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drothermal synthesis of a hollow
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tunable morphology characteristics†
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A hollow hierarchical LiNi0.5Mn1.5O4 cathode material has been synthesized via a urea-assisted

hydrothermal method followed by a high-temperature calcination process. The effect of reactant

concentration on the structure, morphology and electrochemical properties of the carbonate precursor

and corresponding LiNi0.5Mn1.5O4 product has been intensively investigated. The as-prepared samples

were characterized by XRD, FT-IR, SEM, CV, EIS, GITT and constant-current charge/discharge tests. The

results show that all samples belong to a cubic spinel structure with mainly Fd3m space group, and the

Mn3+ content and impurity content initially decrease and then increase slightly with the reactant

concentration increasing. SEM observation shows that the particle morphology and size of carbonate

precursor can be tailored by changing reactant concentration. The LiNi0.5Mn1.5O4 sample obtained from

the carbonate precursor hydrothermally synthesized at a reactant concentration of 0.3 mol L�1 exhibits

the optimal overall electrochemical properties, with capacity retention rate of 96.8% after 100 cycles at

1C rate and 10C discharge capacity of 124.9 mA h g�1, accounting for 99.9% of that at 0.2C rate. The

excellent electrochemical performance can be mainly attributed to morphological characteristics, that is,

smaller particle size with homogeneous distribution, in spite of lower Mn3+ content.
Introduction

Lithium ion batteries (LIBs) are being intensively pursued for
high-power and high-energy applications such as electric vehi-
cles (EVs) and hybrid electric vehicles (HEVs).1,2 The energy
density of LIB is generally limited by the cathode material. One
practical and cost-effective way to improve the energy density of
cathode material is elevating the working voltage. Among all
cathode materials, LiNi0.5Mn1.5O4 spinel has been regarded as
one of the most promising cathodes for LIB, owing to high
working voltage (4.7 V vs. Li/Li+) and high energy density
(650 W h kg�1).3,4 In addition, the inherently fast Li+ ion diffu-
sion within its 3D spinel structure leads to good rate capability
and cycling stability.5 However, simultaneously achieving
satisfactory cyclability and rate performance for LiNi0.5Mn1.5O4

remains challenging due to complex performance-inuencing
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factors and electrolyte/structure instability under high
potential.6,7

To date, there are three main approaches to solve the above
problem, such as surface modication, cation doping and
particle size reduction to nanoscale level. The nanosized
materials generally show improved rate performance by
shorter Li+ ion diffusion channel and larger surface area.
Unfortunately, low thermodynamic stability of nanoparticles
results in electrochemical agglomeration and raises the risk of
side reaction with electrolyte, thus leading to inferior cycling
stability.8,9 Recently, the cathodes with hierarchical hollow
structure have attracted considerable interests for the co-
improvement of rate capability and cycle performance.10,11

On the one hand, this kind of structure can provide a shorter
path for Li+ ion diffusion andmeanwhile have larger electrode/
electrolyte contact area for Li+ ux across the interface,
resulting in better rate capability. On the other hand, the
hollow interior can improve the structural integrity by allevi-
ating the mechanical strain induced by volume change during
the repeated Li+ ion insertion/extraction processes, which can
promote the cycling stability.5,10,12–16

At present, the LiNi0.5Mn1.5O4 cathode material with hollow
hierarchical structure has been generally synthesized by high-
temperature calcination using MnCO3,11,15,17 manganese
oxides converted from MnCO3,5,10,18 or Ni0.25Mn0.75CO3 (ref.
19–21) as self-template and Mn/Ni source. In the above
RSC Adv., 2018, 8, 30087–30097 | 30087
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literatures, most of MnCO3 or Ni0.25Mn0.75CO3 has been
synthesized by direct precipitation method between
NH4HCO3/Na2CO3 precipitant and Mn/Ni salt solution, which
may lead to the inhomogeneous particle size distribution of
as-prepared carbonate precursor and corresponding LiNi0.5-
Mn1.5O4 product. To address above-mentioned problem, in
this work, the Ni–Mn carbonate precursor was initially
synthesized via a homogenous precipitation-hydrothermal
method using urea as a precipitant reservoir, and LiNi0.5-
Mn1.5O4 cathode material with hollow hierarchical structure
was achieved by high-temperature calcination process with
lithium source. As is well known, the key point to fabricate
hierarchical material is control of the precursor. During the
hydrothermal process, the urea is slowly decomposed to
generate precipitating agent (CO3

2�) in the reaction mixture,
allowing particle ripening during precipitation and oen
resulting in better crystallinity, regular shape and size of
particles.8 There are many inuencing factors during the
hydrothermal process, such as hydrothermal temperature,
hydrothermal duration, molar ratio of urea to transition metal
ions, solvent, reactant concentration, etc. The hydrothermal
temperature, hydrothermal duration, molar ratio of urea to
transition metal ions and solvent have been investigated in
our previous work, which have been determined as 180 �C,
10 h, 2 : 1, mixed solvent of H2O and ethylene glycol (v/v ¼
6 : 1), respectively. Although there are many reports on the
urea-assisted hydrothermal method,22–28 the effect of reactant
concentration on the structure, morphology and electro-
chemical properties of carbonate precursor and correspond-
ing product was rarely involved, which was just the focus of
this work. It has been found that the reactant concentration
exerts great inuence on the particle morphology and size of
carbonate precursors, thus resulting in different electro-
chemical properties of corresponding LiNi0.5Mn1.5O4

products.

