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Abstract The spinel LiNig s .Mn; 5,04 (x=0, 0.05, 0.1) in-
cluding LiNi045Mn1A504, LiNi0.45Mn1.55O4, and
LiNig 4Mn; 404 hollow microspheres has been prepared by
adjusting the stoichiometric ratios of Ni and Mn with an im-
pregnation method followed by a simple solid-state reaction.
They are characterized by X-ray diffraction, Fourier transform
infrared spectroscopy, scanning electron microscope,
high-resolution transmission electron microscope, X-ray
photoelectron spectroscopy, and electrochemical tests.
The results show that LiNiysMn; 504 is the ordered
with the space group of P4332, but LiNij4sMn; 5504
and LiNip4Mn; 4O, are the disordered with the space
group of Fd3m. All the three types of hollow micro-
spheres have the similar primary particles. Compared
to LiNipsMn; sOy4, partial Ni atoms are substituted by
Mn atoms in LiNig45Mn; 5504 and LiNig4Mn; ¢O4 lat-
tices along with incorporation of small amounts of
Mn*". Although the ordered LiNiysMn; sO4 hollow mi-
crospheres deliver the highest capacity of 128.5 mAh/g
at 1 C among the three types of spinel materials, the
disordered LiNijy4sMn; 5504 hollow microspheres exhib-
it the highest capacity of 96.8 mAh/g at 10 C. The
superior rate capability of LiNig4sMn; 5504 hollow mi-
crospheres is attributed to the combination of the in-
creased electronic conductivity and Li‘-ion diffusion
by moderate Mn®" incorporation, along with the hierar-
chical structure.
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Introduction

Lithium-ion batteries (LIBs) have been widely used in con-
sumer electronics products, owing to their highest energy den-
sity among the present commercial rechargeable batteries [1,
2]. However, for the applications in electric vehicles and smart
grids, it is desired to further increase their energy density.
Since energy of a battery is the product of stored capacity
and output voltage, the approaches to increase energy density
include increasing the voltage of cathode materials and the
capacity of electrode materials. Spinel LiNij sMn; 504 as the
representative of high-voltage cathode can provide a working
plateau at 4.7 V and thus offer much higher energy density
(650 Wh/kg) than those commercial 3.2 or 4 V class cathode
materials, such as LiCoO, (540 Wh/kg), LiMn,O,4 (500 Wh/
kg), and LiFePO, (500 Wh/kg) [3]. Therefore, high-voltage
LiNig sMn; 504 has been regarded as one of the most promis-
ing cathode materials for high-energy LIBs [4].

Spinel LiNiysMn; 504 has two types of space groups:
P4,32 and Fd3m [5]. The former has Ni and Mn orderly dis-
tributed in the 4a and 12d octahedral sites, respectively; thus,
this P4;32-type spinel is called ordered LiNiysMn; 504. On
the contrary, because of random Ni/Mn occupation in the 16d
octahedral sites, the Fd3m-type spinel is named disordered
LiNig sMn; sO4. Usually, the disordered LiNigsMn; 504 is
facile to be received during high-temperature (above
700 °C) preparation, along with a small amount of oxygen
loss, as LiNig sMn; 504-5. The significant difference between
the ordered and the disordered is the presence of Mn®" in the
latter, which leads to their obviously different electrochemical
properties. Mn®>" can disproportionate to Mn*" and Mn?",
which has the high solubility in the electrolyte. Therefore,
the disordered LiNigsMn; 5045 has the inferior cycling sta-
bility than ordered LiNiysMn; 504 [4-6]. However, Mn" in
the disordered phase has the positive contribution on charge
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transfer because of its higher electronic conductivity and big-
ger ionic radius than Mn*". Many literatures reported that
disordered Fd3m-type LiNijy sMn; 5045 has better rate capa-
bility than ordered P4332-type LiNiysMn; 504 [5, 7-11].
What is confusing is that Mn®" only exists at a small regime
of the electrochemical reaction (beginning of charging and
end of discharging), and its contribution on electronic conduc-
tivity should be very limited [12].

