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Abstract: Novel layered oxide Lij+,Nisys. Teitia. 0, (x =0, 0. 14, 0. 33, 0. 46, 0. 50 and

0.60) cathodes were synthesized by a solid-state reaction method. A unique P1-like domain with
a short-range order around Ni ions was found in the monoclinic C2/m crystal with x =0. 33,
which displays a loosely bonded local structure and increased Lit mobility, enabling superior
structural as well as electrochemical reversibility. The enhanced properties investigated by ex situ
X-ray absorption spectroscopy ( XAS), X-ray diffraction ( XRD), X-ray photoelectron
spectroscopy (XPS) and electrochemical characterization were corroborated to originate from the
stable short- and long-range ordering structure along with the Ni electron redox. This study may
open up new avenues for the development of Li-rich cathode materials with sufficiently good
performance.
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0 Introduction

Secondary  lithium-ion batteries as an

alternative energy storage system are widely used

in various electronic applications, such as

stationary energy storage, smart grid and

electronic vehicles!™ . Layered oxides such as o
NaFeO,/LiCoO, type
attention  for  their

propertiest*.

structure have received
widespread excellent
electrochemical However, the
rechargeable capacity of LiCoQO, is limited to 160
mAh ¢ g7!' due to the destruction of crystal

8] Among these layered materials, Ni-

structure
containing cathodes can deliver high capacity and
comparably high operating voltage at a lower
cost®, such as LiNiy:Mng:O,M" and lithium
nickel manganese cobalt oxide (NCM)" layered
cathode material with an increased capacity of more
than 200 mAh « g=' because of the dual electron
redox of Ni element. However, this does not mean
a high content of Ni can bring about a satisfactory
capacity, The high Ni content may lead to
surface instability,

structural transition and

resulting in capacity decay during

[13-14]

severe
cycling For these reasons, Ni is often used as
a dopant in the electrode material to enhance the
electrochemical performance-"',

Recently, a range of cations with high valence
were introduced to form high lithium containing
oxides in order to gain high capacity, such as
LiNiy 67 Sho. 55 O, 17, Li; MoO;-NiOH® and
Li;MRuO;"", that holds a significant potential as
new host structures for high capacity cathode
materials. Li; TeOs is also classified as a layered

[20]

structure However, it is electrochemically

inactive owing to the absence of electrons in the
conduction band of tellurium. Hence, transition
[21-24]

metals are partially substituted for Te®" and

Li" to induce electrical conductivity in Li, TeOs.

bl

Considering NiO crystallizes into the layered oxide
similar to Li; TeO;, NiO-Li,TeO; binary system
can be structured with the possibility of potentially
rich Li-content and stable Niredox.

As we all know, tellurium is much more
expensive than nickel and therefore not suitable for
use in large-scale battery cathodes. So the ultimate
goal of our research is to find a strategy for
increasing the content of low cost constituents
(like Ni),

performance at the same time. In this work, we

and get excellent electrochemical

introduced NiO into Li, TeOs system in the form of
aNiO « 6L, TeOs(a : b=3, 2, 1, 1/2, 1/3, O)
which can be simply rewritten as
Live, Nigs Terinn, Os (2 =0, 0. 14, 0. 33,
0.46, 0. 50, 0. 60) as a Li-excess electrode for
convenience and found a unique P1-like domain
with a short-range order around Ni ions in a
monoclinic C2/m crystal, resulting in an improved
stability. The

structure and electrochemical performance of Li-

LLi" extraction and structural
Ni-Te-O were systematically investigated in this
study. This article will serve as a preliminary
study for lithium ion battery used in large-scale
applications and the efforts we have made will

contribute to future research in this field.

1 Experimental

1.1 Materials preparation

Lii+ . Nigusu. Teiutrin. O was synthesized by
Li;COs,
NiC,HsO, ¢« 4H,O and TeO, were prepared as

precursors in desired ratios and an excess of 10%

a simple solid-state reaction method'®”,

lithium is required to compensate for lithium loss

during high temperature calcination.  The
precursors were mixed by planetary ball milling.
Then, the mixtures were calcined at 1000 °C for
16 h in air. After cooling to room temperature,

the powder was carefully ground followed by
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heating at 1050 “C for 6 h. China) between 3. 5 and 4. 6 V vs. Li"/Li

1.2 Materials characterization

The results were characterized by powder X-
( XRD, D8-Advance power
diffractometer, CuKa radiation, A=1. 54178 A).
Ni and Te X-ray photoelectron spectra (XPS) were
collected by a spectrometer (ESCALAB 250). Ni
K-edge ( XAS)

measurements were performed in transmission

ray diffraction

X-ray absorption structure
mode using 1W2B beamline at Beijing synchrotron
radiation facility ( BSRF ).

carried out using the IFEFFIT software.

