Therefore, H3
phase transformation of NRLOs at high SOC is also inhibited by
hindered Li diffusion. Moreover, slow Li diffusion creates a Li
concentration gradient within the NRLO lattice and hence,
variations in lattice parameters, which in turn causes internal
lattice stress and micro-crack formation in NRLO particles.26

Electrochemical reactions at low and high SOC are further
suppressed due to cracking of NRLOs, which is a major reason
for capacity fading over cycling.27

Li residuals at the NRLO surface have been removed by
washing with water, ethanol28 and acid29. While water is more
effective in dissolving Li2O, LiOH and Li2CO3, it has been shown
to extract Li ions from the NRLO lattice due to Li–H exchange,
creating highly resistive NiO-like surface layers which substan-
tially increase the interfacial impedance and deteriorate battery
performances.30–32 Other studies have shown improved electro-
chemical performance aer water exposure.33,34 However, Li
residuals are not sufficiently removed, or advantageous surface
structure reconstruction is not achieved by their methods.

Herein, LiNi0.83Co0.11Mn0.06O2 (NCM83) was subjected to
controlled water washing treatment. By minimizing the
washing time and controlling the water/NCM83 ratio, Li-vacant
surface layered structures were constructed and the Li residual
content was reduced, leading to improved electrochemical
performances of NCM83. Analysis of dQ/dV vs. V curves revealed
that the reversibility of the H1 phase transformation was
apparently enhanced aer water washing, which signicantly
increased the 1st cycle reversible capacity. Detailed character-
ization corroborated that Li–H2O interactions during water
treatment followed by heat treatment in an oxygen-rich envi-
ronment lead to the formation of Li-vacant layered structures at
the NCM83 surface, which facilitated Li migration in the

NCM83 lattice at low SOC and hence enhanced the reversibility
of H1 phase transformations. Moreover, removal of Li residuals
improved Li ion transport across the cathode/electrolyte inter-
face and prevented side reactions caused by Li2CO3 decompo-
sition, leading to enhanced rate performance and cycling
stability of NCM83.

2 Results and discussion

Pristine NCM83s (NCM-S0) were subjected to water-washing
and humid-air exposure treatments in this study. NCM83s
that went through water-washing treatment with NCM83 : water
ratios of 1 : 0.5, 1 : 1.5 and 1 : 2 are denoted as NCM-W1, NCM-
W2 and NCM-W3, respectively, while those exposed to 77%-
humidity air for 1.5 and 18 hours are denoted as NCM-A1 and
NCM-A2, respectively. The concentration of Li residuals for
different NCM83s was measured using HCl titration as shown
in Table 1. The concentrations of LiOH and Li2CO3 were derived
from measured contents of OH− and CO3

2− groups in the
titrant. It should be noted that LiOH may originally exist on the
NCM83 surface or come from Li2O aer its reaction with water.
The initial LiOH and Li2CO3 contents for NCM-S0 are 0.53 and
0.55 wt%, respectively. As the NCM83 : water ratio decreases,
the concentrations of LiOH and Li2CO3 decrease, indicating
that more LiOH/Li2O and Li2CO3 were removed as the water
content increased. In contrast, humid-air-exposed samples
show a decreased concentration of LiOH and increased
concentration of Li2CO3, indicating that LiOH/Li2O reacted with
CO2 in air to form Li2CO3. The total Li residual content
increases aer humid-air exposure, indicating that H2O–
NCM83 interactions induce chemical delithiation and forma-
tion of more Li residual compounds. The relatively lower
contents of Li2CO3 and total Li residuals for NCM-A2 compared
to those for NCM-A1 are due to the change in environmental
temperature during the measurement.

XRD patterns of different NCM83s reveal a typical a-NaFeO2-
type structure without observable impurity signals (Fig. 1a). The
splitting of (108)–(110) peaks is an indication of layered struc-
tures as those peaks merge in rock-salt phases.35 The closer-up
image (Fig. 1b) shows clear splitting of (108)–(110) peaks for all
samples. The separation between (108) and (110) peaks (DQ) is
sensitive to the degree of chemical delithiation of LiNiO2 as
shown by ref. 36 and follows a linear relationship with the ratio
between lattice parameters c and a (c/a).37 For a hexagonal

Table 1 Li residual contents of different NCM83s measured by pH
titration

NCM83 LiOH wt% Li2CO3 wt% Total Li residuals wt%

NCM-W3 0.16 0.12 0.28
NCM-W2 0.22 0.15 0.37
NCM-W1 0.21 0.33 0.54
NCM-S0 0.53 0.55 1.08
NCM-A1 0.39 0.93 1.33
NCM-A2 0.23 0.85 1.07
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lattice, c/a ratios can be calculated using eqn (1) based on the 2q
angles of (108) and (110) peaks,

sin2 q = A(h2 + k2 + hk) + Cl2 (1)