Recently, we synthesized hierarchically nanostructured
framework ordered LiNiysMn; 504 hollow microspheres
which exhibited superior rate capability than the disordered
LiNig sMn; 504 hollow microspheres. And we found that the
better rate capability can be attributed to the signal-crystal
structure on the surface of the ordered LiNiy sMn; sO,4, which
is helpful for the fast Li'-ion insertion/extraction kinetics [13].
In that work, we introduced Mn®" and prepared the disordered
LiNij sMn; 5045 by increasing the reaction temperature from
800 °C to 900 or 1000 °C. However, the increased tempera-
ture inevitably resulted in the morphology change, which also
caused the unfair comparison between the two types of mate-
rials. In fact, it is easier to form the disordered structure by
adjusting the stoichiometric ratio of Ni and Mn. In this way,
we can overcome the problem of morphology change during
different temperatures and obtain two types of LiNig sMn; 504
spinel with the same morphology.

To further investigate the two types of spinel
LiNig sMn; sO4 hollow microspheres, we prepared LiNig s
~Mn; 5,04 (x=0, 0.05, 0.1) hollow microspheres by
adjusting the stoichiometric ratio of Ni and Mn. Herein, partial
replacement of Ni by Mn will reduce the average valence state
of Mn, introduce small amount of Mn>", and form the disor-
dered structure. Thus, ordered LiNiysMn; 504, disordered
LiNig 45Mn; 5504, and disordered LiNiy 4Mn; 404 hollow mi-
crospheres have been synthesized successfully. Furthermore,
their structures and electrochemical performance have been
deeply investigated.

Experimental

Spinel LiNiy s—.Mn; 5,04 (x=0, 0.05, 0.1) hollow micro-
spheres were prepared by an impregnation method followed
by a simple solid-state reaction, similar as we reported previ-
ously [13]. The MnCO5; microspheres were synthesized by a
precipitation method [14]. Then, the porous MnO, micro-
spheres were got by decomposition of MnCOj3 at 400 °C for
5 h. Further, different stoichiometric Ni(NOj3),-6H,0 and
LiOH-H,0 were dispersed in the ethanol and impregnated
in the MnO, microspheres to obtain a precursor after the eth-
anol was completely evaporated at 50 °C. Exactly, for the
preparation of LiNiy sMn; 504, 5 mmol Ni(NO3), 6H,0 and
10.5 mmol LiOH-H,0O were impregnated into 15 mmol
MnO, microspheres. But for LiNiy 4sMn; 5504 and
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LiNig 4Mn; 04, 4.5 mmol Ni(NOs),-6H,0+10.5 mmol
LiOH-H,0+15.5 mmol MnO, microspheres and 4 mmol
Ni(NO3),-6H,0+10.5 mmol LiOH-H,O+16 mmol MnO,
microspheres were used, respectively. Finally, the spinel hol-
low microspheres were obtained by calcining the precursor at
800 °C for 20 h, followed by a posttreatment at 700 °C for
10 h.

The phase structures of the spinel hollow microspheres
were identified by X-ray diffraction (XRD) using a D/MAX
2500 V diffractometer in the range of 10~70° (20). The Fou-
rier transform infrared spectroscopy (FTIR) analysis was per-
formed with America Thermo Nicolet-67. The morphologies
and microstructures of the spinel hollow microspheres were
taken by scan electron microscope (SEM, JSM-6490LV) and
high-resolution transmission electron microscope (HR-TEM,
JEM-2100 F). X-ray photoelectron spectroscopy (XPS) anal-
ysis was carried out by using the America Thermo
ESCALAB250 instrument.