Data analysis was

1.3 Electrochemical measurements

Electrochemical behavior of Liy+ , Nis/ys5/4. Te 14114 O
as a cathode material was tested in Li half CR2032
coin cells. Composite electrodes were prepared
with the active material, acetylene carbon black
and PVDF in a mass ratio of 8 ¢ 1 ¢ 1, and then
rolled into a film. Coin-type cells (CR2023) were
assembled in an argon-filled glove box (Unilab,
Mbraun, Germany) using Li metal as counter
electrode, Celgard 2400 as separator and 1 mol/L
LiPF; in a mixture of ethylene carbonate and
1,

Galvanostatic charge/discharge tests

dimethyl carbonate (1 volume ratio) as

electrolyte.
were performed on a Land CT2001A ( Wuhan,

Electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) were measured on a
CHI660D ( Chenhua, Shanghai) electrochemical

workstation.

2 Results and discussion

Fig. 1 (a) shows the XRD patterns of the
obtained Lij~,Nisys/. Teyri,. 0, (2 =0, 0. 14,
0. 33, 0. 46, 0. 50 and 0. 60).
LiNig 75 Te, 2502 (x = 0), Liy 14 Nig 58 Tey 250, (& =
0.14) and Li;, 35Nig 55 Te 550, (x =0. 33) can be
classified as layered structure in a space group of
C2/m (PDF # 00-58-638).

exhibit noticeable superlattice peaks within a 20°~

The samples

These three samples

23°range, suggesting a high stacking order of the
transition metal layer along the ¢ axis™®”. The as-

prepared Li; TeOs (x =0. 60) is indexed to space

group P1(PDF # 84-1362). Part of the peaks of
Liy 45 Nig 15 Teg 560, (x =0. 46) can be indexed based
on C2/m structure except for the unconventional
peaks at about 19°~44° (arrows), which can be
indexed to P1 structure. It indicates that the
samples were gradually transformed into P1 phase
with the increase of x and this phenomenon is

more obvious for Li; s Niy 15 Tey 57 O, (=0, 50).
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x=0.50
x=0.46
. A .
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(a) XRD data

Fig. 1
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(b) Fourier transform EXAFS spectra

Crystal/ atomic structural characterization of Li-Ni-Te-O materials
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XRD characterizes long-range order in the
crystal, while extended X-ray absorption fine
structure (EXAFS) is related to the local atomic
arrangement around the absorbed metal atom.
Fig. 1 (b) shows the EXAFS spectra of the as-
prepared series samples. The first peak at around
1.5 A (no phase correction) corresponds to the Ni-
O bond as the first coordination sphere. The
almost identical Ni-O pair indicates the oxygen
distribution around Ni of these materials remained
the same. The second peak at around 2. 5 A s
related to the scattering contribution from the
second neighboring Me (Me = Li, Ni or Te).
Dramatic change can be observed for the Ni-Me
pair, both by the intensity and the position. The
intensity of the Ni-Me peak for x =0, 0. 14 and
0. 33 gradually decreases followed by a constant
intensity for x =0. 46 and x = 0. 50. It suggests
that either the number of the metal coordinators
reduces or the type of the coordinated metal atoms
varies. For example, more lithium ions coordinate
to the absorber Ni, replacing the other metal ions
Ni or Te,
contributes less scattering amplitude than metals
of Ni and Te. The Ni-Me position shifts to the
larger R direction for x =0. 33, 0. 46 and 0. 50,

indicating a larger distance between Ni and the

because lithium of low-z atom

second neighboring metal atoms.

Tab.1 Important interatomic distances in P1 structure

Atomic parameters

Atom 1 Symmetry 1 Atom 2 Symmetry 2 Distance/ A
Tel X Ys % L4 1—x, 1—y, 1—= 2.930 5(46)
Tel Ty Y 2 Li2 —x, —y, —z 2.984 2(22)

Tel X Ys 2 Li4
Tel X Ys % Li

Zeyez 2.9150052)
1=z, 1=y, —= 2.875 9(55)
—zy —y, 1= 2,999 517)
—x, —y, —z 3.132 8(32)
Ll xey.x O3 —l4a. —14y. 22135 5(33)
Lil Xs Yy 2 02 —1+x, y, 2 2.034 8(29)
Tel Xs ¥y 2 03 1=z, 1=y, —= 1.884 4(33)