where A= l2/3a2 and C= l2/4c2. The plot of c/a ratios calculated
from eqn (1) against DQ for different NCM83s (Fig. 1c) is tted
well by using a linear function with an R2 of 0.994. The c/a ratios
of water-washed samples vary insignicantly from that of the
pristine sample and reside mostly in the error bars of the
pristine sample, indicating well-preserved bulk crystal struc-
tures aer washing treatment. Meanwhile, the air-exposed
samples show relatively smaller c/a ratios compared to the
pristine sample, indicating a slight degradation of layered
structures. However, the variation of c/a ratios for all samples is
within a small range of 4.9433–4.9455. The c/a ratios and Li
content x of pristine, water-washed and humid-air-exposed
LixNimConMn1−m−nO2 (0.80 < m < 0.88) reported in the litera-
ture are summarized and compared with those of NCM83s in
Fig. 1d. Pristine LixNimConMn1−m−nO2 with an x greater than
0.97 has c/a ratios within a range of 0.9443–0.9470, coinciding
with that of pristine NCM83 (black line in Fig. 1d) in this study,
indicating that pristine NCM83 has layered bulk crystal

structures. Although quite different washing conditions were
adopted in the literature, c/a ratios vary insignicantly, and the
Li content x changes by no more than 0.003 aer water-washing
as shown by ref. 30, 32, 34 and 38. c/a ratios of water-washed
NCM83s (blue shaded area in Fig. 1d) have similar values to
those reported in the literature, inferring that the bulk crystal
structures of NCM83 remain layered aer water-washing in this
study. The reported crystal structures of air-exposed samples
show large discrepancy possibly due to different storage
conditions. NCM811 stored in a closed container for 9 weeks
shows insignicant changes in c/a ratios and minor changes in
x (empty green triangle),38 while that stored in air for 30 days
shows great reductions in the c/a ratio and x (empty black
square).32 As NCM83s were stored in a closed container of
humid air for no more than 18 hours in this study, their c/
a ratios remain high (as shown by the pink shaded area in
Fig. 1d), indicating the retention of layered bulk crystal
structures.

Rietveld renement was applied to NCM-S0 and NCM-W3 to
precisely evaluate the bulk structural change of NCM83 aer
water treatment. The high-resolution XRD patterns were tted
by a rhombohedral crystal structure (space group R�3m) model
where lithium, transitionmetals and oxygen ions occupy the 3b,

Fig. 1 (a) XRD patterns of different NCM83s.4 (b) Magnified image of (108) and (110) peaks for different NCM83s. (c) Relationship between the
calculated c/a ratio from eqn (1) and DQ. (d) Relationship between the c/a ratio and Li stoichiometry x in LixNimConMn1−m−nO2 obtained from the
literature, in comparison with the c/a ratio range for NCM83s in this study (marked by the black line and shaded areas). High resolution XRD
patterns (dark grey) and the corresponding Rietveld refinement analysis (red) of (e) NCM-S0 and (f) NCM-W3. (g) Rietveld refinement results of
NCM-S0 and NCM-W3 showing the lattice parameters, a and c, unit cell volume, V, atomic coordinate of oxygen ions, ZO, and occupation of Ni
ions in Li sites.
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3a and 6c sites, respectively. The occupancies of Co, Mn and O
ions were xed based on cathode stoichiometry and elemental
compositions measured by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) (Table S1†). Renement of
XRD peak shapes, unit cell lattice parameters, atomic coordi-
nates of O ions and occupancies of Li and Ni ions in 3b and 3a
sites was conducted. The tted patterns match well with the
observed ones (Fig. 1e and f). Detailed structural information
obtained from Rietveld renement is shown in Fig. 1g. The unit
cell parameters for NCM-S0 are a = 2.8676 Å, c = 14.1815 Å and
V = 100.99 Å3, and those for NCM-W3 are a = 2.8681 Å, c =

14.1809 Å and V = 101.03 Å3, indicating that the bulk crystal
structure of NCM83 was not changed by water treatment. The c/
a ratios are consistent with those calculated using eqn (1) and
those reported in the literature (Fig. 1d). NCM-S0 and NCM-W3
also have similar oxygen atomic coordinates (ZO) of 0.021 and
0.019, respectively, implying a similar inter-slab thickness. The
occupation of Ni ions in Li sites is 0.021 and 0.019 for NCM-S0
and NCM-W3, respectively, suggesting invariant and low degree
of cation disorder that is benecial for Li diffusion in an NCM
lattice.

The surface morphologies of pristine, water-washed and
humid-air-exposed samples are shown in Fig. 2. The contours of
primary particles become less distinct aer water washing
(Fig. 2b), probably due to the removal of surface Li residuals.
Aer humid air-exposure, thin plate-like and lm-like particles
appear on the surface, which are probably the surface grown Li
residuals.

The electrochemical performances of various NCM83s were
characterized by using NCM/Li half cells at room temperature.
The 1st-cycle voltage proles (Fig. 3a) reveal that pristine
NCM83 (NCM-S0) displays a reversible capacity of 191.1 mA h
g−1 at 0.1C with an initial coulombic efficiency of 87.4%. Aer
water-washing treatment, NCM-W1, NCM-W2 and NCM-W3
show reversible capacities of 208.4, 210.6 and 212.8 mA h g−1

at 0.1C and initial coulombic efficiencies of 93.6, 94.7 and
94.9%, respectively, which gradually increase with increasing
water/NCM ratio. Meanwhile, humid-air exposed samples NCM-

A1 and NCM-A2 also show slightly increased reversible capac-
ities of 196.8 and 197 mA h g−1 at 0.1C and slightly increased
initial coulombic efficiencies of 90.1 and 90.5%, respectively.

