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P2-type layered oxides have been considered as promising cathode materials for Na-ion batteries, but the capac-
ity decay resulting from the Na't/vacancy ordering and phase transformation limits their future large-scale applica-
tions. Herein, the impact of Li-doping in different layers on the structure and electrochemical performance of P2-type
Nag 7Nig 35Mng 6503 is investigated. It can be found that Li ions successfully enter both the Na and transition metal layers.
The strategy of Li-doping can improve the cycling stability and rate capability of P2-type layered oxides, which promotes

the development of high-performance Na-ion batteries.

Keywords: Nag 7Nig35Mng 50>, Li-doping, P2-type cathode, Na-ion batteries

PACS: 82.45.Fk, 88.80.ff, 71.20.Dg

1. Introduction

The rapid development and widespread applications of
Li-ion batteries (LIBs) have caused the increasing demand and
Na-ion batteries (NIBs), due to
the high abundance and uniform distribution of Na sources,
are considered as an appealing alternative to Li-ion batter-

cost of lithium resources.

ies (LIBs), especially on applications of large-scale energy
storage.!!3 The cathode materials with various structures, in-
cluding layered transition metal oxides,*®! Na super ionic
conductors (NASICON),[1%11] pryssian blue analogues,[!>~13]
and organic compounds, '] etc., have been synthesized and
investigated.

metal oxides (Na,TMO,, TM = transition metal) are one

Among these materials, layered transition-

of the most promising candidates for commercial applica-
tion due to their feasible preparation process and high theo-
retical capacity.!!”-!8 According to the coordination environ-
ments of Na and stacking modes of oxygen, Na,TMO, have
been mainly classified into P2 and O3 types, proposed by
Delmas.[!”! “P” and “O” represent that Na™ ions are coordi-
nated in prismatic and octahedral environments, respectively,
while the number “2” or “3” refers to the repeated layers in an
unit cell. Compared with the O3-type structure, Na ions can
migrate between neighboring prismatic sites directly in the P2-
type structure, which results in a lower diffusion barrier and
therefore enhanced rate performance.2%-21]

However, the P2-type structures suffer from the com-
plicated phase transition and Na*t/vacancy ordering, leading
to step-like voltage curves, capacity decay, and poor cycling
life.[?>23] For example, although P2-Na, ,3Nij 3Mn; 30, de-
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livers a high-operation voltage and high capacity, it still has
problems such as the severe capacity fading by the P2-O2
phase transition when charging to above 4.0 V.[?4>1 To im-
prove the cycling stability, element doping (Cu, Ti, Mg, F,

),126-301 and surface coating!*!! have been proven to be ef-

etc.
fective strategies. Previous reports show that Li-doping can
stabilize the structure by suppressing the Jahn-Teller effect
of Mn* and delaying the detrimental phase transitions.3%33]
Considering that the ionic radius of Li* (0.76 A) is similar to
that of Ni** (0.69 A), the Li-ions doped in layered Na, TMO,

34351 1 addition, with in-

tends to occupy the TM layers.|
creasing the amount of Li, extra diffraction peaks at ~ 18°
and ~ 41° appear, which can be assigned to the monoclinic
Li;MnO3; component (C2/m) or the thombohedral O3-type
structure (R3m).3637]

In this work, we have successfully synthesized the
phase-pure samples of Li-free Nag7Nigp35Mng 502 (Li0),
Nay 75[Lig.05Nip.3Mng ¢5]O, with Li-doping in the TM layers
(Li5), and Na(),7Li()_()5 [Li().()5Nio_3Mn0.65]02 with Li-doping in
both the Na and TM layers simultaneously (Lil0). The x-
ray diffraction results show that Li ions locate at the TM lay-
ers in the Li5 sample and both the TM layers and Na layers
in the Lil0 sample. The electrochemical performance results
demonstrate that the rate and cycle performance are improved
after Li doping. In the voltage range of 2.0-4.0 V, the capacity
of Li-free LiO electrode is only ~ 39 mAh/g at 10 C, while the
Li-doped Li5 and Li10 electrodes can display the capacities of
about 65 and 64 mAh/g at 10 C, respectively. The Li0, Li5,
and Lil0 electrodes deliver the capacity retentions of 76.5%,
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81.7%, and 88.5% after 300 cycles in the voltage range of 2.0—
4.0 V, respectively, indicating the enhanced cycling stability
after Li-doping.