Experimental
Sample synthesis

Firstly, the carbonate precursor was synthesized by a urea-
assisted hydrothermal method. The specic preparation
process was just as follows. Ni(CH3COO)2$4H2O, Mn(CH3-
COO)2$4H2O and urea were dissolved in 75 mL of a mixture of
deionized water and EG (6 : 1, v/v) under stirring, then trans-
ferred to a 100 mL Teon-lined stainless-steel autoclave and
heated at 180 �C for 10 h. The total molar concentration of
transition metal ions (reactant concentration) was selected as
0.1, 0.2, 0.3 and 0.4 mol L�1, respectively. The molar ratio of
urea to transition metal ions was set as 2 : 1. Aer cooling to
room temperature naturally, the resulting carbonate precursor
was centrifuged, and washed with water and ethanol several
times. The dried carbonate precursor and stoichiometric
amount of Li2CO3 (5% excess to make up for the lithium
volatilization during calcination) were dispersed in ethanol,
and the ethanol was evaporated slowly at room temperature
under continuous stirring. Finally, the mixture was calcined at
750 �C for 12 h in the air to obtain the LiNi0.5Mn1.5O4 product.
30088 | RSC Adv., 2018, 8, 30087–30097
The carbonate precursors synthesized at reactant concentra-
tions of 0.1, 0.2, 0.3, 0.4 mol L�1 were labelled as NMC-0.1,
NMC-0.2, NMC-0.3, NMC-0.4, and the resulting LiNi0.5Mn1.5-
O4 products were named as LNMO-0.1, LNMO-0.2, LNMO-0.3,
LNMO-0.4, respectively.
Sample characterization

XRD and FT-IR were performed to analyse the structural
properties of as-synthesized carbonate precursor and LiNi0.5-
Mn1.5O4 powders by Bruker D8-FOCUS X-ray diffractometer
(CuKa radiation) and Bruker V80 Fourier Transformation
Infrared Spectrometer, respectively. SEM was performed to
observe the particle morphology and size on a FEI Nova Nano
SEM450 instrument. Brunauer–Emmett–Teller (BET) analysis
of the sample was measured with an ASAP 2460 surface area
and pore size analyser. The pore size distribution was calcu-
lated by the Barrett–Joyner–Halenda (BJH) method using
nitrogen adsorption data.

The Ni/Mn content in LiNi0.5Mn1.5O4 product was
measured by a chemical titration method, and the residual
Ni2+ content in the ltrate was measured by a spectropho-
tometer (T6, PERSEE, Beijing). The detailed procedures are
illustrated in ESI.†
Electrochemical measurements

The electrochemical measurements were carried out using
CR2032 coin cells. Test electrodes were prepared as follows:
80 wt% as-prepared LiNi0.5Mn1.5O4 powder, 15 wt% ethylene
black and 5 wt% PTFE were mixed in alcohol and then ultra-
sonically dispersed uniformly to form a slurry. Aer the evap-
oration of alcohol, the mixture was rolled to a thin lm with
a thickness of 0.14 mm. The round electrode plate with
a diameter of 12 mm and active material loading of�10 mg was
cut down for coin assembly. The Li metal, Celgard 2400 and
a solution of 1 M LiPF6 in EC : DMC : EMC (1 : 1 : 1 in volume)
were used as the counter electrode, separator and electrolyte,
respectively. The coin cells were assembled in an argon-lled
glove box. For rate capability tests, the cells were charged and
discharged between 3.5 and 4.95 V (vs. Li/Li+) at 0.2C, 1C, 5C
and 10C rates. For cycling experiments, the cells were charged
and discharged at 1C rate. The electrochemical measurement
was carried out using Land battery measurement system
(Wuhan, China) at room temperature. In order to calculate the
lithium ion diffusion coefficient during charge/discharge
process, galvanostatic intermittent titration technique (GITT)
was also performed on this apparatus at 0.1C. The cell was
charged/discharged for 10 min and then followed by a relaxa-
tion time of 30 min between 3.5 and 4.95 V during the 3rd

change/discharge process aer two activation cycles at 0.2C
rate. The electrochemical impedance spectroscopy (EIS) was
measured using an electrochemical workstation (CHI660D) in
the frequency range of 100 kHz to 10 mHz with an AC amplitude
of 5 mV at full-discharged state aer cycling 3 times at 1C rate.
The cyclic voltammetry (CV) was measured from 3.4 to 5.0 V at
scan rate of 0.1 mV s�1.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 FT-IR spectra of LiNi0.5Mn1.5O4 samples synthesized at different
reactant concentrations.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
1/

16
/2

02
5 

12
:3

1:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Structure of samples

Fig. 1(a) shows the XRD patterns of carbonate precursors
synthesized at different reactant concentrations. It can be seen
that the diffraction patterns of all four precursors can be
indexed to a typical carbonate structure based on MnCO3

(JCPDS card no.: 44-1472) and NiCO3 (JCPDS card no.: 12-0771).
It is inferred that the precursors synthesized at different reac-
tant concentrations consist of both MnCO3 and NiCO3 phases.
The diffraction peak becomes gradually broadened with the
increase of reactant concentration, implying a gradual decrease
in crystal size, which can be veried by the following SEM
observation in Fig. 3. In addition, the peak intensity of NiCO3 is
gradually decreased with the reactant concentration, implying
the gradually incomplete precipitation of NiCO3 (Ksp ¼ 1.42 �
10�7, 25 �C) due to its higher solubility product than MnCO3

(Ksp ¼ 2.24 � 10�11, 25 �C) and higher complex equilibrium
constant of [Ni(NH3)n]

2+ (lg Kf ¼ 8.12 for n ¼ 4) than
[Mn(NH3)n]

2+ (lg Kf ¼ 1.3 for n ¼ 4).29 This can be veried by the
remaining Ni2+ contents in the ltrate measured by spectro-
photometry method, which are 7.14, 35.45, 63.32 and
105.36 mg L�1, respectively, for NMC-0.1, NMC-0.2, NMC-0.3
and NMC-0.4 samples. The contents of Ni and Mn in LiNi0.5-
Mn1.5O4 product were measured via the chemical titration
method as illustrated in ESI.† The obtained molar ratios of Ni
and Mn are 0.495 : 1.5, 0.490 : 1.5, 0.485 : 1.5 and 0.479 : 1.5,
Fig. 1 XRD patterns of carbonate precursors (a) and LiNi0.5Mn1.5O4

samples (b) synthesized at different reactant concentrations.

