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High capacity Li-rich materials are mighty contenders for building rechargeable batteries that coincide with the demand in energy
density. Fully realizing the extraordinary capacity involves oxygen evolution and related cation migration, resulting in phase
transitions and deteriorations that would hinder their practical application. In an attempt to enhance the anodic redox participation
and stabilize the structure at the same time, we proposed a structural modulation strategy with modification on anion hybridization
intensifying and cation doping. Spectator ions with large ionic radius were introduced into the lattice during calcination with
stannous chloride and the d-p hybridization between transition metal 3d and oxygen 2p orbitals was subsequently intensified along
with expelling weakly bonded chloride species in the reheating process. Both of the reversible capacity and stability upon cycling
were remarkably improved through the cooperation of bond alteration and dopant. This strategy might provide new insight into
the modulation of the structure to truly fulfill the potential of Li-rich materials.
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1    Introduction

Over the past two decades, enormous successes have been
created in information globalization and livelihood conve-
nience with the help of capable portable electronics pow-
ered by the state-of-the-art lithium ion batteries (LIBs) [1–3].
Moreover, it is also LIBs that we have chosen as the choice
for powering the electric vehicle (EV), plug-in hybrid electric
vehicle (PHEV) and grid energy storage [4,5]. Along with
the popularization of applications comes a demand for better
rechargeable batteries with higher energy density, in which
lack of cathode materials becomes the main bottleneck [5–7].
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Motivated by the pursuit of higher energy density, extensive
investigations have beenmade on lithium andmanganese rich
(Li-rich) xLi2MnO3·(1−x)LiMO2 (M=Ni, Co andMn) materi-
als. Due to capacity over 250 mA h g–1, this kind of material
is considered as a promising contender for the next genera-
tion cathode material following layered materials with high
nickel content [8,9].
Li-rich materials are inclined to be described as composites

of two phases, the rhombohedral R m3 phase LiMO2 and
monoclinic C2/m phase Li2MnO3 intimately integrated and
interconnected at nanoscale [10–12]. The extraordinary
capacity originates from the Li2MnO3 component, which
stabilizes LiMO2 at fully delithiated state by its structural
compatibility with rhombohedral phase and further affords
sites for the lithium intercalation after electrochemically

© Science China Press and Springer-Verlag Berlin Heidelberg 2017 chem.scichina.com   link.springer.com

SCIENCE CHINA
Chemistry

https://doi.org/10.1007/s11426-017-9123-0
https://doi.org/10.1007/s11426-017-9123-0
http://chem.scichina.com
http://springerlink.bibliotecabuap.elogim.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-017-9123-0&domain=pdf&date_stamp=2017-09-06


Zhang et al.   Sci China Chem   December (2017)  Vol.60  No.12 1555

or chemically activation. This activation involves lithium
extraction and concomitant oxidation of oxygen ions. To
explain the oxygen evolution, oxygen loss from the surface
accompanied with scenarios including transition metal (TM)
migration from surface to bulk, electrolyte decomposition
and phase transformation to spinel-like has been proposed,
but the released oxygen gas still could not compensate the
charge of lithium extraction [13–16]. Recently reported
reversible anodic oxygen oxidation (O2−→O2

2 ) may com-
plement the mechanism of oxygen evolution [17–19]. For
Li2Ru1−ySnyO3 anion participates in the redox reaction with
the assistance of the d-sp hybridization associated with a
reductive coupling from Ru. However the oxidation of
tetravalent cation is absent in common Li-rich materials
composed of 3d elements Ni, Co and Mn [17,20]. Therefore,
increasing the TM–O bond covalence should be an interest-
ing strategy to fully realize the potential of common Li-rich
materials [2,21].
Another issue that impedes the practical application of