The 1st- and 2nd-cycle dQ/dV vs. V curves (Fig. 3b and c)
display the characteristic redox peaks of NRLOs, indicating
phase transformations from hexagonal phase 1 (H1) into
monoclinic phase (M), and then into hexagonal phase 2 (H2)
and hexagonal phase 3 (H3) during delithiation and vice versa
during lithiation.39 It is clearly observed that the increase in
reversible capacity at 0.1C aer water-washing and humid air-
exposure stems from the improved reversibility of H1 phase
transformations at the end of discharge (3.40–3.75 V vs. Li/Li+),
which means that more Li can be intercalated back into NCM
lattices. The larger capacity loss for NRLOs at the end of
discharge is attributed to kinetic hindrances to Li ion diffusion
in the NCM lattice.23,24,27 It has been shown that Li migration in
layered transition metal oxides is predominantly governed by
the tetrahedral site hop mechanism (TSH) where the migrating
Li ion located in an octahedral site passes through a face-
sharing tetrahedral site before reaching an octahedral vacant
site21 (as shown in the schematic illustration in Fig. 3d). The
activation barrier for Li migration is governed by both electro-
static interactions between the migrating Li and neighboring Li
ions or cations and the size of the tetrahedral site.8 For TSH
pathways, the Li migration barrier declines as the concentration
of Li vacancies increases,21 which means that the high occu-
pancy of Li sites at a low state of charge (SOC) escalates the
activation barrier for Li migration and hence impedes Li
intercalation back into NCM lattices. During water-washing and
humid air-exposure treatments, Li–H2O interactions induce
chemical delithiation of NCM83 and create more Li vacancies in
the surface region of the NCM lattice. The formation of Li
vacancies and rearrangement of local structures may lower the
energy barrier to lithium diffusion and create fast Li transport
channels, which facilitates Li migration in the NCM lattice at
low SOC and increases reversible capacities. Since the reaction
between NCM83 and water is milder during humid-air exposure
than during water washing, the exposed samples show less

Fig. 2 SEM images of (a and b) water-washed NCM83, (c and d) pristine NCM83 and (e and f) humid air-exposed NCM83 at different
magnifications.
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enhanced electrochemical reaction kinetics and reversible
capacities in the low-SOC region as compared with the washed
samples. As the concentration of Li vacancies increases in
medium- and high-SOC regions, Li diffusions in all NCM83s are
ameliorated. The kinetics of electrochemical reactions in all
NCM83s are therefore enhanced with high consistency as
shown in Fig. 3b and c. Although Ni ions can migrate into Li
layers during chemical delithiation of NRLOs, it has been
shown that the strong interactions between Ni ions in the Li
layer and O ions can drive the diffusion of Li ions in the nearest
sites of Ni ions.40

As charge/discharge rates increase, the reversible capacity of
NCM83 has strong correlation with the concentration of surface
Li2CO3. At 1C, the reversible capacity decreases with increasing
concentration of Li2CO3 (Fig. 3e), indicating that resistive

Li2CO3 leads to a large charge transfer resistance across the
cathode/electrolyte interface, degrading the rate performance of
NCM83. Fig. 3f reveals the 1st-cycle dQ/dV vs. V curves at 1C for
different NCM83s. The positions of all the characteristic peaks
are summarized in Fig. 3g. It shows that with increasing Li2CO3

concentration, the anodic peaks (solid symbols in Fig. 3g)
experience shis to higher voltages and the degree of shiing
decreases as the SOC increases. In contrast, the cathodic peaks
(empty symbols in Fig. 3g) display shis to lower voltages and
the degree of shiing decreases as SOC decreases. The more
signicant polarization effect at the beginning of charge and
discharge processes is related to the large Li migration barrier
caused by Li2CO3. While Li2CO3 electrochemically decomposes
at an onset voltage of ∼3.9 V, a portion of Li2CO3 is expected to
remain at the cutoff voltage of 4.25 V vs. Li/Li+ used in this

Fig. 3 (a) 1st-cycle voltage profiles for different NCM83s. (b) 1st-cycle dQ/dV vs. V curves for different NCM83s. (c) 2nd-cycle dQ/dV vs. V curves
for different NCM83s. (d) Schematic illustration showing the mechanism of Li diffusion in layered NCM83s. (e) Rate and cycling performance of
different NCM83s. (f) 1st-cycle dQ/dV vs. V curves at 1C for different NCM83s. (g) Summary of the peak positions of electrochemical redox peaks
for different NCM83s shown in (f). (h) Schematic illustration showing the inhibition of Li transfer by Li2CO3 and formation of a space charge layer
and interfacial electric field during charge/discharge. (i) Summary of the peak intensities of electrochemical redox peaks for different NCM83s
shown in (f).
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study.41–43 As charge begins, due to low Li-ion conductivity of
Li2CO3, Li ion transfer across the NCM83/Li2CO3 interface is
impeded and Li ions are accumulated at the NCM83 side,
causing accumulation of electrons at the Li2CO3 side and
formation of a space charge layer (SCL) (Fig. 3h). The gradually
built interfacial electric eld then facilitates Li ion trans-
portation across the NCM83/Li2CO3 interface and mitigates the
polarization effect as charge proceeds. During the discharge
process, Li ion transfer is initially inhibited at the electrolyte/
Li2CO3 interface, leading to Li ion accumulation at the elec-
trolyte side and electron accumulation at the Li2CO3 side