This journal is © The Royal Society of Chemistry 2018
respectively, for LNMO-0.1, LNMO-0.2, LNMO-0.3 and LNMO-
0.4 samples, in consistence with the residual Ni2+ concentra-
tions in the ltrate. It can be seen that all four samples show
different levels of nickel deciency compared to the stoichio-
metric LiNi0.5Mn1.5O4, and the nickel deciency becomes
gradually more severe with the reactant concentration.

Fig. 1(b) shows the XRD patterns of LiNi0.5Mn1.5O4 samples
synthesized at different reactant concentrations. It can be seen
that all four patterns can be assigned to cubic spinel LiNi0.5-
Mn1.5O4 (JCPDS card no.: 80-2162). Some weak peaks at 2q ¼
37.5, 43.6 and 63.4� (marked with arrow) can be ascribed to
a rock-salt impurity phase (LixNi1�xO, and/or Ni6MnO8),30,31

which can be clearly seen in local enlarged image between 35�

and 45� in Fig. S1.† The content of impurity phase can be
roughly estimated by calculating the ratio of peak intensity at 2q
¼ 43.6� of impurity phase to that at 2q¼ 44.3� of spinel phase.32

The intensity ratios are 3.62 : 100, 3.20 : 100, 2.96 : 100 and
3.36 : 100, respectively, for LNMO-0.1, LNMO-0.2, LNMO-0.3
and LNMO-0.4 samples, that is, the impurity content
decreases in the order of LNMO-0.1 > LNMO-0.4 > LNMO-0.2 >
LNMO-0.3. Among them, the LiNi0.5Mn1.5O4 sample synthe-
sized at reactant concentration of 0.3 mol L�1 has the lowest
impurity content, which is believed to be advantageous to
electrochemical property, because it is recognized that the
presence of rock-salt impurity phase may lower discharge
capacity and block Li+ mobility in the material.33 What's more,
the variation rule of impurity phase content is the same as that
of Mn3+ content, so the reason will be given in the following
discussion of Mn3+ content.

Table 1 lists the lattice parameters of four samples obtained
from the Rietveld renement results, as shown in Fig. S2,†
based on Fd3m space group. From the renement factors listed
in Table S1,† it can be clearly seen that the renement yields
good agreement factors, with Rwp values less than 10% and GOF
values between 1 and 2, suggesting an acceptable renement. As
shown in Table 1, the lattice parameter a is 8.1708, 8.1688,
8.1666 and 8.1669 Å for LNMO-0.1, LNMO-0.2, LNMO-0.3 and
LNMO-0.4 samples, respectively. It can be seen that the lattice
parameter initially decreases and then increases slightly with
RSC Adv., 2018, 8, 30087–30097 | 30089
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Fig. 3 SEM images of carbonate precursor (a–d) and LiNi0.5Mn1.5O4

samples (e–k) (a and e) 0.1 mol L�1, (b, f and i) 0.2 mol L�1, (c, g and j)
0.3 mol L�1, (d, h and k) 0.4 mol L�1.

Table 1 Lattice parameters and I311/I400 ratios of LiNi0.5Mn1.5O4

samples synthesized at different reactant concentrations

Sample a (Å) V (Å3) I311/I400

LNMO-0.1 8.1708 545.51 1.038
LNMO-0.2 8.1688 545.09 0.880
LNMO-0.3 8.1666 544.67 0.991
LNMO-0.4 8.1669 544.72 0.942

Fig. 4 Charge/discharge curves at various rates (a) and rate capability
curves (b) for LiNi0.5Mn1.5O4 samples synthesized at different reactant
concentrations.
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the reactant concentration increasing, which may be caused by
the variation of Mn3+ content, as Mn3+ (0.645 Å) has a larger
ionic radius thanMn4+ (0.53 Å). The variation of Mn3+ content is
30090 | RSC Adv., 2018, 8, 30087–30097
reported to be closely related to the particle size. Xue et al.32

found that under the same calcination condition, the different
Mn3+ content in spinel sample could be ascribed to an inho-
mogeneous migration of atoms. During calcination process, Ni
and Mn atoms have to migrate a distance to form a homoge-
neous LiNi0.5Mn1.5O4 phase. The shorter the distance, the more
uniform the diffusion. The smaller particle size means shorter
migration distance of atoms, thus leading to more homoge-
neous Ni/Mn distribution and lower Mn3+ content. Due to the
smaller particle size and more homogeneous distribution,
LNMO-0.3 sample exhibits the lowest Mn3+ content. As for
LNMO-0.4 sample, the slightly higher Mn3+ content may be
ascribed to the existence of some larger agglomerate particles.