2. Experiment
2.1. Material synthesis

Nag 7Nip 35Mng 6502 (Li0), Nag 75[Lig.05Nio.3Mng 65102
(LIS), and Na0_7Li0,05 [LioiosNi().gMn()ﬁS]Oz (LIIO) sam-
ples were synthesized by a solid-state method using
Na;CO3(99%), LipCO3(99%), NiO(99%), and MnO»(98%)
as precursors. The raw materials were mixed and ground in
an agate mortar for 25 min and pressed into a pellet under a
pressure of 12 MPa. Then these pellets were fired at 950 °C
for 15 h in muffle furnace under air and cooled to room tem-
perature naturally.

2.2. Structure characterization

X-ray diffraction (XRD) patterns were collected on an
x-ray diffractometer (D8 Bruker) using Cu K, radiation by
measuring the diffraction angle (20) range of 10°~70°. The
refinements of XRD data were performed with FullProf soft-
ware using the Rietveld method.?® The morphology and mi-
crostructure were investigated by a scanning electron micro-
scope (SEM, Gemini 300) and a high-resolution transmission
electron microscope (HRTEM, FEI Tecnai F20).

2.3. Electrochemical measurement

These working electrodes were prepared by spreading
the slurry of the active materials, acetylene black and the

polyvinylidene fluoride (PVDF) binder with a weight ratio
of 8:1:1 on Al foil. Then these electrodes were dried at
120 °C under vacuum for 10 h. The coin-type cells (CR2032)
were assembled with Na foil as the counter electrode, 1.0 M
NaClOg4/propylene carbonate (PC) with 5% fluoroethylene
carbonate (FEC) in volume as electrolyte and a glass fiber
(GF/D) as the separator in an argon-filled glove box. The elec-
trochemical testing on different voltage ranges was carried out
using a Neware CT-4000 battery test system.

3. Results and discussion

The crystal structures of the Nag 7Lig o5[Lig.05Nig.3Mng ¢5]
Oy (Lil0),  Nag75[Lip.05Nig3Mng 5102  (Li5),
Nag 7Nip 35Mng 6502 (Li0) were initially characterized us-
ing x-ray diffraction (XRD). As shown in Fig. 1(a), all
the samples can be indexed to the P2-type structure (space
The in-
fluence of higher Li content on the crystal structure was

and

group of P63/mmc) without any second phase.

also investigated. The Nag ggLig.09[Lig.05Nig3Mng 65]0, and
Nag gLig g7[Lig.0sNig.3Mng ¢5]O» samples with higher Li
content show the extra weak diffraction peak at around 18°
in Fig. S1, which can be assigned to the monoclinic Li;MnO3
component (C2/m), consistent with the previous reports. 36371
Therefore, the three pure P2-phase samples of Li0, Li5 and
Lil0 are mainly studied in this work. The XRD patterns of
the LiO, Li5 and Li10 are further refined based on the Rietveld
method. It can be seen in Figs. 1(b)—1(d) that the refinement

results are well in agreement with the observed data.
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Fig. 1. (a) XRD patterns of the Lil0, Li5, and Li10 samples. Refined XRD patterns and the SEM images of (b) Li0, (c) Li5, and (d) Li0.
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The corresponding lattice parameters, atomic occupan-
cies and isotropic displacement parameters are presented in
Tables S1-S3.
structure of the Li0, Li5, and Lil0 samples according to the
XRD refinements. For all the samples, Ni** ions and Mn**
ions locate at the 2a (0,0,0) site, while the Na ions locate at

Figure 2 exhibits the reconstructed crystal

the two prismatic sites in the Na layer (26 (0, 0, 0.25) site and
2d (0.6667, 0.3333, 0.25) site). The Li ions locate at 2a sites
in the TM layers in the Li5 material host, while the Li ions

the Li10 material host.

As shown in Table 1, Li doping has little impact on
the lattice parameter a, which is consistent with the previ-
ous report.3) This may be related to the similar sizes of Li*
(0.76 A) and Ni%* (0.69 A), because the lattice parameter a
represents the atomic distance in the ab plane. On the contrary,
the lattice parameter ¢ reduces significantly after Li doping.
The reduced Na shielding effect by a higher Na/Li content in
Li5 and Li10 compared with LiO can account for the reduction

locate at both the TM layers and Na layers simultaneously in in lattice parameter c. 0]
(a) Li0 (b)  Li5 (¢) Lil0
—e [ ) A ° ('o ('° A o o o
o
B 0J 00 ©——0 B o" oJo—O B e o0 o0—0
00 Nae 0 0 Na 0o 0 Nae/Li
o o © B =7 S=mam$ o o o
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Fig. 2. Reconstructed crystal structures of (a) Li0, (b) Li5, and (c) Li10 materials.
Table 1. Lattice parameters obtained by using Rietveld refinements.
Sample Li0 Li5 Lil0
a(R) 2.8871(6) 2.8882(8) 2.8867(3)
Lattice parameters b(A) 2.8871(6) 2.8882(8) 2.8867(3)
c(A) 11.1520(3) 11.0735(4) 11.0803(5)
volume (A3) 80.5031(2) 79.9987(3) 79.9620(4)

