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a b s t r a c t

Single-crystalline nanotubes of LiNi0.473Mn1.473Al0.054O4 (LNMAO-NT) have been synthesized and eval-
uated as cathode using LNMAO-NT/Li half cell and LNMAO-NT/Li4Ti5O12 (LTO) full cell, respectively.
Galvanostatic charge/discharge tests show that the LNMAO-NT half cell exhibits discharge capacity of
118 mAh g�1 and specific energy (calculated only based on the cathode material) of 508 Wh kg�1 at 5 C.
Two types of full cells (LTO-limited and LNMAO-NT-limited cell) are constructed using three-electrode
configuration. Measurement results reveal that LTO-limited full cell has a lower cathode potential vs.
Li metal than LNMAO-NT-limited one at the end of cutoff voltage. The LNMAO-NT/LTO full cell exhibits
discharge capacity of 158 mAh g�1 at 0.5 C and 120 mAh g�1 at 10 C, respectively, showing superior high-
rate capability of LNMAO-NT. In addition, 87% of capacity retention of the LNMAO-NT/LTO full cell can be
achieved after 200 cycles at 5 C, indicating good structural stability of one dimensional LNMAO-NT.
Moreover, study of in situ Raman spectra at different potentials reveals good structural reversibility
during charging and discharging process, indicating that LNMAO-NT would be one of the most promising
high-voltage cathodes for high power lithium ion batteries.

� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Improving specific energy through developing high-voltage and
high capacity cathode materials and enhancing cell safety for
lithium ion batteries (LIBs) has now become one of the main
research directions [1e5]. To achieve these goals, more stable and
reliable cathode and anode should be developed. Many high-
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voltage cathode materials have been developed in order to meet
more demanding requirements of some large energy storage sys-
tems, such as electric vehicles (EVs) and hybrid electric vehicles
(HEVs). At the present, some high-voltage materials are mainly
focused on poly-anion compounds and Mn-based spinel oxides,
such as, LiCoPO4 (4.8 V vs. Li/Liþ) [6], LiCoAsO4 (4.6 V vs. Li/Liþ) [7],
LiMn1/3Fe1/3Co1/3PO4 (4.9 V vs. Li/Liþ) [8], Li2CoPO4F (close to 5 V vs.
Li/Liþ) [9], and LiNiPO4F (close to 5.3 V vs. Li/Liþ) [10], LiMxMn2�xO4
spinels (M ¼ Ni, Cr, Fe, Co, Mg, Cu) [11e16], etc. As for poly-anion
cathodes, they possess relatively lower electric and ionic conduc-
tivity, which will increase polarization during Liþ ions
intercalation/de-intercalation process [17,18]. In addition, electro-
chemical activity of some poly-anion compounds has not yet
experimentally understood due to high electrode potentials [10].
Compared to these poly-anion compounds, Mn-based
LiMxMn2�xO4 spinels (M ¼ Ni, Cr, Fe, Co, Mg, Cu, etc) gain great
attention because of their high electronic and ionic conductivity
and easy fabrication [11e16]. The three dimensional Liþ ions
diffusion pathways in the spinel are also beneficial to provide a high
power density. Among them, non-Ni-based LiMxMn2�xO4 (M ¼ Cr,
Fe, Co) spinels generally exhibit two voltage plateaus at 4.0 and
5.0 V vs. Li/Liþ. High voltage beyond 5.0 V, however, will result in
the fast decomposition of electrolyte [19], and hence in poor per-
formance. Thus, LiNi0.5Mn1.5O4 (LNMO) becomes a compromised
target for high-voltage cathode materials because LNMO exhibits a
relatively lower dominant voltage plateau at 4.7 V vs. Li/Liþ than
other LiMxMn2�xO4 (M ¼ Cr, Fe, Co) spinels. In addition, it has also
some advantages, such as low cost, environmental friendliness,
abundant Mn resources and high thermal stability up to 250 �C
[20]. Owing to its high operating voltage, LNMO can deliver
a specific energy of about 650Wh kg�1, about 20%e30% higher than
that of conventional LiCoO2 (3.9 V vs. Li/Liþ), LiMn2O4 (4.0 V vs. Li/
Liþ)and LiFePO4 (3.4 V vs. Li/Liþ), respectively. Thus, LNMO has been
considered as one of the most promising high-voltage cathode
materials for high power LIBs [1,21].