For spinel LiMn2O4, the I311/I400 peak intensity ratio can
reect the degree of tetragonal distortion from cubic spinel
structure.34 Therefore, the I311/I400 ratio can also reect the
structural integrity of LiNi0.5Mn1.5O4 spinel structure.35,36 The
smaller the I311/I400 ratio, the better the structural stability. As
shown in Table 1, the I311/I400 ratios are 1.038, 0.880, 0.991 and
0.942 for LNMO-0.1, LNMO-0.2, LNMO-0.3 and LNMO-0.4
samples, respectively. It is reasonable to infer that LNMO-0.2
sample should have the best structural stability, which can be
veried by the following cycling performance curves in Fig. 6.

It is well known that the LiNi0.5Mn1.5O4 spinel takes on two
distinct space groups according to the ordering of transition
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Cycling performance and coulombic efficiency of LiNi0.5-
Mn1.5O4 samples synthesized at different reactant concentrations at
1C rate.
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metal cations: the simple cubic P4332 space group with Ni2+ and
Mn4+ ions occupying the 12d and 4b sites, respectively, and the
face centered cubic Fd3m space group with Ni2+ and Mn4+ ions
randomly distributing on 16d sites.37,38 XRD characterization
cannot distinguish between the two space groups due to the
similar scattering factors of Ni and Mn, which can be accom-
plished by FT-IR spectra. As mentioned by Kunduraci et al.,39

P4332 space group has eight absorption peaks in FT-IR spec-
trum, while Fd3m space group only has ve ones, and the
intensity ratio of I(576 cm�1)/I(615 cm�1) increases with the
cation ordering degree. From Fig. 2 it can be seen that all
samples can be classied as Fd3m space group. The intensity
ratios of I(576 cm�1)/I(615 cm�1) for LNMO-0.1, LNMO-0.2,
LNMO-0.3 and LNNO-0.4 samples are 0.930, 0.971, 1.002 and
0.994, respectively, that is, the disordering degree (Mn3+

content) initially decreases and then increases slightly with the
increase of reactant concentration, in accordance with XRD
result.

Morphology of samples

As is well known, the structure and morphology have great
inuences on the electrochemical performance of electrode
materials for LIB. The SEM images of the carbonate precursors
prepared with different reactant concentrations are shown in
Fig. 3(a–d). It can be seen that the precursor samples exhibit
a gradually decreasing particle size with the increase of reactant
concentration. Generally, the growth process of crystals can be
separated into two steps, an initial nucleation stage and
a subsequent crystal growth process. It is believed that chemical
precipitation is a process of competition between crystal
nucleation and crystal growth, which has a great relationship
with the particle size. The increase of reactant concentration
will lead to an increasing nucleation rate, thus leading to the
gradual decrease in particle size. However, as for NMC-0.4
sample, there exists some large particles (3–4 mm in diameter)
caused by the agglomeration of small particles, leading to its
nonuniform particle size distribution. Among the four
Fig. 5 Cyclic voltammograms of LiNi0.5Mn1.5O4 samples at scan rate
of 0.1 mV s�1 between 3.4 and 5.0 V.

This journal is © The Royal Society of Chemistry 2018
precursors, NMC-0.3 sample shows the most homogeneous
particle size distribution with smaller average particle size of 3
mm. It is generally accepted that both particle size and distri-
bution homogeneity exert an inuence on the electrochemical
performance of nal product, therefore better electrochemical
performance of LNMO-0.3 sample can be expected.

In addition, the particle morphology also varies with the
reactant concentration. From Fig. 3 we can see that NMC-0.1
sample exhibits shuttle-like morphology, NMC-0.2 and NMC-
0.3 samples show peanut-like morphology, or rather, the
combination of two spherical particles with each other, and
NMC-0.4 sample shows spherical morphology. It can be seen
that the sphericity of the particle gradually increases with
reactant concentration, in other words, the higher the reactant
concentration, the easier it is to form spherical particles, in
consistence with the nding of ref. 40. Bai et al.40 synthesized
a three-dimensional fusiform hierarchical micro/nano Li-rich
Li1.2Ni0.2Mn0.6O2 cathode material through a hydrothermal
method followed by heat-treatment process. They suggested
that in order to make sure the morphology of material to be
non-spherical, the amount of transition metal ion should be
low, because higher the concentration of reagent is, easier to
make the crystal nucleation grow to be sphere-shape, which is
in consistence with this work.

SEM images of the as-prepared LiNi0.5Mn1.5O4 samples are
shown in Fig. 3(e–k). It can be seen that the LiNi0.5Mn1.5O4

samples exhibit a good inherited morphology from carbonate
precursors, that is, shuttle-like morphology for LNMO-0.1,
peanut-like morphology for LNMO-0.2 and LNMO-0.3, as well
as spherical morphology for LNMO-0.4. Compared with corre-
sponding carbonate precursor, the LiNi0.5Mn1.5O4 product
exhibits a relatively smaller secondary particle size caused by
volume shrinkage during calcination and a relatively larger
primary particle size resulting from the fusion of subunits,
whose surface is much rougher than before calcination with
a signicant fraction of the particles having cracks. But, by and
large, with the increase of reactant concentration, the particle
RSC Adv., 2018, 8, 30087–30097 | 30091
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morphology and size of LiNi0.5Mn1.5O4 product vary in a similar
trend of carbonate precursor. Therefore, it is a feasible way to
tailor the particle morphology and size of LiNi0.5Mn1.5O4 by
tailoring their precursors' morphology and size, which can be
controlled by reactant concentration.