Tel Xy Vs 2 Li2

Tel Ty Y 2 Tel

Tel Xs Yy 2 02 1=z, —y, —= 2.021 1(33)

Tel Xs Vs 2 (@1 1. 876 0(33)

Xs Vo Z

Similar to the preceding XRD result, the
samples have been divided into two phases, C2/m
for =0, 0. 14, 0. 33 and P1 for = =0. 46, 0. 50
and 0. 60. These two crystal structures give almost
identical Ni-O local configuration and different Ni-
Me local interaction. The composite of x =0. 33
presents the Pl-like domain around Ni ions,
revealed by the combined characterization of XRD
and Synchrotron-based XAS. The P1 structural
parameters is shown in Tab. 1, which is referenced
to Untenecker et al'®”!, The distance (d) between
Ni and surrounding Me-ions for x=0. 33 is 2. 96 A
(dos = 2. 96 A), which is an average value
calculated from Tab.1. While the difference
between the d for C2/m and P1is 0. 22 A, which
is obtained from the EXAFS diagram in terms of
the horizontal axis. And d, for £ = 0 is smaller
than that for x=0. 33, therefore d, is 2. 74 A. As
shown in Fig. 2, the C2/m structure gives a larger
Ni-Me interaction distance than the P1 structure
(dos3= 2.96 A vs.dy= 2.74 A) by favoring Li
for making Ni coordinate rather than Ni or Te.
Research shows that the barrier for migration of
lithium is related to the TM valence and the Li-TM
distance in layered lithium metal oxides?. A
larger Li-TM distance and lower TM valence
around Li support a lower barrier. To illustrate
this point in detail, electrochemical properties will
be discussed later. Therefore, XRD and EXAFS
confirm a consistent structures for the samples,
except for x=0. 33 which combines the long-range
order of C2/m and the local structure of P1.

Fig. 3(a) presents cycle performance at 0. 1C (1C
=173mA ¢+ g '). The initial capacity for x =0. 33 is
150 mAh - g!
comparison with 93, 121, 64 and 37 mAh « g!' with
a retention of 84%, 70%, 74%, and 73% for x =
0, 0. 14, 0. 46, 0. 50, respectively, after 50
cycles. That is, x = 0. 33 exhibits superior

and capacity retention of 94% in

reversible Li" extraction. Fig. 3 (b) shows the
electrochemical impedance spectroscopy ( EIS)
measurement of the cathode series. The semicircle

of the curve represents the charge transfer
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C2/m

x=

x=0.33

For x=0. 33, the distance between Ni and surrounding Me-ions d, 33 is 2. 96 A, While d,, for + = 0 is smaller than that of =0, 33, d, is 2. 74 A
Fig. 2 Local structure models of Ni with x=0 and x=0. 33
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(b) Electrochemical impedance plots

Fig. 3 Electrochemical properties of Li-Ni-Te-O

resistance at the interface of the electrolyte/
electrode and the straight line is related to lithium
diffusion resistance in the bulk of the electrode. It
can be found that the diameter of the semicircle for
x=0. 33 is much smaller than that of the others,
indicating that it has the lowest charge transfer
resistance. The slope of the straight line for x=
0. 33 possesses the highest value, suggesting the
fastest lithium diffusion. This result is in good
agreement with the cycle performance. It is shown
that C2/m phase contributes towards high capacity
but poor cycle performance, while P1 phase
exhibits low capacity but good cycle performance.
Only = = 0. 33 with a Pl-like domain in the

framework of C2/m structure manifests both

improved capacity and cycle performance. Previous
research has shown that a larger Li-TM distance and
lower TM valence around i support more convenient
Li" migration channels. Bao et al.P"  further
investigated Li, NiTeOg ( Lij 33Nig 33 Teq 330

0. 33) by focusing on the sequence of Li removal

=

when it is charged through first-principles
computations.  Accordingly, Li; 33Nig 33 Tep 3302
exhibits excellent electrical conductivity and

structural stability with a volume change of
7.2%. Therefore, the loosely bonded structure
for * = 0. 33 provides more convenient Li~
migration channels, which leads to higher Li"
mobility, as well as maintenance of structure

stability.
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(b) Ex situ FT-EXAFS curves for x=0.33 after the 1st, 5th, 10th and 50th cycle