The electrochemical performance of the spinel hollow mi-
crospheres was investigated by using CR2032 coin-type cells
assembled in an argon-filled glove box (MBraun). In order to
make the LiNiy sMn; 50,4 electrode laminate, a slurry contain-
ing 84 wt.% active material, 8 wt.% acetylene black, and
8 wt.% polyvinylidene fluoride (PVDF) dispersed in N-meth-
yl-2-pyrrolidinone (NMP) was cast onto an aluminum current
collector. After vacuum drying at 70 °C, the laminate was
punched into discs (P14 mm) as the electrode for assembling
the coin cells. The mass loading in the electrode was con-
trolled at about 6 mg cm 2. Celgard 2400 microporous poly-
propylene membrane was used as separator. Highly pure lith-
ium foil was used as the counter electrode and reference elec-
trode for the cell assembly. The electrolyte was 1 M LiPF¢/
ethylene carbonate (EC)+dimethyl carbonate (DMC) (1:1, w/
w). The Li/LiNiy sMn; 504 cells were galvanostatically cycled
between 3.5 and 5 V on a multi-channel battery cycler
(Neware BTS2300, Shenzhen). And all the cell tests were
taken in the constant current-constant voltage (CC-CV) mod-
el. The constant voltage (CV) regime ended until the current
rate was lower than 0.5 C. Electrochemical impedance spectra
(EIS) measurements of the Li/LiNij sMn; 50,4 cells charged to
5.0 V were performed on a CHI 604D electrochemical work-
station with applied 10 mV sinusoidal perturbation in a fre-
quency range from 100 kHz to 10 mHz at room temperature.
The EIS results were fitted by using the Z-view software.

Results and discussion

The XRD patterns of the LiNig s, Mn; 5.,04 (x=0, 0.05, 0.1)
products are shown in Fig. 1a. All the synthesized products
present typical diffractions of a cubic spinel phase. With x
increasing to 0.1 (LiNig4Mn; ¢04), the impurity diffraction
peak near (400) peak becomes obvious and it is corresponding
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Fig. 1 XRD patterns (a) and FTIR images (b) of LiNigsMn; 5Oy,
LiNi0_45Ml’1 1 '5504, and L1N104M1’1 1 _504

to Li,Ni;—, O or NiO,, which was often formed in the solid-
state synthesis of LiNiy sMn; 504 [15—-17]. For
LiNi0A5Ml'11A504 and LiNiOA45Mn1A55O4, this 1mpur1ty phase is
negligible. Additionally, we found that the (111) diffraction
peak of LiNij4sMn; 5504 had a shift to low angle (from
18.82° to 18.75°) in LiNigsMn; 50,4. That is because partial

*(0.54 A) converting to bigger Mn>" (0.66 A) by the
replacement of Ni by Mn could result in the enlargement of
lattice. The effect will also be confirmed by XPS below. How-
ever, in XRD, it is difficult to identify whether the sample has
P4332 or Fd3m structure. Thus, the FTIR spectra of the
LiNi0A5Ml'11A504, LiNiOA45Mn1A5504 and LiNi0A4MIl1A604 pow-
ders are investigated in Fig. 1b. Amatucci and co-workers
reported that the ordered LiNigsMn; 504 (P4332) had eight
IR absorption bands while the disordered LiNigsMn; 5045
(Fd3m) had only five [8, 9]. Here, LiNiy4sMn; 5504 and
LiNig4Mn; ¢O4 have five IR absorption bands at 465, 496,
556, 581, and 622 cmfl, which are the fingerprint of the

disordered LiNiysMn; 504-5 [18]. Since there are additional
three peaks at 430, 478, and 650 cm ', LiNiy sMn; sO, has
low symmetry, which results from the well-separated Ni and
Mn sites. Therefore, it is concluded that here, LiNiy sMn; 504
is ordered with the space group of P4;32, but the other two are
disordered with the space group of Fd3m.

