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Improving the electrochemical performance of
layered lithium-rich cathode materials by
fabricating a spinel outer layer with Ni**+
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Surface modification and fabrication of composite structures have been reported to be efficient strategies to

obtain cathode materials with satisfactory electrochemical performance. Herein, a combined method to

fabricate an oxidized spinel outer layer containing Ni** is demonstrated to be an effective method to

improve the rate capability as well as cyclability of Li-rich cathode materials. Such a surface modification

process is carried out through a facile treatment with ammonium persulfate, and a homogeneous layered-

spinel structure is thus obtained, which contains intimately connected layered bulk and an oxidized spinel
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outer layer. The thus-obtained material delivers a charge/discharge capacity of 330.5/308.7 mA h g™, with

an enhanced coulombic efficiency up to 93.4% and a rather fascinating rate capability of 169.1 mA h g%,
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1. Introduction

The rapidly growing demand for high-energy density and high-
power density lithium ion batteries gives great impetus for
research on advanced cathode materials.* Since first introduced
by Dahn et al,* the series of lithium-rich materials, which is
expressed as xLi,MnOs-(1 — x)LiMO, (0 < x <1, M = Ni, Co, Mn,
Cr, ...), has been considered as the most promising cathode
materials for Li-ion batteries that can be deployed in hybrid electric
vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVS). They
can deliver a much larger specific capacity of over 250 mA h g *
and show a high energy density up to 900 W h kg™ ' with greatly
lower cost compared with the present commercial cathode mate-
rials, such as LiCoO,, LiMn,O,, etc.>® Yet there are still vital
drawbacks like the large irreversible capacity during the first cycle,
poor rate capability and stability hindering the layered lithium-rich
materials from commercial application.”

Creating a fast ion-conducting surface phase and fabricating
heterostructured materials through controlled off-stoichiom-
etry have been reported to be efficient strategies. They protect
the material from reactions with the electrolyte and accelerate
the Li ion intercalation/deintercalation process.'®** Such efforts
including surface coating (with metal oxides,”*** metal
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100.8 mA h g% and 682 mA h gt at 10 C, 20 C and 30 C, respectively, and a much superior cycle
performance, which is a stable capacity with no fading after prolonged 200 cycles.

fluorides, metal phosphates,”” and even binary or ternary
components),’* acid treatment with dilute acids, surface
reduction by hydrogen, ammonia or carbon,**** and synthesis
of heterostructures like core-shell and concentration-gradient
surfaces®*?® have been widely adopted. Since it was reported
that a spinel-like phase may improve the rate capability of the
cathode material,”” several groups fabricated spinel-layered
composite-structured materials by a coating or a chemical
reduction process, such products were acquired with either a
spinel LiMn,0, or a reduced Li; ,Nij13C013Mng 540, outer
layer.”®** Unfortunately, all these approaches have only
improved the rate capability of layered Li-rich cathode materials
at the expense of capacity or stability or the other way around.

To fabricate an appropriate structure is still a great chal-
lenge. In this paper, an oxidized spinel outer layer containing
Ni** was fabricated by robust surface modification with
ammonium persulfate. The electrochemical performance of the
as-obtained material was tested, and the role played by Ni** in
the composite-structured material was studied.

2. Experimental

2.1 Synthesis of pristine and surface modified
Li; ,Nig.13C00.13Mng 540,

The pristine material of layered Li; ,Nip13C0¢13Mng 5,0, was
synthesized by a sol-gel method. The typical process of Lij ,-
Nig.13C00.13Mn, 54,0, synthesis was described in our previous
study.* Surface modification on the as-obtained material was
implemented as follows: 0.06 g APS (ammonium persulfate) was
dissolved in 15 mL de-ionized water with stirring; an

This journal is © The Royal Society of Chemistry 2015
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appropriate amount of Li; ,Nig 13C00.13Mng 5,0, (1.5 ), corre-
sponding to a molar ratio of APS/Li, ,Nij13C00.13Mng 540, as
1.5%, was then dispersed in the solution. The as-prepared
solution was transferred into a Teflon-lined stainless steel
autoclave. The autoclave was then sealed and heated at 120 °C
for 48 h. The obtained substance was filtered, washed, dried
and then calcined at 450 °C for 5 h. Finally the product was
ground and collected. The as-obtained material is denoted as
APST. For comparison, another sample is obtained in the same
way as APST, the only difference is that an equal molar amount
of (NH,4),SO, was used instead of (NH,),S,0g, and the obtained
product is denoted as AST.