Li-rich materials is the phase transitions inducing severe
capacity deterioration and voltage decay during prolonged
cycling [22,23]. The deintercalation of vast majority of
Li ions from Li-rich material at the end of charge triggers
transition metal migrating from octahedral sites in the TM
slab to octahedral sites in the Li slab as aforementioned,
meanwhile some of the cations may be trapped in the in-
termediary tetrahedral sites. The structural transition (from
layered to spinel-like phase) resulting from such trapping
incurs the voltage decay [24]. Further cation rearrangements
lead to Fm m3 rock-salt structure on the surface, which is
detrimental to the capacity retention due to the absence of
lithium ion diffusion path in the lattice [25,26]. Doping
electrochemically inactive spectator ions with large ionic
radius was demonstrated to be an effective method to obviate
the phase transitions issue [23,24,27].
Herein, we report a simple and effective strategy to

modify Li-rich material with the formula of 0.5Li2MnO3·
0.5LiNi1/3Co1/3Mn1/3O2 by calcination with metal chloride and
then washing-reheating. The spectator metal ions and weakly
bonded chloride were penetrated into the lattice during the
first calcination, and then the TM–O bond covalence was
enhanced along with the chloride species removal in the fol-
lowing rinse and reheating. Owing to the raised anodic par-
ticipation caused by hybridization intensifying, the modified
material exhibited high reversible capacity of 288 mA h g–1 at
0.05 C while the pristine material only showed 249 mA h g–1.
This strategy not only raised the anodic redox but also simul-
taneously suppressed the phase transition via cation doping,
consequently improved the stability during prolonged cy-
cling with capacity retention of 91.5% after 100 cycles at
0.2 C and mitigated the voltage decay from 365 to 279 mV.
These improvements make the modified Li-rich material

much more appealing for practical application.

2    Experimental

2.1    Samples preparation

The carbonate precursors were prepared via carbonate
co-precipitation method with the ratio of Ni:Co:Mn at 1:1:4.
To prepare pristine Li-rich material, the as-prepared car-
bonate precursors with an appropriate amount of Li2CO3

(5% excess) were calcined at 450 °C for 5 h and 820 °C for
12 h in air, after naturally cooled to room temperature pris-
tine Li1.2Ni0.13Mn0.13Mn0.54O2, denoted as PLR hereafter, was
obtained.
To prepare cation doped and anion hybridization intensi-

fied Li-rich material, the carbonate precursors were calcined
with Li2CO3 andmoderate SnCl2·2H2O (Sn:M=0.0375 inmo-
lar ratio) at 450 °C for 5 h and 820 °C for 12 h in air, af-
ter naturally cooled to room temperature the powders were
washed by pure water and oven-dried at 80 °C overnight.
Finally, the dried powders were re-calcined at 700 °C for
6 h in air to remove chloride species and get the modified
Li1.2Ni0.125Co0.125Mn0.52Sn0.03O2, which was denoted as CALR.

2.2    Characterization

The morphology was acquired by scanning electron mi-
croscopy (SEM, JEOL 6701, Japan). Cross-sectional
analysis was prepared by a focused-ion beam microscope
(Helios NanoLab 600i, FEI, USA). High-resolution trans-
mission microscopy images (HR-TEM) were acquired by
JEM-2100F (JEOL, Japan) operated at 200 kV. Raman spec-
tra were conducted on a DXR Raman microscope (Thermo
Scientific, USA) with the laser wavelength of 532 nm. X-ray
diffraction (XRD) patterns were collected using a Bruker D8
Advance diffractometer (Germany) equipped with a Cu Kα
radiation source (λ1=1.54060 Å, λ2=1.54439 Å), the patterns
were refined using the Rietveld method and the TOPAS
software. X-ray photoelectron spectroscopy (XPS) was
performed on Thermo Scientific ESCALab 250Xi (USA)
using 200 W monochromatic Al Kα radiation.

2.3    Electrochemical measurements

All the electrochemical tests were conducted using 2032 coin
cells assembled in an argon-filled glovebox using lithium
metal as anode, Celgard 2300 as separator and 1 M LiPF6 in
ethylenecarbonate (EC)/dimethylcarbonate (DMC)/diethyl-
carbonate (DEC) (1:1:1 in volume ratio) as electrolyte. The
cathode electrode was prepared by casting a mixture of active
powder, Super P carbon and poly(vinyl difluoride) (PVDF)
at a weight ratio of 80:10:10 onto Al foil and then dried at
80 °C in vacuum overnight. The loading of active material
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was about 4–5 mg cm–2. Galvanostatic charge-discharge
was performed using a LAND system over a voltage range
of 2–4.7 V and 250 mA g–1 for 1 C. Cyclic voltammetry
(CV) was carried out using an Autolab PG302N workstation
at a scan rate of 0.05 mV s−1, electrochemical impedance
spectroscopy (EIS) was also carried out on Autolab with
frequency range from 100 kHz to 100 mHz.

