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Nanoarchitecture Multi-Structural Cathode Materials for 
High Capacity Lithium Batteries
 Lithium-rich composite cathodes have been extensively investigated for 
lithium-ion batteries. Nanoarchitecture hydroxide precursor for these 
cathodes with two levels of particle agglomeration (1–2  µ m and 10  µ m) is 
produced using a co-precipitation method. Transmission electron microscopy 
and X-ray diffraction confi rm that the precursor is a composite comprising 
transition metal hydroxides and Mn 3 O 4 . Cathode materials synthesized based 
on the precursor are “layered ( R  ̄3  m)-layered ( C 2/m)-spinel ( F d ̄3  m)” composite 
phase. The electrochemical performance of lithium cells utilizing this material 
as the cathode is determined to be excellent. Both the layered-layered-spinel 
composite structure and the nanoarchitecture morphology contribute to the 
electrochemical performance advantage of this material over other cathode 
materials. 
  1. Introduction 

 Key to the development of low-cost and high-energy/power 
electrochemical couples for lithium batteries is the cathode. 
Lithium-rich composite cathode materials have been extensively 
investigated since their fi rst reports by Lu and Thackeray. [  1     −     8  ]  
Nowadays, there is a consensus among researchers that these 
materials are composites comprising two layered components 
with an overall composition of  x Li 2 MnO 3 (1– x )LiMO 2  (M is a 
transition metal). [  9  ,  10  ]  Nuclear magnetic resonance [  11  ,  12  ]  and 
transmission electron microscopy [  13  ,  14  ]  studies have corrobo-
rated the existence of Li 2 MnO 3 -like domains (space group 
 C 2/m) within a predominant LiMO 2  layered phase (space 
group,  R  ̄3  m). The major benefi t of the composite structure 
is that upon charge to a high potential ( > 4.3 V), where con-
ventional cathodes are unstable, the material remains intact 
through the activation of Li 2 MnO 3 ; hence, capacities in the 
range of 250 mAh · g  − 1  have been achieved. [  1     −     10  ]  However, the 
composite delivers modest capacity when it is charged at high 
rates. [  15  ,  16  ]  Reducing the particle size to nanoscale levels has 
been suggested as a means to improve the rate performance 
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by shortening the lithium diffusion path-
ways. [  17–    20  ]  However, nanoparticles have 
low packing densities and high surface 
area and, thus, promote side reactions. [  21  ]  
Also, they are not economical because of 
the added synthesis cost. [  17  ]  Nanoarchi-
tecture materials have the potential to 
overcome these problems without jeop-
ardizing the advantages conferred by the 
nanotechnology. 

 In this study, we synthesized a nano-
architecture Ni 0.25 Mn 0.75 (OH) 2  precursor 
by tailoring experimental conditions 
during a co-precipitation reaction. During 
the synthesis, hexagonal shaped nano-
plates (“primary particles”) were assem-
bled into secondary particles (“fi rst 
agglomeration”) with average size of 1–2  μ m, which then com-
bined with other agglomerates (“second agglomeration”) into a 
structure with an average size around 10  μ m. The cathode mate-
rial Li 1.5 Ni 0.25 Mn 0.75 O 2 +  d   ( d  is the value to refl ect the composite 
character of the material,  d  is 0.5 if all manganese is Mn 4 +  ) was 
formed after lithiation. [  6  ]  This material combined the excellent 
rate performance endowed by the thin nanoplates and a reason-
able packing density due to the macroporous structure. 

   2. Results and Discussion 

   Figure 1   shows scanning electron microscopy (SEM) images 
of the precursor Ni 0.25 Mn 0.75 (OH) 2 . The photographs show 
that the precursor particles are large agglomerates (Figure  1 a) 
composed of several secondary particles, which are typically 1 
to 2  μ m in size (Figure  1 b). Each secondary particle is formed 
by hexagonal-shaped nanoplates with a thickness of about 
50 nm and lateral dimensions ranging from 200 to 500 nm 
(Figure  1 c). The hexagonal shape of each primary particle 
refl ects the three-fold symmetry of the crystal structure of the 
hydroxide precursor, in agreement with powder X-ray diffrac-
tion (XRD) results. This nanoarchitecture is expected to be 
preserved after lithium addition, thereby accelerating lithium 
ion diffusion through the primary nanoplate particles. Also, it 
is expected that electrolyte wettability will be more effective as 
a consequence of the macropores that exist between the hex-
agonal plates. Another important advantage is that the material 
loading density at the level of the cell will not be sacrifi ced, as it 
would be if these nanoplates were entirely isolated.

