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facilitate the electrochemical activity of Li 2 MnO 3 . [ 22–24 ]  Con-
ventional approaches in activating Li 2 MnO 3  component in Li-
rich layered materials are mainly through chemical etching of 
Li 2 O in Li 2 MnO 3  phases to generate structural defects, such as 
nitric acid or hydrazine hydrate modifi cation. [ 6,20,25 ]  Although 
Li 2 MnO 3  could be activated, which improved the initial Cou-
lombic effi ciency, the original surface morphology is prone to 
being destroyed during the etching process (Figure S1a, Sup-
porting Information), hence leading to the poor cycling stability 
(Figure S1b, Supporting Information) and rate performance 
during subsequent cycles. Li-rich layered materials modifi ed by 
hydrazine hydrate was reported to have long-term energy reten-
tion. [ 20 ]  However, the unfavorable platform below 3.0 V appears 
in the discharge process, which compromises the energy den-
sity, especially for the Mn-rich based Li-rich cathode materials 
(Figure S2, Supporting Information). 

 Xia and co-workers reported to improve their electrochemical 
performances through controlled structure defects in Li 2 MnO 3  
phase of Li-rich materials. [ 26 ]  However, a high degree of struc-
ture defects, accompanied with highly disordering of Li +  in the 
transition metal layer, would deteriorate the structural stability, 
leading to the poor cycling stability and the rate capacity. Na +  
doping has been reported to be an effective avenue to facili-
tate the Li +  diffusion of Li-rich layered materials and thus to 
improve their rate capacity. [ 27–30 ]  Note that it is vital to control 
the doping amount of Na + . Li-rich layered materials doped with 
a low amount of Na +  would exhibit the poor cycling stability 
whereas the material doped with a high amount of Na +  shows 
decreased specifi c capacity and deteriorates the energy den-
sity. [ 28 ]  Therefore, it is still challenging to develop one simple 
and effective approach to synthesize Li-rich layered material 
with much improved kinetics. 

 Herein, we propose a novel method to enhance the kinetics 
of large particle Li-rich layered materials by gradient surface 
Na +  doping. Driven by Na +  concentration diffusion thermody-
namically, gradient surface Na +  doping are realized through the 
calcination process of Li-rich materials in molten NaCl state. 
Powder X-ray diffraction (XRD) shows that high degree of struc-
ture defects are formed in Li 2 MnO 3  phase of Li-rich material in 
molten NaCl fl ux. [ 26 ]  Gradient Na +  doping on the surface of large 
particle Li-rich layered material could not only realize the pin-
ning effect in stabilizing the Li-rich layered structure with large 
amount of structural defects but also facilitate the diffusion of 
Li +  in the layered structure. Accordingly, the resultant large par-
ticle Li-rich layered material represents superior electrochemical 
performances, particularly high specifi c capacity, excellent Cou-
lombic effi ciency, and impressive cycling stability. The schematic 
illustration of the structural design is shown in  Figure    1  .  

  Lithium-ion batteries have been widely applied in electric vehi-
cles (EVs) and hybrid electric vehicles (HEVs) owing to their 
high power density and high energy density. [ 1–3 ]  Among the 
cathode materials for lithium-ion batteries, lithium-rich layered 
materials of Li 2 MnO 3 •LiMO 2  (M = Mn, Ni, Co, Fe, Cr, etc.) have 
attracted wide attention because of their high specifi c capacity 
(up to 250 mA h g −1 ), low cost, and high safety. [ 4–8 ]  However, 
they suffered from the poor electrode kinetics and underwent 
large voltage decays during repeated cycles, thus leading to the 
inferior rate capacity and poor cycling stability. [ 6 ]  The kinetics 
could become even worse for lithium-rich materials with 
large dense particles. In recent years, much effort has been 
paid to surface stabilization, such as doping, [ 9–12 ]  heterostruc-
turing, [ 13–15 ]  and coating, [ 16–19 ]  to overcome these issues that 
plague their practical implementation. The challenge faced with 
Li-rich layered materials in volumetric energy density requires 
the usage of large dense particles with high discharge capacity. 
 [ 20,21 ]  However, due to the poor kinetics of the large particles, 
partial activation of Li 2 MnO 3  phase usually exists with cycling, 
and needs several cycles to realize the full-activation. This elec-
trochemical activation process could deteriorate their reversible 
capacity and hinder their further application. [ 20,22 ]  