3    Results and discussion
The morphology and cross-sectional morphology of PLR
and CALR are demonstrated in Figure 1. Both of them
consist of spherical secondary particles with diameter about
10–12 μm, of which the distribution is uniform (Figure
S1, Supporting Information online), whereas the primary
particles differ from each other in size and shape. CO2

releasing during the sintering of carbonate precursor causes
the inside voids, while the second heat treatment densifies
the secondary particles with the tap density increasing from
2.0 to 2.2 g cm–3. It is quite interesting that adding minor
metal salt affects the configuration of grains, which would
be unlikely the consequence of the re-calcination due to the
fact that it usually makes the grain grow [23]. The similar
change on primary particles occurs when adding other metal
chloride such as AlCl3, CrCl3, FeCl3 and MgCl2, as shown in
Figure S2, while blurred boundary between primary particles
is demonstrated in powders treated with metal hydroxide and
isolated particles with large spacing between each other are
shown in the samples treated with metal nitrate (Figure S3).
In order to determine the bulk crystal structure, the XRD

was carried out, as demonstrated in Figure 2(a, b). The pat-
terns reveal that CALR treated by this strategy still maintains
the layered structure with R m3 space group, the peaks within
2θ range from 20° to 25° correspond to Li/Mn ordering su-
per-lattice of Li2MnO3 phase [28,29]. The rietveld refine-
ments were conducted utilizing space group R m3 with higher

Figure 1          SEM images of (a) PLR and (b) CALR; cross-sectional SEM
images of (c) PLR and (d) CALR.

symmetry to calculate the atom occupation and structural pa-
rameter with results presented in Tables S1 and S2 (Support-
ing Information online) [28,30]. The parameter c increased
upon tin doping owing to its larger ionic radius (112 pm) than
Ni, Co and Mn (69, 61 and 53 pm respectively), but the pa-
rameter a kept nearly constant which may be a sign of short-
ened bond between transition metal and oxygen. In addition,
the doping amount applied here had little influence on the
cation mixing extent, according with previous reports about
cation doping [27,31].
Considering the possible difference between the surface

and the bulk structure, Raman spectroscopy are given in
Figure 2(c). Two major band at 486 and 601 cm–1 are at-
tributed to vibrations involving M–O stretching (A1g) and
O–M–O bending (Eg) of layered oxides LiMO2 [32]. And
the blue shift of the vibrations could further confirm the
shortened bond between transition metal and oxygen. The
details on the surface of CALR were further visually demon-
strated by HRTEM (Figure 2(d)). Fine layered structure with
interplanar distance of 4.7 Å corresponds to the d-spacing of
the (003) plane. These results indicate that CALR maintains
the layered structure after the treatment on both cation sites
and anion sites.
In order to further analyze the bonding and the surface

component of the material, XPS was introduced as shown in
Figure 3. For O1s core spectra (Figure 3(a)), the peaks at ap-
proximately 529 and 532.5 eV correspond to O2– anions in the
crystalline network and by-product Li2CO3 on surface result-
ing from the storage instability of Li-rich materials [19,21].
It is worth noting that the elevated binding energy of lattice O
indicates the intensified interaction between oxygen and the
metal, which is in coincidence with the variation in the lat-
tice parameter and Raman shift. The novelty comes from the
intensified peak at around 531 eV (painted green) indicating
the hybridization of M3d-O2p, of which enhancement facil-
itates the participation of electrons localized close to p or-
bital to form O2