(Fig. 3h). The interfacial electric eld then promotes Li ion
transfer across the electrolyte/Li2CO3 interface and reduces
polarization as discharge continues. Moreover, Li2CO3 has great
impact on the activities of electrochemical reactions. Fig. 3i
shows that the intensities of the characteristic peaks in 1st-cycle
dQ/dV vs. V curves at 1C reduce with increasing Li2CO3

concentration, and the degree of reduction is more signicant
in low- and high-SOC regions. The NRLO cathode suffers from
kinetic hindrance at low- and high-SOC due to the increase in Li
concentration in the NRLO lattice and decrease of interlayer
spacing, respectively.11 Resistive Li2CO3 on the NCM surface

Fig. 4 dQ/dV vs. V curves for (a) NCM-W3, (b) NCM-W2, (c) NCM-W1, (d) NCM-S0, (e) NCM-A1, and (f) NCM-A2 at different cycles.
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enlarges the kinetic hindrance to Li diffusion and hence
inhibits the electrochemical reactions in these regions.

The cycling performance at 1C (Fig. 3e) shows that the
capacity retention rates over 100 cycles for NCM-W3, W2, W1,
S0, A1 and A2 are 89.4%, 92.7%, 88.2%, 92.4%, 93.6% and
91.9%, respectively. Fig. 4 further reveals that dQ/dV vs. V curves
shi more signicantly over 100 cycles as the concentration of
Li2CO3 increases, indicating that surface Li2CO3 increases the
overpotential over cycling and degrades the cycling stability of
NCM83. This can be attributed to the exaggerated side reactions
between Li2CO3 and electrolyte over cycling, as Li2CO3 decom-
poses at high voltages to create singlet oxygen, facilitating
further electrolyte decomposition and accumulation of resistive
compounds such as LiF, Li2O, P2O5 and LixPOFy at cathode/
electrolyte interfaces.12,43,44 However, it should be noted that
the H1 phase transformation of NCM-W2, S0, A1 and A2 is
enhanced over cycling, which leads to increased reversible
capacities over cycling and high capacity retention rates. This is
ascribed to the creation of more Li vacancies in the NCM83
lattice due to the irreversible intercalation of Li ions. As Li
vacancies build up and rearrange over cycling, Li diffusion at

low-SOC is enhanced and the reversibility of H1 phase trans-
formation is improved.

Li transport across the cathode/electrolyte interface was
studied by electrochemical impedance spectroscopy (EIS) in
detail. EIS measurements were conducted at ∼3.6 V vs. Li/Li+

during different charge cycles. NCM-S0 and NCM-W3 were
selected as representative samples to investigate the effect of
surface modication of NCM83 on charge transport across the
cathode/electrolyte interface over cycling. The open-circuit
voltage (OCV) of different samples was controlled at similar
values to minimize the inuence of SOC on EIS spectra. The EIS
spectra of NCM-S0 and NCM-W3 at 3.6 V during different charge
cycles (Fig. 5a–d) reveal three semicircles followed by a linear
tail from high to low frequencies. The electrical equivalent
circuit used to t the EIS spectra is shown in Fig. 5b. The
semicircle at high frequency (HF) (>1 kHz) generally describes
Li transport through the cathode/electrolyte interphase (CEI)
layer,45 which is modelled by resistance (RHF) connected in
parallel with a constant phase element (CPE and CPEHF). CEI
layers of NCM-S0 and NCM-W3 display capacitances in the mF
range (Fig. 5a), consistent with that shown by the

Fig. 5 (a) EIS of NCM-S0 and NCM-W3 measured at 3.632 V vs. Li/Li+ during the 2nd charge cycle and fitted by using an electrical equivalent
circuit. (b) Schematic diagram showing the equivalent circuit that describes the ion transport in different regions at the cathode side of Li-ion
battery cells. EIS of (c) NCM-S0 and (d) NCM-W3 measured at ∼3.6 V during different charge cycles and fitted by using an electrical equivalent
circuit. Variations of (e) RHF, (f) RMF and (g) RLF of NCM-S0 and NCM-W3 over cycling.
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LixCo0.2Ni0.8O2 cathode.46 Semicircles within the frequency
range of 10 mHz to 1 kHz correspond to the charge transfer
processes from the electrolyte to CEI and from the CEI to
cathode active materials.45,47 It is difficult to discretize explicitly
different transport and charge transfer processes. The charge
transfer process across the CEI/active material interface for the
LixCo0.2Ni0.8O2 cathode displays capacitances in the order of
mF.46 Therefore, the low-frequency (LF) semicircle modelled by
RLF/CPELF is assigned to charge transfer from the CEI to active
cathode materials, and the middle-frequency (MF) semicircle
modelled by RMF/CPEMF is believed to represent charge transfer
from the electrolyte to the CEI. Rcell at higher frequencies (∼104