 Numerous investigations have revealed that the electro-
chemical activity of Li 2 MnO 3  is relevant to the degree of its 
structure defects, and higher degree of structure defects could 
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  Figure    2   shows scanning electron microscopy (SEM) images 
and XRD patterns of the pristine Li-rich material (PLR) and 
gradient surface Na +  doped Li-rich material (SLR). The SEM 
images of the materials indicate the spherical morphology of 
the precursor and lithium-rich cathode materials (Figure  2 a–c). 
Both the PLR and SLR materials are dense microsized parti-
cles. The size distribution of the carbonate precursor examined 
by laser particle analyzer is D10 = 11.5 µm, D50 = 18.6 µm, 
and D90 = 29.2 µm (Figure S3, Supporting Information). The 
XRD patterns of the PLR and SLR material could be indexed 
to the R-3m space group of the layered α-NaFeO 2  structure and 

C-2m space group of Li 2 MnO 3  (Figure  2 d). [ 15 ]  
After doping, the (003) and (104) peaks of 
SLR, shown in Figure  2 e,f, are shifted to 
lower angle, which means enlargement in 
Li +  slab. [ 10,29 ]  To gain the quantitative data of 
the lattice parameter, Rietveld refi nement of 
the XRD data was conducted and shown in 
Figure S4 (Supporting Information). The cal-
culated lattice parameters are listed in  Table    1  . 
Both crystal parameters  a  and  c  of SLR are 
larger than that of PLR, which means the lat-
tice expansion in both  a  and  c  directions after 
Na +  doping. As shown in Figure  2 g, 2-theta 
range from 20° to 25°, relating to the super-
lattice of Li 2 MnO 3  phase, of SLR differed 
from that of PLR apparently. The SLR mate-
rial exhibits only one single broad peak, while 
the PLR material exhibits two sharp peaks. 
The broadening of the superlattice peaks in 
the 2-theta range of 20°–25° was reported 
to correspond to the increased degree of 
stacking faults of Li 2 MnO 3 . [ 22,24,26 ]  The local 
changes in the occupation of O atoms would 
change stacking sequence of LiMn 2  planes, 
thereby creating stacking faults. [ 31 ]  Molten 
salt fl ux calcination method could control the 

stacking faults of Li-rich materials as reported by Xia and co-
workers. [ 26 ]  Moreover, metal oxygen layers were pushed apart at 
the occupation sites of Na atoms, which would also change the 
local environment of O atoms. [ 30 ]  These might suggest that the 
occupation sites of O atoms in Li 2 MnO 3  phase would be slightly 
different after calcinations in the molten NaCl fl ux, and thereby 
induces stacking faults.   

 To analyze the surface component of the material, X-ray pho-
toelectron spectroscopy (XPS) of PLR and SLR materials were 
performed and shown in  Figure    3  . The XPS spectra of man-
ganese 2p 1/2  at 654 eV and 2p 3/2  at 642 eV correspond to the 
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 Figure 1.    Schematic illustration of the structure design of gradient surface Na +  doping Li-rich 
material.