The typical broken hollow particles of LiNi0.5Mn1.5O4

samples synthesized at 0.2–0.4 mol L�1 reactant concentrations
are shown in Fig. 3(i–k), the magnied image of the region
marked with a circle in Fig. 3(f–h), and the hollow interior can
be clearly observed from the broken part. From the broken
particle in Fig. 3(i–k), the wall of LiNi0.5Mn1.5O4 hollow particles
is composed of interconnected submicron polyhedral subunits.
It is worth noting that the wall thickness of LiNi0.5Mn1.5O4

samples synthesized at 0.2–0.4 mol L�1 reactant concentrations
is about 0.7, 0.6 and 0.3 mm, respectively, that is, the wall
thickness gradually decreases with reactant concentration. It is
speculated that the wall of LNMO-0.1 sample is so thick that the
hollow structure cannot be observed from Fig. 3(e), and that of
partial LNMO-0.4 breaks into small particles due to thinner
wall, as shown in Fig. 3(k). The variation of wall thickness can
be explained as follows. It has been reported that the particles in
the core of carbonate precursor is formed by nucleation process,
which have a relatively smaller size and a lower density due to
the initial higher supersaturation. However, the wall is formed
by gradual crystal growth process, whose compositional parti-
cles have a relatively larger size and a higher density.41 During
high-temperature calcination, the carbonate precursor will go
through volume shrinkage to obtain LiNi0.5Mn0.5O4 particle. So
the core with low density becomes sparse or even disappeared,
and the wall with high density is still compact in LiNi0.5Mn0.5O4.
The increase of reactant concentration results in the increased
nucleation rate, thus leading to the gradual decrease in wall
thickness of LiNi0.5Mn1.5O4 product. Wang et al.41 thought that
the formation of hollow structure may be caused by Ostwald
ripening. Due to the high surface energy of the small crystallites
in core compared to the larger ones in wall, the smaller crys-
tallites in the cores transferred to the wall during calcination
process. This hollow hierarchical structure can provide a larger
surface area and a reduced diffusion distance for both Li+ ions
and electrons, and the internal void space can effectively
accommodate the volume change resulting from the repeated
Li+ ion intercalation/deintercalation, which is favourable to
electrochemical performance.

To further conrm the hollow hierarchical structure of as-
prepared samples, nitrogen adsorption/desorption measure-
ments were performed. Fig. S3† shows the adsorption/
desorption isotherms and corresponding BJH pore size distri-
bution plots of the materials. According to IUPAC classication,
all isotherms can be attributed to type IV, indicating the pres-
ence of mesopores. From the pore size distribution plots it can
be seen that there are abundant mesopores ranged from 2 to
20 nm existing in the materials. The loops observed can be
ascribed to type H1, corresponding to the particle assembly, in
consistence with the particle structure of as-prepared samples.
The surface areas obtained according to BET method are 2.386,
3.616, 4.262 and 3.935 m2 g�1, respectively, for LNMO-0.1,
LNMO-0.2, LNMO-0.3 and LNMO-0.4 samples. Using the BJH
30092 | RSC Adv., 2018, 8, 30087–30097
method and the desorption branch of the nitrogen isotherm,
the cumulative pore volumes are 8.09 � 10�3, 12.80 � 10�3,
14.95 � 10�3 and 13.96 � 10�3 cm3 g�1 for LNMO-0.1, LNMO-
0.2, LNMO-0.3 and LNMO-0.4 samples, respectively. The rela-
tively larger specic surface area and higher porosity of LNMO-
0.3 sample could offer larger electrode/electrolyte contact area
and promote Li+ ion diffusion,42,43 therefore, better electro-
chemical performance can be expected.
Electrochemical properties

To evaluate the rate capability, the cells were tested from 0.2C to
10C in the voltage range of 3.5 to 4.95 V and the charge rates
were equal to the discharge rates. At each rate, a constant-
current charge step was followed by a constant-voltage step
until the current decreased to 1/10 of the applied current.
Fig. 4(a) displays the charge/discharge curves of as-prepared
LiNi0.5Mn1.5O4 samples at rates of 0.2C, 1C, 5C and 10C. All
discharge curves show a long plateau at �4.7 V, arising from
Ni2+/Ni4+ redox couple, as well as a short plateau at �4.0 V,
associated with Mn3+/Mn4+ redox couple. The presence of 4.0 V
plateau implies that the as-prepared LiNi0.5Mn1.5O4 samples
mainly have disordered structure with Fd3m space group, in
consistence with FT-IR result. Based on the discharge curves at
0.2C rate, the Mn3+ contents can be calculated from the
discharge capacity between 3.8 and 4.25 V being divided by the
total discharge capacity,44 which are 12.06%, 11.33%, 9.34%
and 10.62%, respectively, for LNMO-0.1, LNMO-0.2, LNMO-0.3
and LNMO-0.4 samples. It can be seen that the Mn3+ content
rst decreases and then increases with the reactant concentra-
tion, and LNMO-0.3 sample has the lowest Mn3+ content, in
consistence with the above XRD and FT-IR results. In addition,
with increasing current density, the voltage difference between
charge and discharge plateau increases due to the limited Li+

ion diffusion kinetics, meaning increasing polarization. A
smaller voltage difference between charge and discharge
plateau indicates better rate capability. Besides, the rate capa-
bility can also be evaluated by proportion of constant-current
charge step in total charge capacity at large currents.11 The
constant-current charge step contributes 87.3%, 92.0%, 92.1%
and 88.8% to the total charge capacity at 5C in LNMO-0.1,
LNMO-0.2, LNMO-0.3 and LNMO-0.4, respectively. The above
results indicate that LNMO-0.3 sample exhibits the optimal rate
capability, whose discharge capacities at 0.2C, 1C, 5C and 10C
are 125.0, 128.5, 127.4 and 124.9 mA h g�1, respectively. The
discharge capacity at 10C rate accounts for 99.9% of that at 0.2C
rate, higher than 99.2% for LNMO-0.1, 98.5% for LNMO-0.2 and
96.3% for LNMO-0.4.