There still exists several problems in practical application of
LNMO: i) high redox couple of Ni3þ/Ni4þ that will result in the
decomposition of conventional electrolyte based on organic car-
bonate and ii) difficulty in synthesis of pure LNMO spinel because of
mixed ordered and disordered LNMO phases due to oxygen defi-
ciency caused by high-temperature calcination [19,22]. Moreover,
the LixNi1�xO impurity forms probably as the second phase. Actu-
ally, it is easily obtained for disorder phase compared with stoi-
chiometric LNMO (ordered phase with P4332 space group) [23]. It
has been demonstrated that the disordered spinel can deliver a
better electrochemical performance than ordered one because the
disordered spinel has an increased Liþ ions diffusion coefficient
[24,25]. The presence of a small amount of high spin Mn3þ in the
disordered spinel, however, will also incur a non-negligible ca-
pacity decay during cycling, especially at elevated temperature.
Thus, metal doping is generally considered as an effective approach
to improve the average oxidation valence of Mn in the spinel [26e
28]. Moreover, Mn3þ concentration in the spinel can be also
decreased by re-annealing, which can also reduce oxygen defect
and impurity amount, leading to better electrochemical perfor-
mance [29,30].

In recent years, the charge/discharge rate capability becomes
important for high power application. In order to achieve high-rate
capability, nanostructured LNMO materials are widely used. Bruce
and Shaju reported LNMO nanoparticles, showing superior rate
capability [25]. Hernan reported that Rod-like LNMO consisted
with ca. 20 nm nanocrystals synthesized based on a PEG-assisted
method delivered about 90 mAh g�1 of capacity at 2 C after 100
cycles, higher than counterpart (about 80 mAh g�1) synthesized
without adding PEG [31]. Among the various nanostructured
materials, one dimensional (1D) single-crystalline nanostructure is
extremely attractive because 1D single-crystalline materials with
well-defined geometry and perfect crystallization exhibit less ag-
gregation compared with nanoparticles and are beneficial to the
electronic conduction and ionic diffusion in the solid [32e34]. We
have demonstrated that 1D single-crystalline LiMn2O4 nanotubes
show the excellent electrochemical performance and superior in-
tegral stability upon long-term cycling [35]. To date, 1D single-
crystalline structure of LNMO is seldom reported since it is very
difficult to grow along 1D direction owing to its cubic crystal
structure.

Herein we report single-crystalline nanotubes of lithium nickel
manganese oxide based on our previous work [35]. The synthesized
LiNi0.473Mn1.473Al0.054O4 (LNMAO-NT) is evaluated as cathode using
LNMAO-NT/Li half cell and LNMAO-NT/Li4Ti5O12 (LTO) full cell. The
results indicate the LNMAO-NT shows superior high-rate capability,
high specific energy and good cycling stability.

2. Experimental

b-MnO2 nanotubes were firstly synthesized similar to our pre-
vious work [35]. In a typical process, stoichiometric amounts of
nickel nitrate (Ni(NO3)2$6H2O, 0.644 mmol), aluminum nitrate
(Al(NO)3$9H2O, 0.068 mmol) and lithium nitrate (LiNO3, 3% excess,
1.397 mmol) based on the designed composition of LiNi0.475M-
n1.475Al0.05O4 were firstly dissolved in deionized water (0.5 mL).
Then b-MnO2 nanotubes (2 mmol) was added into the above so-
lution. The slurry was stirred for 4 h at 80 �C by magnetic stirring
and dried at 120 �C for overnight. After grinding, the sample was
calcinated at 700 �C for 10 h and subsequently annealed at 750 �C
for 10 h in air at a heating rate of 2 �C min�1 and a cooling rate of
1 �C min�1. For comparison, micrometer-sized Al-doped
LiNi0.475Mn1.475Al0.05O4 (LNMAO-M) particle was also synthesized
using commercial MnO2 based on the same fabrication process
above.

The crystalline structures of LNMAO-NT were identified by X-
ray diffraction using a XRD-7000 diffractometer (Shimadzu) with a
Cu ka radiation source (l¼ 1.5418�A). XRD datawere recorded in the
range 2q ¼ 10e130�, with a step of 0.03� and 8 s per step. The
morphology of LNMAO-NT was observed by a field-emission SEM
(Hitachi S4300), TEM (JEOL 2010). The element proportion of the
products was identified by inductively coupled plasma-atomic
emission spectrometry (ICP-AES, ICPE 9000 Shimadzu). Raman
measurements were carried out using an integrated confocal
Raman microscope system (CRM 200, WITec, Germany). The in-
strument consists of an inverted microscope with 100�/0.9 infinity
corrected objective (Olympus) for illumination and scattered light
collection, allowing to reach a spatial resolution as low as 0.2 mm.
An Arþ laser (15 mW at 532 nm) was employed as the excitation
source. The Raman microscope system operates in back-scattering
mode for both excitation and collection on the same objective.
The collected scattered signal was filtered to remove the contri-
butions from excitation. Raman spectra were recorded in a back
scattering geometry, and the highest gratingwas adopted to reach a
resolution of about 1 cm�1.