To investigate oxidation state of Mn of LiNijysMn; 5Oy,
LiNi0_45Mn1.5504, and LiNi0.4Mn1,604, XPS analysis has
been carried out in Fig. 2. The sets of Mn2p,/3 peaks in
Fig. 2a—c show that Mn*" and Mn®" are coexistence. As
shown in Fig. 2a, the majority of LiNijysMn; sO4 product is
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Fig. 2 Mn2p2/3 XPS spectra of LiNiysMn; 504 (a), LiNig 4sMn; 5504
(b), and LiNig 4Mn, 04 (¢)
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mostly composed of Mn**. From a peak separation, however,
in relatively low binding energy, there was a small peak, indi-
cating that the trace amounts of Mn®" exist [19, 20]. For the
LiNig 4sMn; 550, and LiNiy sMn; 404, the existence of Mn*>"
could be found obviously. Furthermore, the amount of Mn**
increased with the increment of Mn replacing Ni. As we all
know, the presence of Mn>" in the structure can improve the
electronic and ionic conductivities [5, 7-11]. All above, from
the XPS, XRD, and FTIR results, we can confirm that ordered
LiNig sMn; 504, disordered LiNig 45Mn; 5504, and disordered
LiNig 4Mn; ¢O4 samples have been synthesized successfully
by adjusting the stoichiometric ratios of Ni and Mn.

Figure 3 depicts the morphologies of LiNiysMn; 504,
LiNi0A45M1’11 .5504, and LiNio_4Ml’11 .6O4~ The low-
magnification SEM images (Fig. 3a, c, e) reveal that all the
products are consisted of regular microspheres with a diameter
of4~6 um. Most LiNij sMn; 504 microspheres have the com-
parative diameter with the LiNig4sMn; 5504 microspheres,
but the LiNiy 4Mn; 404 microspheres are slightly smaller than
the other two types of microspheres. The main reason could be
the smaller amounts of Li and Ni sources impregnated into the

Fig. 3 SEM micrographs of
LiNig sMn, 504 (a), (b);
LiNig.45Mn; 5504 (¢), (d); and
LiNig 4Mn; 04 (e), (f)
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same amount of MnO, microspheres during the preparation of
LiNig 4Mn; ¢04. As shown in Fig. 3b, d, f, high-magnification
SEM images illustrate that all the microspheres have the hol-
low structure. From Fig. 3b, the wall thickness of the hollow
microspheres is about 0.5—1.0 pm. Such a thick wall can make
the hollow structure keep stable during the electrode prepara-
tion. In our previous report [13], we prepared the similar hol-
low microspheres with different space groups under different
reaction temperatures, but the different temperatures cause the
obvious differences on morphology, crystallinity, and surface
structure of the primary particles. But here, the primary parti-
cles for the three samples have quite similar morphology and
crystallinity. Furthermore, in Fig. 4, the HR-TEM images
show the single-crystalline nature of the surface for the prima-
ry particles in the three samples, and the measured neighbor-
ing interplanar distance of 0.46 nm matches well with the
spacing between the (111) planes.

The initial voltage profiles of all Li/LiNig 5-,Mn; 5+, O4 (x=
0, 0.05, 0.1) cells are compared in Fig. 5. It is clear that all the
voltage profiles at 1 C include a flat plateau at 4.7 V, corre-
sponding to the reversible reactions of Ni*"/Ni** and Ni*"/
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Fig. 4 HR-TEM images of LiNiO‘SMn1‘504 (a), LiNi0‘45Mn1‘5504 (b),
and LiNi0>4Mn1_6O4 (c)

Ni** [21, 22]. Furthermore, for the cells using
LiNig 45sMn; 5504 and LiNig 4Mn; ¢O4, an obvious voltage
plateau can be observed between 3.8 and 4.2 V, corresponding
to the Mn*"/Mn*" redox process [23]. This also supports the
fact that a small fraction of Mn>" existed in disordered
LiNig45Mn; 5504 and LiNig4Mn; ¢O4. However, the cell