Hz) represents the total resistance to Li transport through the
electrolyte and separator. A Warburg element (W) is used in the
lowest-frequency region to describe the solid-state diffusion of

Li ions within cathode particles. Charge transfer across the
anode/electrolyte interface may also contribute to the semicircle
in the LF range.48 As the anode was kept the same for all Li-ion
battery cells, the variation of EIS spectra between different
NCM83 samples is believed to reect the change of Li diffusion
and charge transfer processes at the cathode side due to
cathode surface modication. The tting results of all EIS
spectra are shown in Fig. 5e–g. It is shown that RLF of NCM-W3
is lower than that of NCM-S0 at different cycles, possibly due to
the removal of resistive surface Li residuals and modication of
surface crystal structures (as discussed below) of NCM83 by
controlled water treatment. The relatively larger RLF of NCM-W3
at the 100th cycle is due to the lower SOC of NCM-W3.49 More-
over, NCM-S0 displays much higher RMF compared to NCM-W3
as cycling proceeds, indicating that the high charge transfer

Fig. 6 XPS Li1s spectra of (a) NCM-S0 and (b) NCM-W3. C1s spectra of (c) NCM-S0 and (d) NCM-W3. O1s spectra of (e) NCM-S0 and (f) NCM-W3.
Ni2p spectra of (g) NCM-S0 and (h) NCM-W3. Percentages of chemical components at the surface of (i) NCM-S0 and (j) NCM-W3.
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resistance across the electrolyte/CEI interface is mainly
responsible for the increased polarization over cycling for those
NCM83 samples with high surface Li2CO3 contents. As the
electrochemical decomposition of Li2CO3 generates singlet
oxygen and triggers electrolyte decomposition,11,12,43,44 resistive
species may form on the surface of the initially formed CEI
layer, impeding charge transfer across the electrolyte/CEI
interface. Over cycling, RMF decreases signicantly, likely due
to the reconstruction of the resistive layer to form favourable Li
ion transport pathways. RHF of NCM-S0 and NCM-W3 vary
insignicantly and remain at a low value <10 U over cycling,
which may have insignicant effects on charge transport and
cycling performance of different NCM83s.

To investigate the difference in surface Li residual species
and surface crystal structures between different NCM83s, NCM-
S0 and NCM-W3 were characterized by XPS depth proling for
comparison. The Li1s spectrum of NCM-S0 (Fig. 6a) shows
a single peak at 54.8 eV, indicating the presence of abundant
LiOH/Li2CO3 (ref. 11, 31, 43 and 44) on the NCM-S0 surface.
Aer etching, the concentration of LiOH/Li2CO3 decreases
signicantly (Table S1†) and the signal associated with the NCM
lattice appears at 53.7 eV.12,45 In contrast, the Li1s spectrum of
NCM-W3 (Fig. 6b) reveals two distinctive peaks at 53.3 and
54.8 eV, corresponding to Li in the NCM lattice and surface
LiOH/Li2CO3, respectively. Aer etching, the atomic ratio
between two components varies insignicantly (Table S2†),
indicating the low content of Li residuals on the NCM-W3
surface. The C1s spectra of NCM-S0 (Fig. 6c) and NCM-W3
(Fig. 6d) show two main peaks at 284.8 and ∼289.6 eV, corre-
sponding to adventitious carbon and Li2CO3,30,55 respectively.
The peak at ∼286 eV is assigned to C–O bonds.56 NCM-S0 has
a higher content of Li2CO3 than NCM-W3 (Tables S1 and S2†)
conrming the successful removal of Li2CO3 by water-
treatment. Aer etching, the concentration of Li2CO3 on the
NCM-S0 surface declines while that on the NCM-W3 surface is
retained (Tables S1 and S2†).

The O1s spectra (Fig. 6e and f) reveal more details about Li
residual species and crystal structures at surfaces of different
NCM83s. The peak at 531.7 eV corresponding to LiOH/Li2CO3

(ref. 32, 42, 46, 47, 50 and 51) again corroborates the existence of
more LiOH/Li2CO3 on the surface of NCM-S0 than on that of
NCM-W3. Aer etching, the LiOH/Li2CO3 peak of NCM-S0 drops
considerably and that of NCM-W3 drops and shis to a lower
binding energy of ∼531 eV attributable to defective oxygen at
the surface of Ni-based metal oxides.53 This indicates that
etching removes the small amounts of Li residuals on the NCM-
W3 surface, causing more of the NCM lattice to be exposed.
Furthermore, in the O1s spectrum of NCM-S0, a distinctive peak
appears at 528.5 eV which is assigned to Li2O.48,49,59,60 The
concentration of Li2O decreases aer etching, indicating its
presence at the surface. Fig. 6i shows that Li2O is a major
component of Li residuals on the NCM-S0 surface. Aer water-
washing, they are completely removed as shown by the O1s

spectrum of NCM-W3.
The peaks at 529.6 and 528.8 eV in the O1s spectrum of NCM-

S0 (Fig. 6e) and NCM-W3 (Fig. 6f), respectively, are assigned to O
in the NCM lattice. The different peak positions of lattice oxygen

indicate that the surface lattice structures of NCM-S0 and NCM-
W3 are quite different. The O1s peak at 529.5 eV is commonly
found in NiO and Li0.3Ni0.7O with rock-salt crystal struc-
tures,30,54 inferring that the surface of NCM-S0 is converted to
LixNi1−xO-type rock-salt phases. This is probably caused by
oxygen evolution during high-temperature synthesis, especially
when the oxygen chemical potential in the atmosphere is low.61