The electrochemical characterization of the synthesized prod-
ucts was performed using CR2025 coin-type cell for half and full
cells. As for the full cell, LTO (Shenzhen Tianjiao corporation,
Shenzhen, China) was used as anode. Three-electrode cell (ECC-REF
cell, Germany) was used to evaluate the LNMAO/LTO cell with
lithium metal as reference electrode. The cathode slurry was pre-
pared by mixing LNMAO-NT, super P and polyvinylidene fluoride
binder (PVDF) in a weight ratio of LNMAO-NT: Super P:
PVDF ¼ 80:10:10 in N-methyl-2-pyrrolidone (NMP). The anode
slurry was the same to that of the cathode except using a weight
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ratio of LTO: Super P: PVDF ¼ 85:10:5. The blended slurries of
cathode and anode were then cast onto aluminum foil and copper
foil, respectively, which were dried at 80 �C 5 h in air and subse-
quently 120 �C overnight in vacuum oven before being pressed.
LNMAO-NT was firstly investigated using two-electrode half cells
(lithium metal as anode). The specific capacity of full cells is
calculated by the corresponding limited electrode. For the LNMAO/
LTO full cells, the limited capacity and excess capacity of the two
electrodes is designed using 0.8 mAh and 1.0 mAh, respectively. In
order to obtain a better alignment between cathode and anode, the
diameters of the limited electrode and excess electrode are 10 and
12 mm, respectively. The loading mass of cathode is 4e6 mg cm�2.
Cell assembly was carried out in an Ar-filled glove box (MBraun).
The electrolyte solution was 1 M LiPF6 dissolved in ethylene car-
bonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC)
(1:1:1 in volume). Celgard 2400 polypropylene membrane was
used as the separator. Galvanostatic charge/discharge tests were
performed using Neware battery tester (Shenzhen, China). The
cutoff voltages for half and full cells are 3.2e4.95 V vs. Li/Liþ

(LNMAO-NT/Li half cell), 1.0e2.5 V vs. Li/Liþ (LTO/Li half cell) and
2.0e3.5 V (LNMAO-NT/LTO full cell), respectively. Cyclic Voltam-
mograms (CVs) tests were performed on a Solartron electrochem-
istry workstation (Solartron 1470E) at 0.1 mV s�1 using a cutoff
voltage range of 3.2e4.95 V vs. Li/Liþ (LNMAO-NT/Li half cell), and
2.0e3.5 V (LNMAO-NT/LTO full cell). To have a convenient com-
parison, 1 C is defined as 140 mA g�1 of current density for LNMAO-
NT/Li half cell and LNMAO-NT/LTO full cell.

3. Results and discussion

Fig. 1b shows 1D tubular LNMAO-NT spinel synthesized from b-
MnO2 nanotube template as shown in Fig. 1a. The outer and inner
Fig. 1. TEM images of (a) b-MnO2 nanotubes, (b) LNMAO-NT and (c) an individual nanotube o
corresponding SAED pattern.
diameters of LNMAO-NT are about 500 and 200 nm, respectively,
slightly larger than those of precursor b-MnO2 nanotube. It is
suggested that the tubes slightly swell in the direction perpendic-
ular to the tube axis during high-temperature calcination. The
length of LNMAO-NT is slightly shorter than b-MnO2 nanotube.
Fig. 1c shows magnified single LNMAO-NT fromwhich the selected
area electron diffraction (SAED) is taken from the location marked
by dotted square. The high resolution TEM (HRTEM) and SAED
pattern in Fig. 1d clearly reveal the single-crystalline nature of
LNMAO-NT. The diffraction dots can be indexed to (220), (311) and
ð111Þ planes of cubic spinel LNMO. The lattice fringes in Fig. 1d
show the high crystallinity of LNMAO-NT. These nanotubes grow
preferentially along the [110] direction recorded with ½112� zone
axis.