To further evaluate the rate performance of samples, the
cells were cycled successively at current densities from 0.2C to
10C, ve times at each current density, as shown in Fig. 4(b).
Interestingly, the capacities for all electrodes at 1C is higher
than 0.2C, which is consistent with the nding of ref. 45. They
reported that training at stepwise increasing discharge rates
(0.2–1C, up to ca. tenth cycle) signicantly improved the
discharge capacities of the electrodes, probably due to better
accessibility of deeper parts of LiNi0.5Mn1.5O4 crystallites and
This journal is © The Royal Society of Chemistry 2018
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formation of a solid electrolyte interphase layer on the inner
parts. From the gure, we can see that LNMO-0.3 sample
exhibits higher discharge capacities at all test rates, manifesting
its better rate capability, which can be mainly attributed to its
smaller particle size and more homogenous distribution, in
spite of lower Mn3+ content. In addition, the lower impurity
content also contributes to its better rate capability. The worst
rate performance of LNMO-0.4 sample may be partly ascribed to
the existence of many small particles, because it has been re-
ported that when particles are too small, only a small number of
particles can directly contact the conductive additive and many
interfaces exist between the particles.41 It can be concluded that
excessive decrease in particle size is unfavorable to rate capa-
bility, which is consistent with the nding of ref. 41. In addi-
tion, the hollow hierarchical structure with connected primary
subunits can facilitate rapid Li+ ion diffusion and efficient
mass-electrolyte contact because of the signicantly shortened
diffusion route and a large surface-to-volume ratio, which may
also be conductive to rate capability.

Fig. 5 shows the cyclic voltammograms of as-prepared
LiNi0.5Mn1.5O4 samples between 3.4 and 5.0 V at scan rate of
0.1 mV s�1. For all curves, there appear redox peaks at about
4.0 V corresponding to Mn3+/Mn4+ reaction and at about 4.7 V
corresponding to Ni2+/Ni4+ reaction, in accordance with the
charge/discharge curve in Fig. 4(a). This is characteristic of
LiNi0.5Mn1.5O4 with Fd3m space group.46,47 It is noteworthy that
a minor redox peak appears at around 4.9 V, which is reported
to be caused by the electrolyte decomposition.48Moreover, it has
been reported that LiNi0.5Mn1.5O4 with a disordered structure
shows two split peaks at around 4.7 V while that an ordered
structure only gives one peak at around 4.7 V,49 which also
conrms the disordered Fd3m space group of as-prepared
samples, consistent with the FT-IR analysis. From the inset
magnied image of 4.0 V peak, it can be seen that the Mn3+

content decreases in the order of LNMO-0.1 > LNMO-0.2 >
LNMO-0.4 > LNMO-0.3, in consistence with the Mn3+ content
calculated from initial discharge curves at 0.2C rate in Fig. 4(a).

The voltage differences between anodic (4a) and cathodic
(4c) peaks reect the polarization degree of the electrode, which
is listed in Table S2.† The bigger the potential difference
between Li+ ions intercalation and deintercalation is, the
stronger the electrode polarization is. It can be observed that
LNMO-0.3 sample exhibits the smallest potential difference (for
Ni2+/Ni3+ and Ni3+/Ni4+) among all samples, indicating its best
reversibility of Li+ ions during intercalation/deintercalation
process, which in turn ensures its optimal rate capability and
cycling performance.50 In addition, the higher peak intensity of
LNMO-0.3 sample also conrms its higher specic capacity, in
consistence with Fig. 4(a).

Cycling performance is also of signicant importance for
powering LIB. Fig. 6 shows cycling performance and coulombic
efficiency of LiNi0.5Mn1.5O4 materials in the voltage range of
3.5–4.95 V at 1C rate and room temperature. From the initial
charge/discharge curves in Fig. S4,† we can get that the initial
coulombic efficiencies are 89.7%, 89.5%, 90.7% and 89.9%,
respectively, for LNMO-0.1, LNMO-0.2, LNMO-0.3 and LNMO-
0.4 samples. The coulombic efficiencies of all four samples
This journal is © The Royal Society of Chemistry 2018
are gradually improved in initial several cycles and then stabi-
lized at �99%. The formation of solid electrolyte interphase
(SEI) lm results in the relatively low coulombic efficiency
during initial cycles, which is of great importance in preventing
electrolyte decomposition, thus leading to the stabilization of
coulombic efficiency in the following cycles. In consideration of
the capacity increase in initial several cycles, the 5th cycle was
chosen for relative capacity retention. Based on Fig. 6 we can get
that the discharge capacities at 5th cycle and 100th cycle are
122.6/118.1, 125.7/123.7, 130.8/126.6 and 126.5/122.4 mA h g�1,
and the corresponding capacity retention rates are 96.3%,
98.4%, 96.8% and 96.8%, respectively, for LNMO-0.1, LNMO-
0.2, LNMO-0.3 and LNMO-0.4 samples. It can be seen that
LNMO-0.2 sample shows the best cycling performance, which is
consistent with its highest I311/I400 intensity ratio obtained from
XRD pattern.