The morphologies of Li0, Li5, and Lil0 samples were
investigated by scanning electron microscopy (SEM). As pre-
sented in Figs. 1(b)-1(d), the as-prepared samples are com-
posed of blocky-shaped particles and the distribution of parti-
cle size is in the range of 2—6 um. The high-resolution trans-
mission electron microscopy (HRTEM) image of the LilO
sample in Fig. 3(a) reveals that the interplanar spacing of lat-
tice fringes is ~ 0.250 nm, which matches well with the (100)

plane of the P2-type structure. Selected-area electron diffrac-
tion (SAED) was applied to obtain the specific structural in-
formation of Lil0 in Fig. 3(b). The bright spots can be in-
dexed to the representative reflections of the P2-type struc-
ture viewed along the [001] axis. Figures 3(c)-3(g) show
the energy-dispersive spectroscopy (EDS) mapping of LilO,
which indicate that Na, Ni, Mn and O elements are uniformly

distributed in the Li10 material.

5 1/nm

Fig. 3. Characterization of the as-prepared Lil0 material. (a) HRTEM image, (b) SAED pattern, and (c)—(g) TEM-EDS mapping results for

the selected elements.
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The electrochemical performances of Li0, Li5, and Lil0
electrodes were investigated by galvanostatic charge/discharge
tests. Figures 4(a)—4(c) show the first three charge—discharge
profiles of these electrodes in the voltage range of 1.5—
4.2 V versus Na™/Na at a rate of 0.1 C. The Li0 elec-
trode shows several voltage plateaus, which are closely
related to the P2-O2 phase transition and Na't/vacancy
ordering.!*>?3 Tt can be observed that Li5 and LilO elec-
trodes exhibit the smoother charge/discharge curves, indicat-
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ing the suppressed phase transition and Na't/vacancy order-
ing, similar to the reported Naj ¢Lip2Nig25Mng 702 (411 and
Nag g[Lio,12Nig.22Mng 66]05. 33 Figure 4(d) shows the cycle
performances of Li0, Li5 and Li10 electrodes at 0.5 C in the
voltage range of 1.5-4.2 V. The results demonstrate that Li
doping can improve the capacity retention from 46.9% of Li0
to 70.0% of Li5 and 80.7% of Lil0. The improvement of ca-
pacity retention can be attributed to the stabilized structure by

Li doping.[324%]
4.5
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Fig. 4. Charge-discharge profiles of (a) Li0, (b) Li5, and (c) Li10 at 0.1 C in the voltage range of 1.5-4.2 V vs. Na™/Na. (d) Cycle performances
of the Li0, Li5, and Li10 electrodes at 0.5 C after 100 cycles in the voltage range of 1.5-4.2 V.

To investigate the influence of Li-doping in different volt-
age ranges, the cycle performance was studied in the voltage
ranges of 1.5-4.0'V, 2.0-4.2 V, and 2.0-4.0 V, and the results
are shown in Fig. S2 in the supporting information. The capac-
ity retention of Li0, Li5, and Li10 electrodes in various voltage
ranges are presented in Table 2. It can be found that the cycle
performances in different voltage ranges are improved after Li
doping. For example, the capacity retention of Li0 is 91.4%
in the voltage range of 2.0-4.0 V, which increases to 95.2%
of Li5 and 97.1% of Lil0, respectively. Previous reports have
proved that the Mn**/Mn3* redox causes the structure insta-
bility due to the Jahn—Teller effect of Mn3* when the voltage
is lower than 2.0 V.[?2241 On the other hand, the P2-type cath-
odes always undergo the detrimental P2-O2 phase transforma-
tion with a large volume change upon charging to over 4.0 V,
causing the severe capacity fading.[>>*3! The study indicates
that the electrodes exhibit the best cycle performance in the
voltage range of 2.0-4.0 V.[42:44]