The XRD pattern of LNMAO-NT shown in Fig. 2 is well indexed to
a cubic LNMO spinel (JCPDS No: 80-2162), which is consistent with
TEM analysis. The structure is assigned to either P4332 or Fd-3m
space group, depending on the ordering of transition metal in the
spinel structure. As for the ordered spinel, the oxidation state of Ni
and Mn are þ2 and þ4, respectively. But for disordered spinel, a
small amount of oxygen deficiency resulted by high-temperature
calcination will be compensated by the formation of Mn3þ. Many
methods have been used to identify the ordered and disordered
structures of the spinel material, such as XRD Rietveld analysis [36],
electron diffraction [36,37], CV profiles [38,39], charge/discharge
profiles [25], etc. Rietveld analysis for our sample does not show the
superstructure diffraction at 15.3�, 39.7�, 45.7�, 57.5� and 65.6� [36],
implying disordered spinel structure of LNMAO-NT. The refinement
profiles of LNMAO-NT indicate that all peaks fit well to the Fd-3m
space group. The fitted structural parameters and refined results
are shown in Table S1 (Supporting Information). The lattice con-
stant is 8.166�A, slightly smaller than stoichiometric LNMO (8.182�A)
f LNMAO-NT, (d) HRTEM image taken from the dotted square in (c), the inset shows the



Fig. 2. Experimental (black line) and simulated (red line) XRD patterns of LNMAO-NT
after Rietveld refinement in the cubic space group Fd-3m, a ¼ 8.166 �A, the difference
profile is shown in blue. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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owing to Al doping. ICP-AES result shows that atomic ratio of Li/Ni/
Mn/Al for LNMAO-NT is 1:0.473:1.473:0.054, suggesting that the
chemical formula for LNMAO-NT is probably LiNi0.473M-
n1.473Al0.054O4. Considering the presence of oxygen deficiency, the
accurate formula for LNMAO-NT should be LiNi0.473M-
n1.473Al0.054O4-d. For convenience, LiNi0.5Mn1.5O4 and LiNi0.473M-
n1.473Al0.054O4 are used for chemical formula in this paper.

Fig. 3a shows the typical charge/discharge profiles of LNMAO-
NT half cell at a current density of 20 mA g�1. LNMAO-NT exhibits
two voltage plateaus at 4.7 V ascribed to Ni2þ/Ni4þ redox process
and at about 4.0 V corresponding to the redox process of Mn3þ/
Mn4þ. This is obviously observed at the 4.0 V area peaks marked by
a dashed box in the CV profile of LNMAO-NT/Li half cell (Fig. 3b),
Fig. 3. (a) The typical charge/discharge profiles for LNMAO-NT/Li half cell under 20 mA g�1

with cycle numbers under 0.5 C charge rate and different discharge rates for LNMAO-NT/L
(Ref. [35]) half cells (The specific energy is calculated only based on the mass of the cathod
which further confirms the disordered spinel structurewith oxygen
deficiency. LNMAO-NT/Li half cell delivers a discharge capacity of
about 130 mAh g�1 at 20 mA g�1 Fig. 3c shows the rate capability of
LNMAO-NT at 0.5 C charge rate and different discharge rates from
0.5 to 10 C. At 0.5 C, LNMAO-NT delivers about 130 mAh g�1 of
discharge capacity. When current rate is increased to 5 C and 10 C,
LNMAO-NT delivered 115 mAh g�1 and 80 mAh g�1 of discharge
capacity, higher than those of some nanoparticles [40,41]. When
the current rate is decreased to 0.5 C, about 130 mAh g�1 of
discharge capacity can still be recovered, revealing good revers-
ibility of Liþ ions de-intercalation/intercalation process in the 1D
single-crystalline LNMAO-NT electrode. Importantly, LNMAO-NT
shows higher specific energy (specific energy in this paper is
calculated only based on cathode material) than LMO-NT [35]. This
is a particular advantage for high-voltage LNMO spinel material. As
shown in Fig. 3d, LNMAO-NT delivers above 600 Wh kg�1 at 1 C
while LMO-NT only shows 400 Wh kg�1. Even at 10 C, about
400 Wh kg�1 of specific energy for LNMAO-NT can still be retained.

Spinel LTO has been used as an alternative anode material for
LIBs due to its good structural stability (considered as zero-strain
intercalation/de-intercalation material [16,42e45]). The [Ti5/3Li1/
3]16dO4 spinel framework is extremely robust and provides a three-
dimensional interstitial space of face-shared 8a tetrahedral and 16c
octahedral for Liþ ion transport. What is remarkable about Li4Ti5O12
electrode is that the lattice parameter and unit cell volume are
essentially unchanged by lithiation, allowing fast Liþ ion diffusion
within the oxygen array. In addition, the electrochemical reaction is
extremely reversible. The LNMO/LTO full cell, however, still incurs
decomposition of carbonate-based electrolyte owing to high
charged potential of LNMO cathode, especially at fully charged or
overcharged state. In order to further investigate the electro-
chemical behaviors of LNMO/LTO full cell, we fabricated two types
of LNMAO-NT/LTO full cell, namely LNMAO-NT-limited and LTO-
limited full cells, using three-electrode cell. The schematic dia-
gram and three-electrode testing cell are shown in Fig. 4a. LNMAO-
, (b) CV plots between 3.2 and 4.95 V vs. Li/Liþ at 0.1 mV s�1, (c) the discharge capacity
i half cell, (d) the specific energy with current rates for LNMAO-NT/Li and LMO-NT/Li
e activate materials).