2 providing reversible anodic redox [18,33].
In addition, the hybridization enhancement can also improve
the structural stability upon oxygen oxidation during the ex-
tended activation plateau. The increase of the satellite peak of
Ni2p3/2 core spectra is another evidence of such intensification
(Figure 3(b)) [34]. Upon chloride species detaching from the
lattice of the layered structure during the second calcination
by force of thermodynamics, transition metal ions are oxi-
dized to compensate the charge balance, which is confirmed
by the rise of Ni binding energy. The oxidization reduces the
proportion of c3d9L state and improves the O2p hybridization
with transition metal 3d states as a consequence [30,34].
On behalf of clarifying the process of the treatment, we also

ran XPS on samples without the rinse and reheating proce-
dure (denoted as CLR). The Sn3d5/2 core spectra (Figure 3(c))
clearly demonstrate that Sn ions successfully enter the lattice
instead of adhering  to  the  surface  and  they  still maintain
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Figure 2          Powder XRD pattern and Rietveld refinement plots of (a) PLR and (b) CALR; (c) Raman spectra obtained for PLR and CALR; (d) HR-TEM image
of (003) crystal planes in CALR (color online).

Figure 3         XPS core peaks of (a) O1s, (b) Ni2p3/2, (c) Sn3d5/2 and (d) Cl2p. The annotation CLR refers to samples treated just with the first calcination (color
online).
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bivalent with binding energy of 486.2 eV through two-step
calcination. As for the Cl2p spectra shown in Figure 3(d), the
binding energy of chloride bonded to the structure in CLR is
197.5 eV, even weaker than that of thermolabile ammonium
chlorides (197.9 eV). It also indicates the absence of chloride
in CALR. The heat applied in the second calcination removes
all of chloride species and thus slightly increase valence of
transition metal. It is a remarkable fact that the Cl is totally
expelled since its coordination effect may corrode the cur-
rent collector Al foil and further deteriorate the performance
of the battery [35,36]. In general the approach reported here
penetrates spectator ions with large ionic radius such as Sn2+
and weakly bonded chloride anions into the layered lattice in
the first step sintering with stannous chloride, and then ex-
pel the latter species by the second calcination which leads to
slightly valance elevation of transition metal andmore impor-
tantly the increase of O2p hybridization with transition metal
3d states.
The electrochemical performances of PLR and CALR are

displayed in Figure 4. Our focus is on the electrochemical
activation plateau at approximately 4.5 V, which is related
to the oxygen loss and anodic redox participation [2,14,16].
When charged at 0.05 C (1 C=250 mA g−1) from 2.0 to
4.7 V (Figure 4(a)), the initial charge capacities of PLR and
CALR are 340 and 372 mA h g−1, respectively. Assuming
the charge capacity below 4.45 V belongs to oxidation of
Ni2+→Ni4+ and Co3+→Co4+ in LiMO2, regardless of the
difference in polarization, the capacity involved with oxygen
anions increases from 207 to 225 mA h g−1 after the modi-

fication [31,37]. The increase in capacity of plateau region
in charging can not cover all the discharge capacity increase
owing to kinetic enhancement caused by large Sn2+ doping,
which will be discussed latterly. To confirm the intensifica-
tion of anodic participation, XPS on the electrodes at fully
charged state was conducted with the O1s spectra shown in
Figure S4. Compared to the results of uncycled powders,
additional peaks at 530.5 eV are assigned to existence of
On

2 species or uncoordinated oxygen atoms, as discussed in
previous reports [18,19,24]. The CALR electrode generates
more peroxo-like species than PLR electrode, coinciding
with the extended charge plateau. The elevated anodic
redox participation fully activates Li-rich material to totally
offer discharge capacity of 282 mA h g–1. Similar scenario
occurs when cycled at 0.2 C (Figure S5(a)). And the dif-
ferential capacity plot clearly demonstrates the intensified
O2−→On