As the oxygen vacancy formation energy and oxygen migration
barrier are lower on the surface than in the bulk of NRLOs,
oxygen evolution is more favorable at the NCM83 surface. The
oxidation and evolution of lattice oxygen leave electrons to
neighbouring Ni atoms and provide migration pathways for Ni
atoms.62 Ni3+ ions are then reduced to Ni2+ ions and migrate to
Li layers.62 As the Li stoichiometry at the NCM-S0 surface
decreases to less than ∼0.62,36,37 layered phases are converted
into LixNi1−xO-type rock-salt phases. This process is accompa-
nied by Li2O extraction following eqn (2)37

(1 + x)LiNi3+O2 / Li1−2xNix
2+Ni3+O2 + 1.5xLi2O + x/4O2 (2)

which explains the formation of Li2O on the NCM-S0 surface.
Besides, Li2O may be also generated from the decomposition of
residual LiOH34 which was used as a Li precursor. Some Li2O
may react with O2 to form Li2O2 and evaporate during the
synthesis,63 accounted for as the lithium loss.64 The residual
Li2O and LiOH react with CO2 during and aer the synthesis to
form Li2CO3 on the NCM-S0 surface.

On the other hand, the lattice oxygen peak of NCM-W3 at
528.8 eV is only found in LiNiO2 (ref. 12 and 45) and is close to
that of NRLOs (529 eV) generally seen in the literature,14,30,38,57,58

indicating that the surface of NCM-W3 has a layered structure.
It has been proposed that transition metal carbonate
(-hydroxide) hydrates16 or MO(OH)-like (M stands for transition
metals)31 compounds form on the surface of NRLOs aer
exposure to water. If those compounds were generated during
water treatment of NCM-W3, they should have decomposed to
transition metal oxides at 450 °C during the sequential thermal
treatments.31,65,66 However, the lattice oxygen peaks of spinel or
rock-salt transition metal oxide compounds67–70 do not exist at
such a low binding energy of 528.8 eV. This shows that the mild
washing conditions used in this study prevent the formation of
a resistive NiO-like layer on the NCM83 surface. Instead, Li–H2O
interactions probably extract the Li ions from the outermost
surface and cause Li ions to migrate from the bulk to the
surface,71 replenishing the Li content at the surface. During the
sequential heat treatment in an O-rich environment, Li ions and
vacancies in the surface region are redistributed, resulting in
a surface layer with a Li content exceeding 0.62 and hence,
a layered structure with Li vacancies.

The 2p spectra of Ni show multiplet splitting and shake-up
peaks due to the nal-state effect and charge transfer between
Ni ions and neighbouring oxygen ions.54,72 The main Ni2p3/2
peak of NCM83 can be deconvoluted into two peaks corre-
sponding to Ni2+ and Ni3+ ions, respectively.52,57 The binding
energy difference between Ni2p3/2 and Ni2p1/2 peaks for Ni

2+ ions
in NCM83 is 17.66 eV, coinciding with that for Ni2+ ions in
NiMoO4.73 The concentration of Ni2+ is signicantly higher than
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that of Ni3+ at the surface of NCM-S0 (Fig. 6g and i), conrming
that the surface of NCM-S0 has a LixNi1−xO-type rock salt
structure with predominant Ni2+ ions. On the other hand, the
concentration of Ni3+ ions is similar to that of Ni2+ ions on the
NCM-W3 surface (Fig. 6h and j), indicating the presence of more
layered phases at the surface of NCM-W3. Aer etching, the Ni3+

peaks of NCM-S0 and NCM-W3 grow as more Ni3+ ions are
present in the bulk of NCM83. The shi of Ni2p peaks accom-
panied with etching originates from the reduction of Ni ions by
Ar+ beams.74

The Mn2p spectra of NCM-S0 and NCM-W3 reveal that the Ni
LMM Auger peak centered at 643.6 eV and spanning across
a wide binding energy range of 631.6 to 654.1 eV overlaps with
the Mn2p3/2 peak located at ∼642 eV, leading to a broad peak
(Fig. S1a and b†). Therefore, it is not feasible to deconvolute the
Mn2p spectra to obtain detailed information on the chemical
state of Mn ions. The Co2p spectra of NCM-S0 and NCM-W3
display a signicant multiplet splitting effect (Fig. S1c and
d†). The Co2p3/2 peak centered at ∼780 eV is assigned to Co3+

ions.72,75 As the etching time increases, the peaks become

broadened and the nal state effect becomes more signicant,
leading to more prominent satellite peaks. The Co/Mn
concentrations derived from the peak areas of Co2p3/2/Mn2p1/2

peaks are shown in Fig. 6i and j. The atomic ratios among Ni/
Co/Mn at NCM-S0 and NCM-W3 surfaces are 81/16/3 and 80/
15/5, respectively. These values are consistent with those aer
etching (Tables S3 and S4†), which match well with the theo-
retical stoichiometry of LiNi0.83Co0.11Mn0.06O2.