5.04
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Fig. 5 Initial charge/discharge curves of LiNipg sMn; 5Oy,
LiNi0_45MIl1_5504, and LiNi0_4MH1_604

using the ordered LiNiysMn; 504 shows a negligible plateau
in the 3.8~4.2 V region. The capacity of this plateau can
indirectly reflect the amount of Mn®" ions in the spinel mate-
rials. That is, the higher capacity results from the more Mn®"
ions. It is further observed that the initial discharge capacities
ofLiNio.SMnl _504, LiNi0.45Mn1_5504, and LiNi()AMl’ll .604 are
128.5,116.5, and 115.2 mAh/g at 1 C, respectively. The lower
discharge capacities of LiNig 45sMn; 5504 and LiNig4Mn; ¢O4
can be contributed to the decrease of Ni in LiNig 5, Mn; 5,04
and the increment of Mn>". LiNiy sMn; 504 and
LiNig 4sMn; 5504 have the comparable coulombic efficiencies
of 88.7 and 90.3 %, respectively, but LiNiy 4Mn; 40,4 has the
lower coulombic efficiency of 80.6 %, probably because of
the existence of Li, Ni;_,O impurities [24, 25].

Rate capabilities of all Li/LiNiy s—.Mn; 5., 04 (x=0, 0.05,
0.1) cells are presented in Fig. 6. At 1 C and 2 C,
LiNigp sMn; 504 exhibits much higher discharge capacities
than LiNig 4sMn; 5504 and LiNig 4Mn; ¢O4. However, at
5 C, LiNig 4sMn; 5504 has the comparative capacity with
LiNig sMn; 504, even though the capacity of LiNiy4Mn; 404
has a large fading. At 10 C, the disordered LiNig 45sMn; 5504
can deliver the higher discharge capacities of 96.8 mAh/g than
the ordered LiNiysMn; 504 (85 mAh/g). Among the three
samples, LiNiy4Mn; 40, presents the lowest discharge capac-
ities at various rates, which is mainly attributed to the presence
of LiNi;_, O impurities [25]. In our previous work, the or-
dered LiNij sMn; 504 hollow microspheres were synthesized
with superior rate capability and good cycling stability, which
were much better than the disordered LiNiysMn; sO4 [13].
But in this work, we prepare the spinel LiNig s Mn; 5,04
(x=0, 0.05, 0.1) hollow microspheres with quite similar struc-
ture and find that the disordered LiNij4sMn; 5504 exhibits
better rate capability than the ordered LiNij sMn; 504 at high
rates. As reported previously, disordered (Fd3m)
LiNiy sMn; sOs presented large diffusion coefficient of Li*
(Dy;") than the ordered (P4332) in grain because of the exis-
tence of Mn>* with the higher ionic conductivity and the large
ionic radius in disordered LiNig sMn; 504 [7-9]. In addition,
as recently reported [26-28], single-crystal nanostructures

140
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Fig. 6 Rate performance of LiNigsMn; 50,4, LiNig4sMn; 5504, and
LiNi0_4Ml'11_504
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favor charge transfer and accelerate the electrochemical reac-
tions. Therefore, we believe that the higher rate capability of
LiNig 45sMn; 5504 is attributed to both the high ionic conduc-
tivity and the large ionic transfer channel of the existed Mn®"
and the single-crystal surface configuration that also benefits
for Li insertion and extraction [7-9, 13].