2 reaction and reduced voltage hysteresis of this
reaction (Figure S5(b)). In addition, the sluggish reaction
kinetics in the plateau region aggravates incomplete activa-
tion in the first cycle at high current density [31,38,39]. As
a result, the discharge capacity of CALR is 251 mA h g−1 at
the first cycle and progressively increases to 258 mA h g−1 in
three cycles (Figure 4(b)). Though comes through the same
electrochemical activation of 7 mA h g−1, PLR takes five
cycles to complete. All these performance improvements
about capacity are attributed to the altered hybridization of
M3d-O2p.
Control experiments were conducted to further confirm the

conclusion about the effect of expelling chloride. We applied

Figure 4          (a) The initial charge-discharge curves of PLR and CALR at 0.05 C; (b) the cycling performance of PLR and CALR; (c) average voltage as a function
of cycle numbers for PLR and CALR; (d) rate performance for PLR and CALR (color online).
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the same experiment parameter except for substituting SnCl2
with AlCl3, CrCl3, FeCl3, MgCl2, Al(OH)3 or Al(NO3)3. As
expected, prolonged plateau regions were gained in all the
samples calcined with metal chloride in spite of variation
in transition metal (Figure S6(a)). However, electrochemi-
cal performance merely changes when treated with metal hy-
droxide or nitrate (Figure S6(b)).
Apart from the activated anodic contribution to capacity,

the dopants plays an effective role in stability and kinetics,
which are demonstrated by the cycling performance and rate
performance in Figure 4(b–d). Compared with PLR (59.9%
capacity retention after 100 cycles), CALR exhibited excel-
lent cycle stability, with 91.5% capacity retention after 100
cycles. The electro-inactive dopant tin ions act as pillars in
supporting the structure and by this means contribute to the
stability during prolonged cycling. Moreover, as Sathiya and
co-workers [24] suggested, large spectator Sn2+ ions help with
slowing down the tetrahedral position trapping, which is the
origin of voltage decay, leading to a stabilized average dis-
charge voltage with just 0.279 V faded after 100 cycles at
0.2 C. The reduction peak shift in the cyclic voltammograms
(CV)monitored in Figure 5(a, b) proves the mitigated voltage
decay at the same time [40]. On the other hand, the expanded

lattice parameter c facilitates the Li+ diffusion and endows
better rate performance to CALR (Figure 4(d)). We redrew
the plot of rate performance with normalization capacity re-
placing the specific discharge capacity so as to rule out under-
lying factors of the anodic participation (Figure S7), in which
CALR still row over PLR. To better understand the dynamic
characters of each electrode, the electrochemical impedance
spectroscopy (EIS) at open circuit was conducted with results
shown in Figure 5(c). Compared with PLR electrode, CALR
electrode shows lower charge transfer resistance which might
be beneficial to its rate performance (Table S3, Supporting In-
formation online) [31,41]. Though discussed separately, an-
ion hybridization intensification and cation doping synergis-
tically cooperate to gain such achievements. Taking the sta-
bility for an example, Sn ions alleviate the phase transforma-
tion, in the meantime, the hybridization strengthens the bond
and provides improved structural stability upon anodic redox
[24,30,34,38].

4    Conclusions
In summary, we have prepared performance enhanced Li-rich
material with simultaneous modification on both of the cation

Figure 5          Cyclic voltammograms of (a) PLR electrode and (b) CALR at a scan rate of 0.05 mV s−1; (c) electrochemical impedance spectra (EIS) of the PLR
and CALR electrodes at open circuit (color online).
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and anion sites via calcination with transition metal chloride
and then washing-reheating. The first sintering leaves spec-
tator Sn2+ ions and weakly bonded chloride species, which
are expelled upon the second one accompanied with elevated
hybridization between transition metal 3d and oxygen 2p or-
bitals. The d-p hybridization facilitates anionic (O2−→O2

2 )
reversible redox process, meanwhile the dopants effectively
obviates the phase transition and enlarges the channel for Li+
diffusion. Their intimately cooperation endows Li-rich ma-
terials with high specific capacity at various current density
and structural stability during constantly charging and dis-
charging. To be specific, the modified material delivers a
specific capacity of 282 mA h g–1 at 0.05 C, 258 mA h g–1 at
0.2 C with 90.2% retention and 0.279 V decay of the average
discharge after 100 cycles. More importantly, not just specific
stannous chloride but a series of metal chloride share the same
activation in anodic redox participation. This strategy not
only provides a simple and effective way to take advantage
of anodic redox on the foundation of stability in Li-rich ma-
terials, but also demonstrates the possibility of tuning doped
cation with proper energy levels and ionic radius to achieve
better electrochemical and physical properties.
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