It has been reported that the factors inuencing the cycling
performance of LiNi0.5Mn1.5O4 cathode material mainly include
the side reactions with electrolyte51 and Mn dissolution at high
voltage,52,53 as well as the presence of rock-salt impurity
phase,30,33,47 etc. The side reaction is closely relevant to the
contact area between electrode and electrolyte, and the higher
the contact area, the more severe the side reaction with elec-
trolyte. The Mn dissolution mainly results from the dispropor-
tionation reaction of Mn3+ (2Mn3+ ¼Mn2+ + Mn4+),54 that is, the
existence of Mn3+ in the cathode is the main reason for the Mn
dissolution,55 therefore higher Mn3+ content may lead to severe
Mn dissolution and severe strain from Jahn–Teller distor-
tion.3,56,57 In addition, it has been reported that the Mn disso-
lution of LiMn2O4 spinel is oen accelerated with larger specic
surface area,58,59 which should be also applicable to LiNi0.5-
Mn1.5O4, a derivative of LiMn2O4. The impurity phase tends to
react with the electrolyte and thus causes capacity fading.47

Based on above analysis, it can be inferred that the better
cycling performance of LNMO-0.2 sample can be attributed to
its appropriate particle size, Mn3+ content and impurity
content. The inferior cycling performance of LNMO-0.1 sample
may be attributed to the higher Mn3+ and impurity contents,
while that of LNMO-0.3 and LNMO-0.4 samples may be mainly
ascribed to the smaller particle size.

But then again, the as-prepared LiNi0.5Mn1.5O4 samples with
hollow hierarchical structure show superior cycling perfor-
mance to that of bulk electrode,31,60–62 which can be mainly
attributed to that the small primary particles and interior void
space allow for facile penetration by the electrolyte and effec-
tively release the strain caused by the volume change during the
repeated Li+ insertion/extraction cycles.5,63 The superior struc-
tural integrity of hollow structure can also be conrmed by the
SEM image of four electrodes aer cycling 100 times at 1C rate,
as shown in Fig. S5.† The very small particles in the image are
conductive additive (acetylene black). Compared with the orig-
inal SEM images in Fig. 3, all samples can maintain their
original morphology aer 100 cycles, and the hollow structure
of LNMO-0.2, LNMO-0.3 and LNMO-0.4 samples is still visible.
It means that the hollow structure of all samples is very stable,
which is not broken in the charge/discharge cycling process.
Therefore, their excellent cycling performance can be partly
RSC Adv., 2018, 8, 30087–30097 | 30093
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Fig. 7 Nyquist plots for LiNi0.5Mn1.5O4 samples synthesized at
different reactant concentrations.
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ascribed to buffering effect of the hollow interior during the
repeated Li+ ion insertion/extraction processes. Taking the
discharge capacity, rate capability and capacity fading factor
into account, LNMO-0.3 sample shows a balance of electro-
chemical properties, which agrees with the deduction obtained
from Fig. 3.

Electrochemical impedance spectroscopy (EIS) is an impor-
tant technique for evaluating the interfacial electrochemistry as
well as the reaction kinetics in LIB materials. Impedance
spectra were conducted on the LiNi0.5Mn1.5O4/Li cells to further
understand the different electrochemical performances of
LiNi0.5Mn1.5O4 samples synthesized at different reactant
concentrations. Nyquist plots were obtained in the frequency
range from 100 kHz to 10 mHz at full-discharged state aer 3
cycles at 1C rate, as shown in Fig. 7. It can be seen that each plot
contains a semicircle and an oblique line. The intercept at Z0

axis is relative to the ohmic resistance (Re) of electrolyte. The
semicircle at the high-to-medium frequency region is attributed
to the impedance (Rf) and constant phase element (CPE-1) of
the SEI lm, and the charge-transfer impedance (Rct) and
constant phase element (CPE-2) of the electrode/electrolyte
interface. While the oblique line at the low frequency region
can be ascribed to the Warburg impedance (W0) related to Li+

ion solid-state diffusion in the electrode.64 The Nyquist plots
were tted by ZView soware based on the equivalent circuit in
Fig. S6,† and the tting lines match with the experimental data
very well, as shown in Fig. 7. From the tting parameters listed
in Table S3,† it can be clearly observed that the difference of Re

and Rf between the four electrodes is negligible. Meanwhile, the
charge-transfer resistance (Rct) exhibits considerable difference
between these four electrodes, which are greatly higher than the
resistances of SEI lm, indicating that the charge-transfer
resistance is a dominant factor of the electrochemical kinetics
of electrode. As shown in Table S3,† the charge-transfer resis-
tance is 193.40, 63.47, 38.50 and 143.90 U for LNMO-0.1, LNMO-
0.2, LNMO-0.3 and LNMO-0.4 samples aer 3 cycles at 1C rate,
respectively, that is, the charge-transfer resistance rst
decreases and then increases with the reactant concentration
increasing. Among them, LNMO-0.3 sample has the lowest
30094 | RSC Adv., 2018, 8, 30087–30097
charge-transfer resistance, indicative of the fastest Li-
intercalation kinetics. In general, for LIB cathode materials,
electronic and ionic conductivity are two key aspects to the
charge-transfer resistance. In detail, the materials able to
exhibit higher electronic and ionic conductivity possess better
rate performances.65 Therefore, the lower charge-transfer
resistance and higher Li+ ion diffusion coefficient are account-
able for the high capacity and excellent rate performance of
LNMO-0.3 sample, which can be mainly attributed to the
smaller particle size with homogeneous distribution and lowest
impurity content, despite a less disordered structure.