Fig. 4. (a) The schematic diagram and three-electrode cell for the three-electrode test. The charge and discharge profiles at 20 mA g�1 using three-electrode cell for (b) LTO-limited
and (c) LNMAO-NT-limited cells. The right part in (b) shows the magnification view corresponding the first dashed box. The right part in (c) represents the magnification view
corresponding the second dashed box. The LNMAO-NT/LTO (black line) is charged and discharged between 2.0 and 3.5 V by testing Chan. #1. The response potential curves for
LNMAO-NT/Li (red line, Potential/V vs. Li/Liþ) and LTO/Li (blue line, Potential/V vs. Li/Liþ) are simultaneously monitored by two individual testing channels (Chan.#2 and Chan. #3),
respectively. The dashed boxes indicate the potential change for the LTO and LNMAO-NT-limited cells at the end of cutoff voltage. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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NT, LTO and lithium metal are used as working electrode (WE),
counter electrode (CE) and reference electrode (RE), respectively.
Three individual channels of battery tester are used simultaneously.
Channel #1 (Chan. #1) is for charging/discharging LNMAO-NT/LTO
full cell. Another two channels (Chan. #2, #3) are used to monitor
the potential of LNMAO-NT/Li, and LTO/Li, respectively. Cutoff
voltages of charge and discharge are set between 3.5 and 2 V for full
cell system. The charge/discharge curves of the two types of full
cells are shown in Fig. 4b and c. Fig. 4b shows charge/discharge
curves of the LTO-limited full cell where an abrupt voltage increase
from 3.2 V (plateau voltage) to 3.5 V for LNMAO-NT/LTO full cell is
observed at the end of charge state. The potential for LTO drops
from 1.53 V (plateau voltage) to 1.27 V vs. Li/Liþ while the LNMAO-
NT still remains at a near plateau voltage of at 4.77 V vs Li/Liþ,
implying that Liþ ions in LNMAO-NT spinel are not completely de-
intercalated from the spinel structure and these Liþ ions extracted
from LNMAO-NT can almost completely be inserted into LTO spinel
structure, leading a transition from Li8a[Li1/3Ti5/3]16dO4 spinel to
[Li2]16c[Li1/3Ti5/3]16dO4 rock-salt phase [42]. This is clearly observed
from the magnification diagram corresponding to the first dashed
box area in Fig. 4b. In addition, the potential values at fully charged
state are maintained at about 4.7 V vs. Li/Liþ for subsequent cycles.
In the contrast, the potential values of the LNMAO-NT-limited cell
are beyond 5.0 V vs. Li/Liþ except the first cycle. When carefully
observing the magnification view in Fig. 4c, the potential value of
LNMAO-NT/Li is increased to 5.03 V vs. Li/Liþ while that of LTO/Li
remains at a plateau voltage of 1.53 V vs. Li/Liþ when the LNMAO-
NT/LTO cell is charged to 3.5 V. The results reveal that full cell
system using LNMAO-NT-limited cell easily results in a higher po-
tential than that of LTO-limited one. In addition, overcharge issue of
LTO-limited full cell may be also alleviated because the potential of
the anode can drop to 0 V along with the potential of cathode
constant when the full cell is overcharged considering the zero-
strain characteristics of LTO. In contrast, the potential of cathode
for LNMAO-NT-limited full cell may exceed 5.0 V or abovewhen the
cell is at overcharged state, resulting in relatively fast oxidative
decomposition of electrolyte [19]. Consequently, the full cell system
by the LTO-limited cell can guarantee the relatively lower potential
for LNMO cathode even at its fully charged state, which is very
important for alleviating the electrolyte decomposition and real-
izing high-rate capability and good cycling stability for LIBs.