 Figure 2.    SEM images of a) carbonate precursor, b) PLR, and c) SLR. d–g) XRD patterns of PLR and SLR.
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MnO 2  and they are identical for both PLR and SLR, suggesting 
the same oxidation state of Mn, in these two materials. [ 14,26 ]  
However, compared to that of PLR, the binding energy of Ni 
2p and Co 2p of SLR are slightly shifted to the high level, sug-
gesting that the oxidation state of Ni and Co are slightly higher 
on the surface of SLR. The slightly increased oxidation state 
of Ni and Co might be relevant to the calcination process. For 
SLR, XPS spectrum of Na 1s is detected on the material surface, 
while no Cl is observed (Figure S5, Supporting Information). 
This indicates that Na +  is doped into the surface of the material, 
rather than the physical adsorption of the residual NaCl without 
washing completely. To confi rm the gradient Na +  doping in 
the material surface, XPS spectra in depth were performed 
(Figure  3 d). As the increase of detection depth, the intensity of 
Na 1s spectra decreases, corresponding to the gradient Na +  dis-
tribution from the material surface to the inside. The atomic 
percent of Na +  was 0.4025% at the surface, equivalent to the 
Li-rich formula Li 1.2−   x  Na  x  M 0.8 O 2  ( x  represents the mole ratio of 
Na, M represents the transition metals) with  x  = 0.1101. The 
detected atomic percent of Na decreased to 0.2703% at 3.5 nm 
and fi nally reduced to 0.1340% at 31.2 nm, which correspond 
to  x  = 0.0584 and  x  = 0.0279 in the formula, respectively. The 
detailed atomic percent of Na +  detected by XPS spectra in var-
ious depths was summarized in Table S1 (Supporting Infor-
mation). To better understand the structural evolution of SLR, 
in situ XRD patterns were collected at different temperature 
during the calcination process (Figure S6, Supporting Infor-
mation). Detailed discussions concerning the evolution of the 
material are provided in the Supporting Information.  

 Moreover, aberration-corrected scanning transmission elec-
tron microscopy (STEM) of SLR was conducted, shown in 
 Figure    4  , to gain an insight into its structure at the atomic scale. 
One could clearly see the layered structure with high degree of 
crystallization from the high-angle annular-dark-fi eld (HAADF) 
and corresponding annular-bright-fi eld (ABF) images along the 
[010] orientation of SLR (Figure  4 a,b). [ 31,32 ]  Since HAADF-STEM 
imaging is sensitive to heavy elements, Figure  4 a shows no 
observable contrast in Li slab, suggesting that no cation mixing 
between Li +  and TM ions exists in SLR. Thereby, we can pre-
clude the infl uence of TM ions on the contrast of Li slab. It is 
well-established that ABF-STEM imaging is sensitive to light 
elements and the intensity of atom columns in ABF images 
is proportional to the averaged atom number of element. [ 32,33 ]  
Therefore, compared to the pure Li column without Na occu-
pation, when Na +  occupies the Li sites and the averaged atom 
number increases, the higher atomic number of Na compared to 
Li would exhibit the higher intensity in Na-doped lithium atom 
columns. From this perspective, the higher peaks in the intensity 
profi le along the Li slab imply the Na occupation in this column 
clearly (Figure  4 c). STEM images of SLR with different areas 
were also conducted which show well consistency (Figure S7, 
Supporting Information). And they were further compared with 
the STEM images of PLR to confi rm doping sites of Na +  in SLR. 
Based on the analysis of STEM results and previous literature, [ 30 ]  
we suggest the Na +  occupation in the Li +  slab, as marked by 
arrow in Figure  4 c and Figure S7 (Supporting Information).  