Figure 5(a) exhibits the long-term cycle performances of
Li0, Li5, and Lil0 electrodes at 0.5 C in the voltage range

of 2.0-4.0 V. The capacity retentions of Li0, Li5, and Lil0
electrodes after 300 cycles are 76.5%, 81.7%, and 88.5%.
The Lil0 electrode with Li doping in both the Na and TM
layers simultaneously exhibits the best cycling stability. Fig-
ure 5(b) further compares the rate performances of these elec-
trodes at different current densities in the voltage range of 2.0—
4.0 V. The capacities of Li0 electrode are 93, 89, 81, 60, and
39 mAh/g at the rates of 0.1, 0.5, 2, 5, and 10 C, respectively.
Interestingly, the Lil0 electrode delivers the capacities of 92,
89, 84,75, and 64 mAh/g, respectively, which are almost equal
to those of Li5 electrode. These results demonstrate that Li

doping can improve cycling stability and rate performance.

Table 2. The capacity retention of Li0, Li5, and Lil0 electrodes at 0.5 C
after 100 cycles in different voltage ranges.

Voltage Li0 Li5 Lil0
1542V 46.9% 70.0% 80.7%
1.540V 49.4% 71.3% 81.5%
2042V 80.1% 89.2% 93.7%
2.0-4.0V 91.4% 95.2% 97.1%
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Fig. 5. (a) Cycle performances of the Lil0, Li5, and Li0 electrodes at
0.5 C after 300 cycles in the voltage range of 2.0-4.0 V. (b) Rate per-
formances of the Li0, Li5, and Li10 electrodes in the voltage range of
2.0-4.0 V at various rates.

To investigate the influence of Li doping on structure evo-

Iution during the charge and discharge process, the ex sifu
XRD patterns of Lil0 electrode at different voltages are col-
lected. As demonstrated in Fig. 6, the (002) diffraction peak of
Li10 electrode shifts continually to lower angle upon charging,
corresponding to the expansion of the interlayer distance. In
the subsequent discharging course, the (002) diffraction peak
when discharged to 1.5 V shifts to an angle higher than pristine
state due to extra sodium intercalated into electrode. It is note-
worthy that there is not any new peaks appearing in the whole
charging and discharging course, indicating that the P2-type
structure is maintained well without the common P2-02 phase
transition.[>>] This solid-solution reaction contributes to the
excellent cycle retention and good rate performance. HRTEM
is also used to analyze the microstructure changes after cy-
cling. As shown in Fig. S3(a) in the supporting information,
it can be observed that the HRTEM image of Li0 electrode
charged at 4.2 V shows the dislocation. This phenomenon is
absent in the HRTEM image of the Li-doped Lil0 electrode
in Fig. S3(b), which is helpful for improving cycling stability.
These ex situ XRD and HRTEM results prove that Li doping
can suppress the P2-O2 phase transition and enhance structure

stability, thus improving cycling stability.

Charged to 4VJ
T |

Joaa

(a) (b) Lil0
200

. )
Discharged to 1.5V =
i /\‘N — / ’ULJ‘—J—-——-——JRM— E
2] ~—
§ . Charged to 4.2\jL A 100 .
E [ A A A ‘5
g
<
.J\.\ O

L Initial JJ_
155 16.0 16.5 10 20 30 40 50 60 70 4 3 2
26 (%) 20 (%) Voltage (V)

Fig. 6. Ex situ XRD patterns of Lil0 at different charge/discharge states: (a) the enlargement parts of the (002) peak, (b) the whole patterns
between 10° and 70°, (c) the corresponding charge/discharge profiles during the ex sifu XRD tests.

4. Conclusion

In summary, a series of Li0, Li5, and Lil0 cathode mate-
rials are synthesized by a solid-state method. The XRD results
show that Li ions can incorporate in both the Na and transition
metal layers. Electrochemical measurement results demon-
strate that Li doping can largely improve the cycle and rate
performance. The Li-doped Li5 andLi10 electrodes deliver 65
and 64 mAh/g at the high rate of 10 C, while Li-free LiO elec-
trode only delivers 39 mAh/g at 10 C in the voltage range of
2.0-4.0 V. The LilO electrode exhibits the excellent cycling
stability in the voltage range of 2.0-4.0 V with the capacity
retention of 88.5% after 300 cycles, higher than those of Li0
and Li5 electrodes. Ex situ XRD and HRTEM results show

that P2-phase maintains well after Li doping, thus enabling
improved electrochemical performances. It can be concluded
that incorporating Li into both the Na and transition metal lay-
ers of P2-type cathodes is a useful strategy for designing high-
performance cathode materials in Na-ion batteries.
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