Based on the results above, the LTO-limited full cells are further
investigated. The charge/discharge curves and SEM image of LTO
are shown in Fig. S1 (Supporting Information). Fig. 5a shows the
initial three charge/discharge curves at 20 mA g�1. It shows a
dominant plateau at 3.2 V corresponding to the redox process of
Ni2þ/Ni4þ. Another one small plateau at about 2.6 V is corre-
sponding to the redox process of Mn3þ/Mn4þ. This is also clearly
observed from the CV profiles marked by a dashed box in Fig. 5b,
which shows a pair of sharp peaks located at 3.19/3.10 V and a pair
of weak peak located at about 2.6 V. Moreover, the two-cycle CV
curves show the superior reversibility of Liþ ions de-intercalation/
intercalation process for LNMAO-NT electrode, similar to the
LNMAO-NT/Li half cell (Fig. 3b). Comparing the three charge/
discharge profiles (Fig. 5a), it is found that the first charge/
discharge curve is obviously different from the other two. Higher
charge capacity is obtained, which is due to electrolyte decompo-
sition [46,47]. The first charge curve also displays the lower po-
tential than the 2nd and 3rd cycle at about 2.6 V. It means that some
side reactions at the electrode/electrolyte interface occur at the
initial charge process, leading relatively lower potential. After the
first charge/discharge cycle, a stable solid electrolyte interface (SEI)
may form [48], contributing to stability of subsequent cycles. The
first coulombic efficiency is only 72.4%, which is mainly attributed
to the non-reversible side reaction during the first charge/discharge
process [46,47]. During the subsequent cycles, above 92%



Fig. 5. (a) The initial three charge/discharge profiles for LNMAO-NT/LTO full cell at 20 mA g�1, (b) CV plots for LNMAO-NT/LTO full cell between 2.0 and 3.5 V at a scan rate of
0.1 mV s�1, (c) the charge/discharge curves under different discharge current rates at the same charge rate (0.5 C) for LNMAO-NT/LTO full cell, (d) Specific discharge capacity with
cycle number under different current rates for LNMAO-NT/LTO and LNMAO-M/LTO full cells. Note that the specific capacity of full cell is calculated based on the limited LTO mass.

Fig. 6. The discharge capacity retention as a function of cycle number for LNMAO-NT/
LTO, LNMO-NT/LTO and LNMAO-M/LTO full cells at 1 C charge/5 C discharge rate.
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coulombic efficiency is retained because relatively stable electrode/
electrolyte interface forms during the first cycle. The LNMAO-NT/
LTO full cell delivers an initial discharge capacity of about
150 mAh g�1 at 20 mA g�1 (the specific capacity is calculated based
on the mass of limited LTO).

Fig. 5c shows the charge/discharge profiles of the full cell
charged at 0.5 C and at different discharge rate from 0.5 to 10 C.
With increasing the current rate, the plateau voltage gradually
shifts toward lower voltage due to the increased cell polarization at
high current rate. Importantly, about 120 mAh g�1 of discharge
capacity is still obtained at 10 C, nearly 80% of the initial discharge
capacity at 0.5 C (Fig. S2, Supporting Information). Fig. 5d shows the
rate capability of the full cell. When tested at a low current rate
(0.5e1 C), the cell delivers a slightly higher capacity than
micrometer-sized LNMAO-M. Further increasing current rate to 5 C,
the capacity of LNMAO-NT shows about 5 times higher than that of
LNMAO-M. Even at 20 C, about 60 mAh g�1 of discharge capacity
can be retained. When the current rate is decreased from 20 C to
0.5 C, the discharge capacity can be well recovered to 142 mAh g�1,
indicating superior rate capability of LNMAO-NT.

Fig. 6 shows the retention of specific discharge capacities of the
LNMAO-NT/LTO, LNMO-NT/LTO and LNMAO-M/LTO full cells. After
50 times of cycles at 5 C, the LNMAO-NT/LTO and LNMO-NT/LTO full
cells respectively show 94% and 83% of capacity retention, higher
than micrometer-sized LNMAO-M (74% of capacity retention),
suggesting the relatively higher cycling stability of 1D single-
crystalline structure. It is also found that Al-doped LNMO is more
resistive to electrolyte etching than pristine counterpart due to
following reasons. Al substitution onMn sites can reduce the Jahne
Teller Mn3þ, leading to the improved cycling stability, which has
been demonstrated from our previous work and others reported
references [28,49,50]. Furthermore, Al3þ is easy to enter into Mn3þ