The better cycling performance of samples is further sup-
ported by the EIS spectra aer 100 cycles at 1C rate, which are
shown in Fig. S7.† The tted results obtained by ZView soware
are shown in Table S3.† It can be seen that both SEI lm
resistance and charge-transfer resistance are increased aer
cycling 100 times in comparison with cycling 3 times, and the
charge-transfer resistances are 203.50, 77.41, 48.36 and 158.00
U, respectively, for LNMO-0.1, LNMO-0.2, LNMO-0.3 and
LNMO-0.4 samples. It can be seen that in comparison with the
EIS spectra aer cycling 3 times (Fig. 7), the Rct values increase
slightly, which suggests that the interparticle resistance of the
electrode is suppressed by the hollow hierarchical structure.
Therefore, the electrons and Li+ ions can transfer efficiently on
the interface of active material and electrolyte, thus resulting in
enhanced electrode reaction kinetics and excellent cycling
performance of the samples.

In order to determine the Li+ ion diffusion coefficients (DLi+),
galvanostatic intermittent titration technique (GITT) was
carried out for all electrodes. In this experiment, a small current
pulse (0.2C) was applied for 10 min and the cell was then
allowed to rest at open circuit for 30 min. Fig. S8(a)† shows the
GITT curves of as-prepared LiNi0.5Mn1.5O4 samples in the 3rd

charge/discharge process. Obviously, LNMO-0.3 samples has
smaller polarization than other samples. Fig. S8(b)† shows
a typical E vs. s prole at a selected titration for LNMO-0.3
sample. According to the GITT measurement, the chemical
diffusion coefficient of Li+ ion can be calculated by the following
eqn (1):66,67

DLiþ ¼ 4

p

�
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�2
DEs

s

�
dEs

d
ffiffiffi
s
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�
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BB@
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2 �
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(1)

where VM is the molar volume of samples which is deduced
from the crystallographic data, M and m are the molecular
weight and themass of active material. A is the electrode contact
area with the electrolyte obtained from the BET surface area,
and L is the thickness of the electrode. s is the constant current
pulse time and DEs is the difference between the steady
potentials. Since E vs. s1/2 is linear over the entire time period of
current ux (Fig. S8(c)†), then eqn (1) can be further simplied
as eqn (2):68,69
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�
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Fig. 8 Li+ ion diffusion coefficient for all electrodes during 3rd

discharge process.
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in which, DEs is the total transient voltage change of the cell for
an applied galvanostatic current for the time s. Based on eqn (2),
the obtained DLi+ values at different potentials during the 3rd

discharge process are presented in Fig. 8. It can be seen that the
diffusion coefficients strongly depend on the potential. There is
absence of the constant diffusion coefficients in the two-phase
coexisting region around 4.7 V for the material with Fd3m
space group, where the Li+ ion diffusivity is slower, in consis-
tence with ref. 70. However, the four samples exhibit similar DLi+

values in the range of 10�8 to 10�11 cm2 s�1 during the lithium
insertion process irrespective of the particle size, higher than
those reported in ref. 69–71, which can be attributed to the
hollow hierarchical structure of as-prepared samples. Whereas,
the relatively small particle size and more homogeneous
distribution of LNMO-0.3 sample could shorten the diffusion
distance of Li+ ions, thus leading to its superior rate capability
and cycling performance, in consistence with Fig. 4 and 6.
Conclusions

Hollow hierarchical LiNi0.5Mn1.5O4 cathode material has been
successfully synthesized via a urea-assisted hydrothermal
method followed by high-temperature calcination process. The
effects of reactant concentration on the structure, morphology
and electrochemical properties of carbonate precursor and
corresponding LiNi0.5Mn1.5O4 product have been intensively
investigated. XRD analysis shows that all four samples belong to
cubic spinel structure, and the LiNi0.5Mn1.5O4 sample synthe-
sized at 0.3 mol L�1 has the lowest impurity content. FT-IR
spectra illustrate that all four samples have mainly the disor-
dered structure with Fd3m space group, and the disordering
degree (Mn3+ content) initially decreases and then increases
slightly with the reactant concentration increasing. Among
them, the LNMO-0.3 sample has the lowest Mn3+ content. SEM
observation shows that the average particle size of carbonate
precursor exhibits a decreasing trend with the reactant
concentration, and the one synthesized at 0.3 mol L�1 has
relatively smaller particle size with more homogenous
This journal is © The Royal Society of Chemistry 2018
distribution. In addition, the particle morphology changes from
shuttle to peanut to sphere with the increase of reactant
concentration, in other words, the sphericity of the particle
gradually increases with the reactant concentration. It can be
concluded that the particle morphology and size of LiNi0.5-
Mn1.5O4 material can be controlled by changing their precur-
sors' morphology and size, which can be controlled by reactant
concentration. Taking the discharge capacity, rate capability
and capacity fading factor into account, the LiNi0.5Mn1.5O4

sample synthesized at 0.3 mol L�1 reactant concentration shows
optimal overall electrochemical properties, which can bemainly
attributed to smaller particle size with homogeneous distribu-
tion and lowest impurity content, despite a less disordered
structure. In addition, the excellent electrochemical perfor-
mance of as-prepared LiNi0.5Mn1.5O4 material can be partly
attributed to the peculiar hollow hierarchical structure, which
can not only provide extra active sites and short Li+ ion diffusion
path but also buffer the volume changes and relieve the
mechanical strain caused by the repeated insertion/extraction
of Li+ ions. On the basis of this work, this facile urea-assisted
homogeneous precipitation-hydrothermal preparation of
LiNi0.5Mn1.5O4 material with uniform hollow hierarchical
architecture will provide an effective and promising strategy for
the synthesis of high energy density cathode materials for
lithium ion batteries.
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