Fig. 4 Evaluation of structural stability for Li-Ni-Te-O

Fig. 4 (a) shows the XRD patterns after 50
cycles. For these samples, with the exception of
x=0. 33, the superlattice peaks within the range
of 20° ~ 23°

significantly, meaning a loss of the long-range

were broadened and weakened

stacking order. The XRD patterns for x=0. 33 are
consistent with the pristine phase, indicating a
The Ni-Me
interaction for x =0. 33 after cycling was checked
by FT-EXAFS (Fig. 4(b)). The overall shapes are

similar to each other, demonstrating an identical
[31]

good structural stability. local

and stable local structure around Ni**", The most
significant change is the slightly decreased peak
intensity of the second shell that is attributed to
the Me disorder around Ni.
patterns indicated by ex situ XRD and EXAFS

means x = 0. 33 maintains a perfect structural

Hence, the steady

stability even after 50 cycles.
The reversibility of the
process was tested by ex situ XPS and XANES

measurement. XPS spectroscopy for x =0. 33 was

electrochemical

employed to obtain a deeper insight into the
chemical valence states of the Ni and Te (Fig. 5
(a)). Ni-2p core spectrum peak at 858, 7 eV with a
satellite peak at 864. 5 eV reveals the existence of
Ni*" in the pristine phase®”’. Upon charge, Ni-
2pss2 shifts to a higher binding energy of 860. 0 eV,
After
discharge, Ni-2p;; binding energy shifts back to
that Ni"’

meaning a transformation of Ni** — Ni'",

the pristine state, confirming was

reduced to Ni**. Even after 100 cycles, Ni-2ps is

still similar to that of the discharge state,
exhibiting good reversibility. Te-3ds, spectrum
gives a dominant peak at around 576. 3 eV, which

¢125) Upon charge, this

is characteristic of Te
peak shows a shift to binding energy of 577. 0 eV
and an increase of the full width at half maximum
(FWHM ) which
discharge. As is well known, tellurium is clearly
This

phenomenon can be considered as a significant

value, are reversed upon

without valence state higher than —+ 6.

variation in the local environment around Te atom
as mentioned by McCalla et al. ). XPS provides
the valence state of the sample surface, while the
synchrotron-based ex situ XANES measurement
reveals the bulk information on the electronic state
of atoms. In Fig. 5(b), Ni K-edge shifts to higher
energy during the 1st charge process, indicating
the continuous oxidation of Ni*" to Ni'", which
shifts back to low energy when discharged to
3.5 V. This trend is more prominent in the 2nd
cycle (Fig. 5(c)).

Here we calculated the theoretical capacity for
2=0.33 to be 172. 9 mAh « g ! considering Ni*" /
Ni** as the redox couple. Fig. 6(a) shows an initial
discharge-capacity of 169. 5 mAh « g~ ! at 0. 05C
which is the highest capacity reported in Te-
containing cathodes. The initial charge capacity of
than 250 mAh - g7!, the

theoretical limit, may derive from electrolyte

more exceeding
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(c) Ni K-edge XANES during the second charge/discharge process

Fig. 5 Evaluation of electrochemical reversibility for x =0. 33
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Fig. 6 Reconfirming electrochemical reversibility for x =0. 33
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(a) Charge-discharge curves at 0.05C
decomposition, the O, generation caused by
oxidization of O  or residual Li,CO;
decomposition”***"', The following charge capacity
is around the theoretical value showing the

irreversibility of capacity only exists in the first
cycle. The CV curves (Fig. 6(b)) exhibited a pair
of well-defined peaks, corresponding to the Ni*™/
Ni'" redox couple. The position of redox peaks
remained the same during the first two cycles,
while only the intensities were changed, indicating
that Ni*7/Ni'" was stable

process.

the whole
XANES,

during

Based upon ex situ XPS,

combined with CV

results, an inference can be made confirming that

charge-discharge curves
the electrochemical reaction was sustained and

stable.

3 Conclusion

In conclusion, a layered

Lij+ . Nisjs/. Teruriu. O, cathode was synthesized
and a unique Pl-like domain within the crystal
framework of monoclinic C2/m
the

properties,

structure was

structural and

This

found to  improve

electrochemical combined
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structure makes P1-like local domain providing a insertion material of LiNij2Mn;20;: A possible

longer distance of the TM-TM interaction and then
establishing a loosely bonded local structure,
which contributes to higher Li" mobility, as well
as maintaining the stability of the long-range order
of C2/m. 1i; 33Nip 53 Te 330, exhibited excellent

reversible Li" extraction with 94% capacity

retention at 0. 1C compared to other samples, with
capacity retention of about 70% after 50 cycles.
The synthesis of this stable crystal/atom structure
would contribute significantly in developing high-

performance cathodes.
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