sites during high temperature calcination because Al3þ has smaller
ionic radius (0.57 �A) than Mn3þ (0.66 �A). Because the AleO bond
(512 kJ mol�1) is stronger than the MneO bond (402 kJ mol�1) in
the octahedron, the Al-doped LNMO is expected to have a higher
structural stability, contributing to the enhanced cycling stability
compared with the pristine one. Moreover, the improvement of
electronic conductivity by Al doping is also responsible for the
decrease of polarization effect during high-rate cycling [28]. In
addition, Al substitution in the spinel structure probably promotes
NieMn site disorder that is shown to facilitate Liþ ions transport,
especially at high rate, leading to better high-rate cycling stability.
After 200 cycles at 5 C, LNMAO-NT still remains a capacity retention
of 87%, higher than LNMAO-M (47%). In order to further understand
cause of cycling stability of LNMAO-NT, we performed the SEM and
XRD measurement. It shows that the 1D structure can be well
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retained after 100 cycles at 1 C (Fig. S3, Supporting Information).
The XRD pattern after cycles shows that good crystallinity can be
well preserved for LNMAO-NT electrode (Fig. S4, Supporting
Information). Although our LNMAO-NT shows a superior high-
rate cycling stability using LTO-limited full cell system, it is inevi-
table for LNMO to result in the decomposition of organic carbonate-
based electrolyte at a high charge voltage or fully charged state
[51,52], leading to inferior long-term cycling performance. There-
fore, it is necessary for enhancing the interface stability of LNMO/
electrolyte to use surface modification, additives into electrolyte or
more stable electrolyte in next work.

Although XRD refinement matches well with the disordered
phase (Fd-3m space group) for LNMAO-NT, the co-existence of or-
dered phase (P4332 space group) cannot be excluded because XRD
is not a sufficiently sensitive technique to distinguish the two
phases. Raman spectrum is a relatively more sensitive measure-
ment to identify some microstructure characteristics than tradi-
tional XRD method. In order to further identify the microstructural
information of LNMAO-NT electrode upon different potential, in
situ Raman spectroscopy is measured in the voltage range between
3.2 and 5.0 V vs. Li/Liþ. Fig. 7 shows ex situ Raman spectra of the
fresh LNMO-NT and LNMAO-NT electrodes. Compared with the
Raman spectrum of the LMO-NT electrode [35], LNMO-NT displays
a strong peak at 483 cm�1, which is assigned to the Ni2þeO
stretching mode in the spinel structure [53]. This band remains
almost unchanged for the Al-doped LNMAO-NT sample (Fig. 7c).
After charged to 5 V vs. Li/Liþ for the LNMAO-NT electrode, no
obvious Raman shift is observed. The full width at half maximum of
the band at 483 cm�1 of Al-doped LNMAO-NT (Fig. 7c and d),
however, becomes broader than pristine LNMO-NT. The broadening
of the peak at 483 cm�1 may be caused by the symmetric stretching
vibration of AleOeAl at 507 cm�1 [54]. This observation implies
that that Al atoms may enter into Ni sites of the spinel structure
besides Mn sites, which is in good agreement with the expected
result. Similar phenomena are also observed at the band located at
624 cm�1, assigned to the symmetric MneO stretching vibration of
MnO6 octahedron. It is probably due to the presence of AleOmodes
at 647 cm�1 and 579 cm�1 [54]. Compared with LMO-NT, LNMO-NT
and LNMAO-NT present a slightly shift from 620 to 624 cm�1. This
shift is attributed to the increase of average oxide state of Mn and
the decrease in the unit cell volume from LMO-NT to LNMO-NT or
LNMAO-NT [53]. The two T2g (3) splitting peaks at 580 and
595 cm�1 for LNMO-NT (Fig. 7b) and at 583 and 604 cm�1 for
LNMAO-NT (Fig. 7c) can be clearly observed, which may be due to
Fig. 7. Ex situ Raman spectra of (a) LMO-NT (Ref. [35]), (b) LNMO-NT, (c) LNMAO-NT,
and (d) LNMAO-NT after charged to 5.0 V vs. Li/Liþ.
the change of the Mn3þ/Mn4þ ratio vs. Ni2þ in the spinel structure.
In addition, T2g(3) splitting peaks are often considered as the evi-
dence of ordered spinel (P4332) [53]. The band at 398 cm�1

assigned to Ni2þeO stretching mode gradually becomes broad for
Al-doped spinels, implying the decrease of ordered degree in spinel
(Fig. 7c and d). Actually, the T2g(3) splitting peaks (580 and
595 cm�1) and two small peaks at 210 and 240 cm�1 are the feature
of ordered spinel (P4332), implying that a little amount ordered
spinel may exist for our synthesized LNMAO-NT because ordered
spinel has more Raman active modes than disordered one owing to
the symmetry lowering of well separated Ni and Mn sites for or-
dered spinel [53]. The main driving force for octahedral cation
ordering is believed to be the charge difference between Ni and Mn
atoms for ordered and disordered spinels. Actually, it has been re-
ported that the laboratory-made spinel is usually a combination of
two phases including ordered and disordered structures [24].