 The electrochemical performances of PLR and SLR are shown 
in  Figure    5  . When cycled at the current density at 0.1 C (1 C = 
250 mA g −1 ) from 2.0 to 4.7 V at room temperature, the dis-
charge capacity of PLR is 187 mA h g −1  at fi rst cycle and progres-
sively increases to 206 mA h g −1  in the second cycle and then to 
228 mA h g −1  in the fi fth, which is typically an electrochemical 
activation process. Due to the activation process during cycling, 
the initial Coulombic effi ciency of the pristine Li-rich cathode 
material is only 63%. However, the SLR shows discharge 
capacity of 286 mA h g −1  and Coulombic effi ciency of 87% at 
fi rst cycle, both much higher than that of PLR. After fi ve cycles, 
discharge capacity of SLR still maintains 286 mA h g −1  and no 
obvious electrochemical activation process is observed during 
subsequent cycling (Figure  5 b). Figure  5 c compares the initial 
charge–discharge curves of PLR and SLR at 0.1 C. The charge 
capacity of SLR below 4.4 V is 114 mA h g −1 , higher than that of 
PLR (104 mA h g −1 ). The delithiation potential of SLR is 3.68 V, 
lower than that of PLR (3.80 V) from their CV curves (Figure S8, 
Supporting Information). All these indicate the easier diffu-
sion of Li +  in the layered structure of SLR. Furthermore, the 
rate performance of SLR is signifi cantly enhanced in contrast 
with PLR (Figure  5 d). SLR material shows much high rate per-
formance with 286 mA h g −1  at 0.1 C, 265 mA h g −1  at 0.2 C, 
236 mA h g −1  at 0.5 C, 215 mA h g −1  at 1 C, and 185 mA h g −1  
at 2 C, whereas PLR delivers the discharge capacity of 
228 mA h g −1  at 0.1 C (after fully electrochemical activation), 
204 mA h g −1  at 0.2 C, 177 mA h g −1  at 0.5 C, 154 mA h g −1  
at 1 C, and 128 mA h g −1  at 2 C (Figure S9, Supporting Infor-
mation). To better understand the dynamic characters of two 
materials, the electrochemical impedance spectra (EIS) of PLR 
and SLR were conducted and shown in Figure S10 (Supporting 
Information). Compared with PLR electrode, SLR electrode 
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  Table 1.    Refi ned crystal parameters of PLR and SLR. Targeted space 
group was selected as R-3m.  

Materials  a  [Å]  c  [Å]  c  / a  ratio Refi nement parameters

PLR 2.84501 14.2069 4.9936 Rwp: 5.66; Rp: 4.01

SLR 2.84865 14.2268 4.9942 Rwp: 5.26; Rp: 3.64

 Figure 3.    a–c) XPS results of Mn 2p, Co 2p, and Ni 2p of PLR and SLR. 
d) XPS results of Na 1s in various depths of SLR.
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shows lower charge transfer and diffusion (Warburg imped-
ance) resistance which might be benefi cial to its rate perfor-
mance. Figure  5 e shows the cycling stability of PLR and SLR 
materials at 0.2 C. The PLR exhibits a long electrochemical acti-
vation process for about 12 cycles, while the SLR delivers high 

capacity at 0.2 C without activation process. After 100 cycles at 
0.2 C, the SLR exhibits a capacity of 233 mA h g −1  much higher 
than that of PLR (195 mA h g −1  after 100 cycles at 0.2 C). To 
confi rm the pinning of Na +  in the Li layer, STEM experiments 
with ABF line profi le for the fully charged SLR sample were 
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 Figure 4.    STEM of SLR surface along [010] zone axis: a) HAADF image, b) ABF image, and c) ABF line profi le.

 Figure 5.    a,b) The charge–discharge curves of the PLR and SLR at 0.1 C, respectively. c) The rate performance and d) cycling stability tested at 0.2 C 
of PLR and SLR; all of them were tested at 25 °C with voltage ranging from 2 to 4.7 V versus Li + /Li.
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conducted and shown in Figure S11 (Supporting Information). 
From the ABF line profi le, we can infer that Na ions still exist 
in the Li layer after fully charged.  

 In summary, we have developed a novel gradient doping 
method in enhancing the kinetics of Li-rich cathode material 
with high specifi c capacity (286 mA h g −1  at current density of 
25 mA g −1  coupled with high initial Coulombic effi ciency of 
87% at room temperature), good cycling stability, and superior 
rate capability. Confi rmed from the results of XRD, XPS, and 
STEM, we propose that gradient Na +  doping in the surface of 
the material could realize the pinning effect in stabilizing the 
structure, and facilitates the diffusion of Li +  in the layered struc-
ture, as well as increases the electronic and ionic conductivity 
of Li-rich materials. The novel method and remarkable elec-
trochemical performances of resultant Li-rich cathode material 
would promote our understanding in designing high-capacity 
cathode material for lithium-ion batteries.  