2.2 Material characterization

The crystal structure of the products was characterized by X-ray
powder diffraction (Philips Panalytical X-pert, using Cu Kol
radiation A = 1.5405 A). The morphology of the products was
observed by field-emission scanning electron microscopy (SEM
Hitachi S-4800, 15 kV) and transmission electron microscopy
(TEM Hitachi JEM-2100, 200 kV).

The chemical state of the pristine material and modified
samples was determined at room temperature by using an Ion
TOF Qtac-100 HSLEISS-XPS spectrometer.

2.3 Electrochemical measurements

Electrochemical performances were evaluated with CR2016 coin
cells between 4.8 and 2.0 V. The cathodes were prepared by
mixing 80 wt% active materials with 10 wt% super-P and 10 wt%
water soluble polymer n-lauryl acrylate (LA Chengdu, China). Al
foil was used as the current collector and Li foil was used as
the counter electrode. The electrolyte was 1 M LiPFginal:1:1
v/v/v mixture of propylene carbonate (PC), ethyl methyl
carbonate (EMC) and sulfolane (SL) (Zhuhai, China), and the
separator was a Celgard 2400 polypropylene membrane.

Cell assembly was carried out in an Ar-filled glove box with
the concentrations of moisture and oxygen below 1 ppm. The
cells were galvanostatically charged and discharged using a BTS
Battery Tester (Neware, Shenzhen, China) at various current
densities. Electrochemical impedance spectrometry (EIS) tests
were performed on an IM6 (Zahner Elektrik) in the frequency
range of 100 kHz to 10 mHz.

3. Results and discussion

As shown in Fig. 1, a layered-to-spinel transformation reac-
tion at the surface of Li; ,Nij 13C0¢.13Mng 540, can be induced
by leaching some elements or components from the external
domain of the host material through a strong oxidation
reaction with ammonium persulfate and a subsequent
annealing process. In a typical experiment, two points should
be emphasized: first, when (NH,),S,05 is adjusted to an
appropriate concentration, a H'-Li* exchange reaction is
induced at the surface of a Li; ,Nij 13C04.13Mng 5,0, particle,
which leads to a decrease of the Li/TM (transition metal
element) ratio. Then a Li(TM),0, phase is likely to form in the

subsequent heat treatment. Second, Ni** in the

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematic illustration of surface modification on

Liz 2Nio 13C00.13MNg 5402.

Li; ,Ni13C00.13Mng 5,0, particle tends to be oxidized by
(S,04)*” rather than Mn*" and Co**.*%% As a result, when a
suitable amount of APS is employed, the oxidized spinel outer
layer containing Ni** is obtained. Since the oxidized spinel
outer layer originates from the surface part of the original
layered Li; ,Nig.13C0¢.13Mng 540,, the newly formed phase can
be intimately connected to the bulk “layered” structure and
well compatible with it. In order to clarify that the oxidized
spinel outer layer with Ni** plays an important role in
improving the electrochemical performance of the Li-rich
cathode material, pristine Li; ,Nip 13C0¢.13Mng 540, synthe-
sized by the sol-gel method and surface modified Li; ,Nig 13-
C0p.13Mn( 540, with ammonium persulfate (APS) or
ammonium sulfate (AS) were studied.

XRD patterns of APST, AST and the pristine material are
shown in Fig. 2. The pristine sample shows strong peaks that
can be indexed to the layered (R3m) structure of hexagonal a-
NaFeO,, with weak peaks around 20-25° corresponding to
LiMng super-ordering in the Li,MnO;z; monoclinic phase (C2/m,
monoclinic). For the modified samples, no extra peaks for
mixed phases are observed which is probably because treatment
with such a small amount of AS/APS only leads to a rather slight
degree of transformation reaction at the surface. It has been
reported that the ordering of the structure can be indicated
from the XRD patterns with the 1(003)/1(104) and the lattice
parameter ratios of c/a. And by comparing the 1(003)/1(104) and
c/a, both surface treatments lead to a better hexagonal ordering
and ion arrangement (see Table S1t).3***
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Fig. 2 XRD patterns of the pristine Li; 2Nig13C0g 13MNg 540, material,
AST and APST.
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Fig.3 SEMimages of (a) the pristine Li; 2Nig 13C00.13MNo 540, material,
(b) AST and (c) APST. TEM images of a single particle of (d) the pristine
Li1_2Ni0_13C00_13Mn0_54OZ material, (e) AST, and (f) APST.