In situ Raman spectra of the LNMAO-NT sample are recorded
with 532 nm excitation by using an ECC-opto cell (Fig. S5,
Supporting Information). The LNMAO-NT electrode assembled in
the ECC-opto cell is initially charged/discharged for 3 cycles at a low
current density. Then, the electrode is firstly charged to 5.0 V vs. Li/
Liþ and then discharged to 3.2 V vs. Li/Liþ. Fig. 8a and b show in situ
Raman spectra of the charge and discharge process, respectively. As
shown in Fig. 8a, the LNMAO-NT electrode shows a similar Raman
characteristics at an open circuit voltage of 3.97 V vs. Li/Liþ as the ex
situ Raman spectra except small shifts and intensity changes of
some peaks. In situ Raman spectra presents a higher relative in-
tensity (INieO/IMneO) than those measured by ex situ one. It is
Fig. 8. In situ Raman spectra of LNMAO-NT/Li half cell recorded with 532 nm laser
excitation: (a) the charge process from 3.97 to 5.00 V, and (b) the discharge process
from 5.00 to 3.2 V.
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probably ascribed to higher activity of Ni in the organic electrolyte
than Mn in the spinel structure. A band at 495 cm�1 accompanied
by the strong peak located at 487 cm�1 is always observed during
charge and discharge process, which may be due to the presence of
the LiPF6-ECeDMCeDEC electrolyte. This is supported from the ex
situ spectrum of electrolyte (Fig. S6, Supporting Information),
showing a weak band at 492 cm�1. In addition, the intensity of the
band at 495 cm�1 is reduced gradually with the increasing potential
(Fig. 8a), especially after 4.86 V vs. Li/Liþ, implying the occurrence
of decomposition of electrolyte at a high voltage. This will result in
poor cycling performance for LNMO-based cell. When discharged
from 5.0 to 3.2 V vs. Li/Liþ, the bands at 495 cm�1 keep basically
similar peak intensity, suggesting the irreversible process of elec-
trolyte decomposition caused by the charged process. During the
whole Liþ ions de-intercalation process from 3.97 to 5.0 V, the
Raman spectra for LNMAO-NT keep almost unchanged except some
intensity changes, indicating the good structure stability of
LNMAO-NT electrode. It is in good agreement with the result of ex
situ Raman (Fig. 7). It is also similar to the result of LNMO thin film
reported by Mohamedi and co-workers [55]. But some small peaks
at 221, 240 and 404 cm�1 with ordered characteristics in spinel
become gradually weak and disappear with the de-intercalation of
Liþ ions from spinel, suggesting the decrease or disappearance of
ordered phase during the charge process. This result implies that
Liþ ions de-intercalation from the LixNi0.5Mn1.5O4 (P4332) results in
a disordering from P4332 to spinel Fd-3m, which shows the inter-
mediate second cubic phase [36]. During the corresponding
discharge process from 5.0 to 3.2 V vs. Li/Liþ, the Raman spectra of
LNMAO-NT can almost maintain similar characteristics (Fig. 8b),
suggesting the good reversibility of Liþ ions de-intercalation/
intercalation from/into LNMAO-NT.

4. Conclusions

Al-doped single-crystalline nanotubes of spinel lithium nickel
manganese oxide with a disordered structure (Fd-3m space group)
are successfully fabricated. Existence of a small amount ordered
phase in spinel is also observed by ex situ and in situ Raman spectra.
Galvanostatic charge/discharge measurements show that LNMAO-
NT delivers superior rate capability and specific energy. Three-
electrode tests reveal that the LTO-limited LNMAO/LTO full cell
presents a relatively lower potential vs. lithium metal than the
LNMAO-NT-limited one at the fully charged state, revealing that the
full cell limited by anode has a higher tolerance to high voltage than
that limited by cathode. When valued as cathode using LNMAO-NT/
LTO full cell, it delivers superior rate capability and good cycling
performance at relatively high rates. In situ Raman spectra are also
used to investigate the microstructural changes upon different
charging and discharging potential, revealing good reversibility
during Liþ ions de-intercalation and intercalation process. Consid-
ering its remarkably enhanced performance, single-crystalline
nanotubes of Al-doped lithium nickel manganese oxide would be
a very attractive high-voltage cathode material for high power and
high energy application.
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