NCM-S0 and W3 were also characterized by HRTEM to
obtain a clearer view of surface species and crystal structures. A
6 nm-thick amorphous layer is discovered on the surface of
NCM-S0 (Fig. 7a), which is possibly the surface Li2CO3 species.
Underneath the amorphous layer, lattices of Li2O are found,
showing the (012) crystal planes, which matches with the XPS
results. In the inner region, (003) crystal planes of the NCM
lattice are observed with an interlayer spacing of 4.72 Å, which
coincides well with that (4.74 Å) measured by XRD. Fig. 7b
shows that the surface of NCM-S0 is composed of LixNi1−xO-
type rock-salt phases, which again corroborates the XPS
results. The distribution of Ni, Co, Mn and O at the NCM-S0

Fig. 7 HRTEM of (a) NCM-S0 covered by Li residuals and (b) NCM-S0 with LixNi1−xO type rock salt structures at the surface. The line profile
across (c) (012) crystal planes of Li2O at the surface of NCM-S0 and (d) (111) crystal planes of NCM-S0with LixNi1−xO-type rock salt structures. (e–
i) STEM dark field image and EDSmapping of NCM-S0. HRTEM of (j) NCM-W3with a clean surface and (k) a close-up image of the surface crystal
structure in the blue-square region in (j). Line profile across (l) (102) crystal planes of NCM-W3 with layered structures, (m) (006) crystal planes of
NCM-W3 with layered structures, (n–r) STEM dark-field image and EDS mappings of NCM-W3.
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surface is shown by EDS mappings (Fig. 7e–i). In contrast, Li
residual species are not observed on the surface of NCM-W3
aer water-treatment (Fig. 7j). A closer view of the surface
lattice structure (Fig. 7k) indicates that the spacing between
(003) crystal planes expands to 4.84 Å (as compared with 4.72 Å
measured by XRD) and the spacing between (102) crystal planes
contracts to 2.22 Å (2.34 Å measured by XRD). (003) crystal
planes are perpendicular to the lattice parameter c, and the
expansion of the inter-planar spacing indicates an increase in c.
The spacing between (102) crystal planes is affected by both
lattice parameters c and a, and the decreased inter-planar
spacing means contraction in a. It is well known that c
increases and a decreases as the Li content in layered NRLOs
decreases from 1 to 0.6 during electrochemical delithiation, and
the layered structure is maintained.76 Therefore, it conrms that
layered phases with Li vacancies are formed at the surface of
NCM-W3. The distribution of Ni, Co, Mn and O at the NCM-W3
surface is shown by EDS mappings (Fig. 7n–r).

The evolution of surface Li residuals and crystal structures of
NCM83s aer water-treatment and the effects of Li residuals/Li
vacancies on electrochemical performance of NCM83s are
summarized in a schematic illustration (Fig. 8). During water-
washing treatment, surface Li residuals (Li2O and Li2CO3)
dissolve in water. The exposed NCM83 then reacts with water,
leading to minor chemical delithiation at the outermost surface
of NCM83. Li–H2O interactions further induce the migration of
Li ions from the bulk to the surface, replenishing the Li content
in the surface region. By conducting heat treatment in an
oxygen-rich environment aerwards, the surface structure
reconstructed to layered phases with Li vacancies. During

electrochemical de/lithiation, the layered surface structures
with Li vacancies greatly improve the Li diffusion in the NCM83
lattice at low SOC, leading to enhanced reversible capacities at
the end of discharge. In contrast, a surface LixNi1−xO-type rock
salt structure without Li vacancies signicantly impedes Li
diffusion in NCM83 at low SOC, causing large capacity loss at
the end of discharge. Meanwhile, surface Li2CO3 with low ionic
conductivity causes large impedance against Li migration at the
NCM83/Li2CO3 interface, which leads to large polarization and
degraded rate performance. Due to kinetic-hindrance effects at
low and high SOCs, the slow Limigration in Li2CO3 also inhibits
the electrochemical reactions in these regions, resulting in
reduced reversible capacities.

This water treatment method uses an environmentally
friendly solvent to modify the surface chemical environment
and crystal structures of a Ni-rich layered oxide (NRLO) cathode.
Detrimental surface Li residual species are removed within
several minutes under appropriate control of the water to NRLO
ratio. Aer thermal treatment, favorable surface layered struc-
tures with Li vacancies are created, facilitating fast Li diffusion
within the NRLO lattice at a low state of charge. This strategy
allows signicant improvement in battery performance within
a short amount of time at a low cost, showing high potential for
application in battery industries.

3 Conclusions

In this study, LiNi0.83Co0.11Mn0.06O2 (NCM83) was subjected to
controlled water treatment which created Li-vacant layered
structures and removed Li residuals at the surface of NCM83.