The morphology and particle size of the pristine sample, AST
and APST were examined by using a scanning electron micro-
scope (SEM). As shown in the SEM images in Fig. 3(a)—(c), the
size of highly crystallized particles is around 200-500 nm.
Evidently, the modified samples do not display a change in
terms of the particle size distribution, regardless of the treating
agent used. Therefore, it can be concluded that such a surface
modification treatment improves the ordering of the layered
structure only, but barely affects the morphology.

The structure and morphology of the pristine material, AST
and APST were further characterized by transmission electron
microscopy (TEM). Fig. 3 shows the information on the change
at the surface after the pristine Li,; ,Nij 13C04.13Mng 5,0, mate-
rial is modified. The bright field images shown in Fig. 3(d)-(f)
suggest an obvious change in the outer layer of the particles
after the Li; ,Ni, 13C00.13Mng 540, material is surface treated.
More specifically, when the sample is modified, the outer layer
becomes different from the previous one. A rough layer appears
and deepens as the degree of treatment increases. Scratches and
pores can be visibly seen as a result of corrosion and some
component loss from the outer layer (see Fig. S27).

High-resolution transmission electron microscopy (HRTEM)
images are shown in the insets of Fig. 4(a) and (b). There appear
a clear spinel outer layer, layered bulk and a transition region.
The outer layer has a lattice spacing of 0.29 nm, which is in great
accordance with the (220) plane along with [-111] of the spinel
phase, while the inner layer shows that of 0.47 nm. The lattice
spacing of 0.47 nm should be ascribed to the (003) plane in
layered-LiMO, or (111) in spinel LiM,0,. The SAED pattern of
APST in Fig. 4(b) shows the superimposition of characteristic
patterns of the rhombohedral phase along the [0001] zone axis,
monoclinic phase along the [103] zone axis, spinel phase along
the [—111] zone axis and forbidden {10—10} reflection along the
[0001] zone axis, which further confirms the coexistence of the
spinel phase and original layered phase in one single
particle.***” Meanwhile, the dark field image of APST is shown
in Fig. S2,T in which the bright edge is conspicuous, indicating a
definite transformation reaction taking place in the outer layer
when Li; ,Nij 13C00.13Mng 5,0, is treated with APS. Conse-
quently, a new phase may have formed at the surface. It implies
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that the newly formed phase is uniformly and intimately con-
nected to the inner part of the particle.

High-resolution TEM and fast Fourier transform (FFT)
studies were performed to estimate the range of spinel phase, as
shown in Fig. 4(c). As the (220) plane from the spinel phase can
be clearly identified in zones (I), (II) and (III), but not in zone
(Iv), moreover, the bulk region in zone (IV) remains in the
monoclinic and rhombohedral layered phases, the bulk layered,
newly formed spinel outer layer as well as a transition region are
demonstrated to coexist. Such results are also consistent with
the HRTEM image and SAED pattern.*®*® The depth of the
spinel layer should be several nanometres. It is also noticed that
when a smaller amount of APS is used, the depth of the spinel
layer decreases (see Fig. S31). So we predict that the outer layer
is easily controlled and adjusted.

To understand the newly formed phase in the outer layer,
energy-dispersive X-ray spectroscopy (EDS) was employed to
investigate the composition. Fig. 4(d) and (e) show each spot on
the same particle (e) and the corresponding content of Ni/Co/
Mn in different nano-domains (d). Since the Mn content
remains constant in different nano-domains, it is normalized to
100, and on the basis of that, it is easy to figure out that Co
escaped from the surface of the particle and finally formed a
structure with different compositions in the surface nano-
domain. The element distribution implies no Mn and Ni loss

o)/ (13X

Fig. 4 (a) HRTEM image of APST, (b) SAED pattern of APST, and (c)
HRTEM image of a single APST particle, with FFT images corre-
sponding to different nano-domains; EDS collecting spot on one
particle (d) and the corresponding content of Mn/Ni/Co (e).