  Experimental Section 
  Synthesis of Carbonate Precursor : The carbonate precursor was 

prepared via a coprecipitation method. 2  M  aqueous solution of 
MnSO 4 .2H 2 O, NiSO 4 .6H 2 O, CoSO 4 .7H 2 O (Mn:Ni:Co molar ratio of 
0.54:0.13:0.13) and 2  M  Na 2 CO 3  solution containing 0.2  M  NH 3 .H 2 O were 
pumped into a 5 L continuous stirred tank reactor simultaneously with 
the pH kept at 8.1 and the temperature kept at 60 °C. The coprecipitated 
particles were fi ltered, washed, and dried at 120 °C for 24 h. 

  Synthesis of PLR : The pristine cathode material (0.5Li 2 MnO 3 .0.5Li
Ni 1/3 Co 1/3 Mn 1/3 O 2 ) was prepared by heating stoichiometrically mixed 
carbonate precursor and Li 2 CO 3  (5% excess of lithium to compensate 
for lithium loss during the calcination) at 500 °C for 5 h and 850 °C for 
12 h at the heating rate of 5 °C min −1 . After that the material was cooled 
to room temperature naturally. 

  Synthesis of SLR : The activated cathode material was prepared in 
NaCl fl ux via molten-salt method. NaCl fl ux was prepared by mixing a 
stoichiometric amount of Li 2 CO 3  and Mn Ni Co oxide precursor and 
appropriate amount of NaCl. After homogenously mixing, the mixture 
was heated to 850 °C in air for 12 h with a heating rate of 5 °C min −1 . 
After that the material was cooled to room temperature naturally and 
then washed with distilled water for several times and then fi ltered and 
dried at 120 °C for 24 h. The Mn Ni Co oxide precursor was prepared 
by calcining carbonate precursor at 500 °C for 5 h with a heating rate of 
5 °C min −1 . 

  Structural Characterization : XRD measurements of the powder were 
performed using a Philips PW3710 with fi ltered Cu Kα radiation (Rigaku 
D/max-2500). SEM (JEOL 6701F, operating at 10 kV) was used to 
investigate the morphology of the obtained material. HAADF and ABF 
images were obtained with cold fi eld-emission gun and double hexapole 
Cs correctors (CEOS GmbH, Heidelberg, Germany) STEM (JEOL, 
Tokyo, Japan) operated at 200 kV and the attainable spatial resolution 
defi ned by the probe-forming objective lens was better than 80 pm. XPS 
was performed on the Thermo Scientifi c ESCALab 250Xi using 200 W 
monochromated Al Kα radiation. 

  Electrochemical Measurements : Electrochemical measurements were 
performed using coin 2032 cells assembled in an argon-fi lled glovebox. 
A mixture of active material, carbon black (CB), and poly(vinyl difl uoride) 
(PVDF) at a weight ratio of 80:10:10 was pasted on an Al foil to prepare 
the working electrodes. The specifi c capacity of the hybrid is calculated 
based on the mass of Li-rich cathode material. The loading mass of 
the active material on the electrode was 3.0–4.0 mg cm −2 . Pure lithium 
foil was used as a counter electrode. Celgard 2300 fi lm was used as 
the separator. The electrolyte consisted of a solution of 1  M  LiPF 6  in 
ethylenecarbonate (EC)/dimethylcarbonate (DMC)/diethylcarbonate 
(DEC) (1:1:1 in wt%) obtained from Tianjing Jinniu Power Sources 

Material Co. Ltd. Galvanostatic cycling of the assembled cells was 
carried out using an Arbin BT2000 system between the voltage limits 
of 2.0–4.7 V (vs Li + /Li). Cyclic voltammetry (CV) was performed at 
0.05 mV s −1  from 2.0 to 4.8 V and EIS was measured in the frequency 
range from 100 kHz to 10 mHz. Both the CV and EIS were carried out on 
an Autolab PG302N at room temperature.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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