Fig. 8 Schematic diagram showing the evolution of surface Li residuals and crystal structures of NCM83 after water-washing, and the effects of
Li residuals/Li vacancies on electrochemical performance of NCM83s.
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The electrochemical characterization revealed that surface Li
vacancies played important roles in boosting Li migration in the
NCM83 lattice, which improved the reversibility of the H1 phase
transformation of NCM83 and hence, the 1st cycle reversible
capacity. Additionally, the removal of Li residuals enhanced Li
ion transport across cathode/electrolyte interfaces and sup-
pressed side reactions induced by Li2CO3 decomposition,
improving the rate performance and cycling stability of NCM83.
Therefore, this facile strategy enhanced Li transport kinetics in
NCM83 through modication of its surface structures and
chemical environment, leading to signicantly improved elec-
trochemical performances.

4 Experimental
4.1 Cathode material preparation

For water-washing treatment, LiNi0.83Co0.11Mn0.06O2 (NCM83)
cathode materials (NCM-S0) were mixed with de-ionised water
at 1 : 0.5, 1 : 1 and 1 : 1.5 NCM83 to water ratios. Themixture was
stirred in an ambient atmosphere at room temperature for a few
minutes. NCM83 was later ltered and dried at 110 °C to remove
the water. Subsequently, the washed NCM83s were annealed in
an oxygen rich environment at 450 °C to obtain NCM-W1, NCM-
W2 and NCM-W3. For humid air exposure treatment, NCM-S0
was placed in a closed container. The humidity inside the
container was controlled at 77% by using a saturated NaCl
solution, and the environment temperature was controlled at
30 °C. NCM-S0 was stored for 1.5 and 18 hours and then dried in
a vacuum oven at 60 °C for 6 hours followed by drying at 120 °C
for 12 hours to obtain NCM-A1 and NCM-A2.

4.2 Materials characterization

4.2.1 Measurement of surface Li residuals. HCl titration
was used to measure the concentrations of Li2CO3 and LiOH on
the NCM83 surface. The titrant solution was prepared by stir-
ring NCM83 powders in de-ionized water for 30 min followed by
ltration. 0.05 mol per L HCl solution was used to titrate the
solution with phenolphthalein and methyl red indicators. The
concentrations of Li2CO3 and LiOH were then derived from the
titrate volume of HCl solution.

4.2.2 Physical and chemical characterization. XRD was
conducted using an XD2 (Beijing Purkinje) with a Cu radiator
(1.54056 Å) at a voltage of 36 kV and a current of 20 mA. The
scanning rate was 8° per minute. For Rietveld renement
analysis, XRD patterns were collected using Bruker D8 X-Ray
Diffractometer. The scan was conducted between 5 and 90
degrees at a step of 0.01 degree. The scanning speed is 0.05
degree per min.

SEM was conducted using a Phenom ProX (Phenom-
Scientic) electron microscope with an acceleration voltage of
10 kV. The images were obtained under secondary electron
detection mode.

TEM was conducted using a JEOL (JEM-F200) electron
microscope with an acceleration voltage of 200 kV. The TEM
images were obtained under the HR-TEMmode, and the images
for EDS were captured under the STEM mode.

X-ray photoelectron spectroscopy (XPS) was performed by
using a PHI 5000 VersaProbe III with a monochromatic Al Ka X-
ray source with a beam size of 200 mm. Charge compensation
was achieved by dual beam charge neutralization and the
binding energy was corrected by setting the binding energy of
the hydrocarbon C 1s feature to 284.8 eV.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to measure the contents of Li, Ni, Co and
Mn in NCM83 before and aer the treatments.

4.3 Cell assembly and electrochemical testing

The cathode slurry was prepared by mixing NCM83 powders,
super P and polyvinylidene uoride (PVDF) with a ratio of 90 :
5 : 5 by weight in N-methylpyrrolidone (NMP). The homoge-
neously mixed slurry was coated onto pieces of Al foil followed
by drying at 80 °C and later at 120 °C for 12 hours in a vacuum
oven. Coin cells were assembled in an Ar-lled glove box using
a Cellgard 2300 separator, a Li metal anode and LiPF6 in an EC/
DEC/FEC based electrolyte. The active mass loadings of cathode
electrodes were between 7.5 and 8.8 mg cm−2. The assembled
cells were subjected to galvanostatic charge and discharge at
room temperature in a voltage range of 2.8 to 4.25 V vs. Li/Li+

using a LAND CT2001A battery testing system (Wuhan LAND
Electronic Co., Ltd.). The theoretical capacity is 200 mA h g−1.
The current density used for charging/discharging at 0.1C is 20
mA g−1.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted using a Zahner Zennium electro-
chemical workstation. Cells were charged to 3.65 V vs. Li/Li+

before taking the measurement. The frequency range used was
500 kHz to 10 mHz, and the voltage amplitude was 10 mV.
Measurements were taken at the 2nd, 30th, 50th and 100th cycle
to monitor the change in cell impedance over cycling. The ob-
tained spectra were tted by using an electrical equivalent
circuit using Nova soware to differentiate the impedance
associated with Li transport and charge transfer processes at
the cathode side.
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