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Electrochemical performances of pristine Li;»Nig13C0g 13-
Mno540,, APST and AST, (a) the charge/discharge curves at 0.1 C; (c)
the cycle performance tested at 1 C; (b and d) rate capability (1 C =
200 mAh g™,

through the treatment. Therefore, we correspondingly infer that
the bulk remains the same as the untreated one, and the newly
formed phase in the outer layer of APST is with a composition of
around Mn : Co : Ni = 0.64 : 0.15 : 0.21. On the other hand, for
pristine Li; ,Nij13C00.13Mn, 5,0, and AST, the ratio of Co/Ni/
Mn remains constant from the bulk to the surface. Although we
are not very clear about the virtual reaction mechanism between
APS and Li; ,Nij 13C04.13Mng 540,, it is reasonable to speculate
that Ni** is partially oxidized to Ni** by the strong oxidant APS.
Correspondingly, Co leaves the particle due to charge
compensation. Such a surface modification process can intro-
duce oxidized Ni through a hydrothermal reaction which has
been reported by Choy et al.*

Fig. 5 shows the electrochemical performances of the pris-
tine Li; ,Nig13C00.13Mn 540, and modified samples, which
were collected at different current densities (1 C = 200 mA g™ ).
As shown in Fig. 5(a), all charge/discharge curves of the pristine
and modified samples show typical characteristics of a layered
Li-rich material. A plateau appears around 4.5 V in the first
charge profile, which has been mainly attributed to a loss of
oxygen from the layered lattice.** When Li; ,Nij 13C00.13Mng 5,0,
is treated with APS or AS, it delivers a much larger capacity
and shows a rather large coulombic efficiency for the first cycle
compared to that of the pristine Li;,Nij13C0013MnNg5405.
The pristine Li; ,Nip13C00.13Mng 54,0, delivers a discharge
capacity of 255.87 mA h g™, while AST and APST show that of
275.20 mA h g " and 308.71 mA h g, respectively. Meanwhile,
an increase of the coulombic efficiency at the first cycle is
obtained, that is, 77.7% for the pristine Li,; ,Nij 13C0.13MnNg 5405,
85.5% for AST, and 93.4% for APST. Such improvements could be
attributed to the two aspects brought in by the transformation
reaction of the layered to spinel outer layer. During the surface
modification reaction, a portion of Li" is pre-extracted. Mean-
while the Li" insertion process is highly promoted.*

Additionally, an inflexion appearing around 2.8 V can be
observed in all curves of the modified samples. Such an

This journal is © The Royal Society of Chemistry 2015
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inflexion has been reported as a characteristic of the spinel
structure, which contributes to the improvement of the elec-
trochemical performance especially the rate capability.** Among
all the samples, APST shows the best rate capability. As
shown in Fig. 5(b) and (d), it exhibits a discharge capacity of
169.1 mA h g~ ' at 10 C, which is much larger than 64.1 mAhg ™"
of the pristine material. Furthermore, APST even displays a
discharge capacity of 100.8 mAh g ' and 68.2 mAh g "at20C
and 30 C, respectively. The best rate capability of APST should
be ascribed to the spinel outer layer with suitable depth and
element compositions for faster Li* diffusion.

Fig. 5(c) displays the cycling performance of the pristine
Li; ,Nig 13C00.13Mng 540, and modified samples at 1 C. After
200 cycles, the capacities remain at 111.1 mA h g~ and
117.7 mA h g~ for the pristine sample and AST, respectively,
while APST shows the best capacity retention among all. It still
exhibits a capacity of 223.1 mA h g~ ', which means almost no
capacity decay after the prolonged 200 cycles.

The outstanding electrochemical performances of APST that
cover low irreversible capacity loss (IRCL) in the initial cycles,
good rate capability and amazing cyclability should be attributed
to the as-obtained layered-spinel structure. We affirmed that a
suitable degree of treatment helped yield an appropriate
composite structure benefiting the electrochemical performance.
When comparing APST with AST, it seems that both can promote
a spinel phase in the particle which leads to a better rate capa-
bility. The APS treated material exhibited great cycle perfor-
mance, while the AS treated sample showed little improvement.

EIS measurements were carried out on the pristine and
surface-modified samples. Before the measurements, cells were
galvanostatically charged/discharged to the desired cycles.
According to the previous EIS studies on this type of layered
oxide cathode, Nyquist plots were fitted to the model in Fig. 6(a).
Generally, Nyquist plots include three parts, a semicircle in the
high frequency range corresponding to the R, (the impedance of
the natural and artificial solid electrolyte interface and the
impedance of electrons through the active materials) in the
model, a semicircle in the medium-to-low frequency range
which corresponds to the R (charge-discharge resistance at
the interface of the electrode and electrolyte) and a sloping line
at low frequency which corresponds to Z,, (diffusion of lithium
ions in the solid electrode).***
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equivalent circuit, (b) after 1 cycle of charge/discharge, and (c) after
200 cycles of charge/discharge.
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As the value of Ry is quite small, the ohmic polarization of
these investigated samples is negligible. Also, since this strategy
of surface modification does not change the particle size and
crystallographic structure much, Z, and the diffusion polari-
zation of the pristine and modified samples remain nearly
unchanged. Therefore, the differences in rate capabilities
between the pristine and surface-modified samples should arise
mainly from the differences in the charge transfer polarization
provided by the different R, values.