Cycling performance of Li/LiNij 5-,Mn; 5,04 (x=0, 0.05,
0.1) cells is shown in Fig. 7, and all the three samples exhibit
quite good cycling stability, possibly because of the unique
nano/micro hierarchical structure. Also, their good cycling
performance suggests that the hollow structure is stable
enough during cycling. To understand the electrochemical
performance in depth, EIS was carried out by using Li/
LiNiy s-.Mn; 5,04 (x=0, 0.05, 0.1) cells after the third cycle,
shown in Fig. 8. All impedance spectra show a similar profile
consisting of two semicircles and a sloping line. The semicir-
cle in the high-to-medium frequency range is ascribed to the
process of Li'-ion migration through the surface layer, the
other semicircle in the medium-to-low frequency range is re-
lated to the charge transfer kinetics of the electrode, and the
sloping line in the low frequency range is for the diffusion of
Li" in the solid electrode [29-33]. The impedance spectra can
be explained on the basis of an equivalent circuit (inset of
Fig. 8), and the fitting results are summarized in Table 1. In
the equivalent circuit, Re represents the electrolyte resistance,
Rs is the surface impedance, and Rct is the charge transfer
impedance. CPE1 and CPE2 signify the corresponding
constant-phase elements, which describe the nonideal capaci-
tances of the surface layer and the double layer, respectively.
Zw is the Warburg impedance. From Table 1, there is only
negligible difference on Re, but remarkable difference can be
found on Rs and Rct between the three samples.
LiNiy sMn; sO4 has the lower Rs of 19.4 Q than
LiNi0_45Mn1.5504 (252 Q) and LiNi0.4Mn1_6O4 (462 Q),
explaining for the higher initial capacity of LiNipsMn; 504
at low rates (1 C and 2 C). But the Rct (26.4 Q) of
LiNig sMn; 50y is higher than that of LiNig 45sMn; 5504 (19.0
). Since the lower Rct is highly significant for the superior
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% —O0—LiNi , Mn, O,
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Fig. 7 Cycling performance of LiNiy sMn; 504, LiNij 45sMn; 5504, and
LiNi0_4Mn1_504
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Fig. 8 EIS spectra of LiNi0_5Mn1_5O4, LiNi0_45M1’11_5504, and
LiNiy 4Mn; 404 after 3 cycles. The insert represents equivalent circuit

rate capability, LiNig 4sMn; 5504 exhibits the better rate capa-
bility than LiNig sMn; 504 and LiNiy4Mn; 4O, at high rates.
Basically, the good charge transfer kinetics of
LiNig 45Mn; 5504 is attributed to the increased electronic con-
ductivity and Li" diffusion ability from the participation of
Mn3+, even though too many Mn*" in LiNig 4Mn; 404 could
increase both Rs and Rct as the result of the distortion of the
lattice and the undesirable disproportionation. Therefore, in-
troducing a moderate amount of Mn®" in LiNiy sMn, sO4 with
the Fd3m, space group significantly improves the rate capa-
bility of the spinel hollow microspheres.

Conclusions

In summary, the ordered and disordered spinel hollow micro-
spheres with highly similar structure were synthesized by sim-
ply adjusting the stoichiometric ratio of Ni/Mn in LiNi 5
~Mn; 5,04 (x=0, 0.05, 0.1). LiNig sMn; 504 is the ordered,
but LiNig 4sMn; 5504 and LiNig 4Mn, 4O, are the disordered
along with the presence of Mn®" in the lattice. Although the
ordered LiNigsMn; 504 hollow microspheres deliver the
highest capacity at low rates among the three spinel materials,
the disordered LiNig 45Mn; 5504 hollow microspheres exhibit
the superior rate capability at high rates. That is, the disordered
spinel LiNiy s_,Mn; 5,,O4 with a moderate amount of Mn>"
has the better electrochemical performance than the ordered
spinel with the similar morphology and structure. The im-
proved high rate capability of LiNij 45sMn; 5505 is attributed
to the combination of the increased electronic conductivity

Table 1 Impendence parameters calculated from equivalent circuit

R. () Ry (©) Re (©)
LINIOSMHISO4 4.0 19.4 26.4
LiNi()_45Ml’l1»5504 32 25.2 19.0
L1N104M1'11604 6.2 46.2 223
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and Li"-ion diffusion by moderate Mn*" incorporation, along
with the hierarchical structure. Therefore, adjusting good stoi-
chiometric ratio of Ni and Mn in LiNij 5 Mn; 5,,04 is proved
as an efficient way to improve the electrochemical perfor-
mance of LiNijysMn; 50,4 spinel hollow microspheres. The
obtained LiNij4sMn; 5504 hollow microspheres are worthy
of further investigation and application as cathode material
for advanced Li-ion batteries.
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