Obviously, both modified samples show a much smaller R,
compared with the pristine material after the first cycle of
charge/discharge, and the R, value decreases in the order:
pristine Li; ,Nig 13C00.13Mng 540, > AST > APST, which is in
exact accordance with the rate capability of these samples.
Therefore we ensure that the spinel phase improved the rate
capability by decreasing the charge transfer resistance.

The R, values of the pristine sample and AST become much
higher after the 200th cycle than that of APST. However, the R,
of APST increases very little. These EIS results clearly indicate
that the APS treatment significantly suppresses the increase of
R with cycling. Since the increase of R, of Li; ,Nig.13C00.13-
Mn, 540, is mainly caused by side-reactions between the elec-
trode and the electrolyte, we infer that such an APS modified
structure effectively protects the electrode from side reactions
with the electrolyte. Furthermore, the difference in the AST
outer layer and APST outer layer should contribute to the lower
Rs and R, and consequently the superior electrochemical
performance.

The XPS spectra and fitting spectra of Ni 2p of the pristine,
APST and AST samples are displayed in Fig. 7 to demonstrate
the variations in the chemical states. XPS data were obtained at
the surface within a depth of 5-10 nm. The pristine Li; ,Nig 13-
Co0¢.13Mny 5,0,, AST and APST show typical peaks of Li, Ni, Co,
Mn and O in Fig. 7(a), and they appear similar to each other.
Since the binding energy of the Ni(u) 2p orbital (856.0 eV) is
higher than that of Ni(u) (855.0 eV),** it is reasonable to
deduce the content of Ni*" and Ni*" from the Ni fitting spectra
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Fig. 7 (a) XPS spectra of the pristine Li; 5Nig13C00.13MNg 5405, APST
and AST samples and Ni fitting spectra of (b) pristine, (c) APST and (d)
AST.
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Table 1 Peak intensity of Ni** and Ni®* and intensity ratio of Ni**/Ni®*
in the priStine Li]_vaioV13COo_13Mn0_54OZ, APST and AST

1(855.0) 1(856.0) 1(856.0)/1(855.0)
Pristine 665.6 67.0 0.10
APST 328.5 359.8 1.10
AST 661.3 66.6 0.11

of pristine Li; ,Nij 13C00.13Mng 5,0,, APST and AST as shown in
Fig. 7(b)-(d). It can be obviously seen that the content of Ni** in
APST increases to a large extent compared to that with the
pristine Li; ,Nig 13C0¢.13Mng 540, and AST.

Via the peak integral on Ni(u) and Ni(u), we find that the
ratio of Ni**/Ni*" in APST rises up to 1.10, while that of AST
remains around 0.11, which is similar to 0.10 of the pristine
(Table 1). Based on the XPS spectral analysis, it is confirmed
that Ni*" is rich in the newly formed spinel outer layer at a depth
of 5-10 nm, which is in good agreement with the HRTEM and
EDS results. The important role that Ni** plays in APST should
be noticed. Such an oxidized spinel outer layer with Ni**
performs much better in facilitating Li’ intercalation/dein-
tercalation and steadying the material during prolonged
charge/discharge tests.

4. Conclusions

An oxidized spinel phase can be fabricated in the outer layer of
Li; ,Nip 13C00.13Mng 540, through a facile and feasible surface
treatment with APS, and it contains a very large amount of Ni*",
Such a spinel outer layer with Ni** is proved to enormously
benefit the electrochemical performance of layered Li-rich
cathode materials. In the case of the as-treated Li-rich cathode
material, a certain proportion of Li" is pre-extracted from the
bulk during the pre-treatment which should be responsible for
the larger coulombic efficiency in the initial cycle. The 3D Li"
pathway of the spinel outer layer can facilitate Li diffusion, and
decreases the charge transfer resistance a lot, leading to a great
rate capability. More importantly, an oxidized spinel outer layer
with Ni** is well compatible with the layered bulk Li; 5Nig 13-
Coy.13Mny 540,, and it protects the active material from invasion
of electrolyte components and helps steady the cathode mate-
rial after hundreds of charge/discharge cycles.
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