   The crystal structure of the precursor was identifi ed with 
high-resolution powder XRD, as shown in  Figure    2   (note that 
the 2  θ   peak positions were recalculated based on the Cu-K α  
im Adv. Funct. Mater. 2013, 23, 1070–1075
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     Figure  2 .     XRD of hydroxide precursor.  

     Figure  1 .     SEM images of hydroxide precursors: a,b) second agglomerations at different magnifi cations and c) fi rst agglomeration.  
target). The main peaks of the XRD pattern were indexed based 
on Ni(OH) 2  ( P  ̄3  m) and/or NiOOH ( C 2/m) like phases, which 
are the most probable structures that can form during the man-
ganese and nickel co-precipitation. The distinction between 
these two possibilities led us to conduct electron diffraction 
on the nanoplate crystals (discussed later). The peak at 19.1 °  
(2 θ ), which can be indexed to (001) for Ni(OH) 2 -like phase or 
(002) for NiOOH-like phase, has the highest intensity due to 
the preferential crystal growth of the crystallites perpendicular 
to the c-axis (Figure  1 c). The remaining X-ray peaks at 18 ° , 31 ° , 
44.2 ° , and 58.3 °  correspond to the Bragg positions of the Mn 3 O 4  
© 2013 WILEY-VCH Verlag G

     Figure  3 .     SAED of hydroxide precursor. Diffraction is taken from different 
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tetragonal phase ( I 4 1 /amd). The existence of Mn 3 O 4  phase was 
also reported by Zhou et al. when the Mn/Ni ratio is higher 
than 2 for hydroxide precursors. [  22  ]  It is worth noting that our 
experiment yielded no layered double hydroxide (LDH), which 
is supported by the absence of LDH characteristic peaks at 2  θ    =  
11.5 °  and 22 °  in our precursor. [  23  ]   

 Selected area electron diffraction (SAED) patterns were col-
lected for different nanoplates ( Figure    3  ). The SAED patterns 
in Figure  3 a,b are consistent with a trigonal crystal system 
( P  ̄3  m). These patterns were collected from a crystal analyzed 
along the [001] zone axis (Figure  3 a) and [110] zone axis (Figure 
1071wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     XRD of cathode materials before and after cycling test. Asterisks show the additional peaks corresponding to spinel structure.  
 3 b). The SAED pattern of an adjacent particle shows a cubic 
motif, which could not be generated by a crystalline particle 
having a trigonal space group. However, the structure could 
also arise from a SAED pattern of a tetragonal phase ( I 4 1 /amd) 
along the [001] zone axis. Combining the XRD and SAED fi nd-
72

     Figure  5 .     a) SEM images, b) TEM image, c) diffraction pattern of the cathode materials, diffrac-
tion was taken from zone axis along [ ̄1101  ] direction, and d) high resolution TEM image.  
ings (Figure  2 , 3 ), we can safely conclude that 
the precursor powder was a composite of 
a dominating Ni(OH) 2  ( P  ̄3  m) phase and a 
minority Mn 3 O 4  ( I 4 1 /amd) phase. The exist-
ence of the Mn 3 O 4  phase is due to the partial 
oxidation of the hydroxide precursor in air.  

 Next, the precursor was lithiated through 
a conventional solid-state reaction by its 
reaction with Li 2 CO 3  at 900  ° C, yielding a 
cathode material with a nominal formula of 
Li 1.5 Ni 0.25 Mn 0.75 O 2 + d . The main peaks of the 
material were indexed to  R  ̄3m    space group of 
LiNi 0.5 Mn 0.5 O 2  reference material [  24  ]  ( Figure    4  ). 
The small peaks between 20 °  and 23 °  (2  θ  ) are 
due to Li  +   and Mn 2 +   cation ordering in the transi-
tion metal layer, in agreement with other reports 
on these Mn-rich composite materials. [  5  ,  25    –    27  ]  
The additional peaks observed on the left side 
of the (101), (104), (105), (017), and (108) lines 
(asterisks in Figure  4 ) have a strong similarity 
with the peaks of LiMn 2 O 4  spinel ( F d ̄3m  ). This 
observation is supported by the existence of 
Mn 3 O 4  in the precursor, which after lithiation 
would have yielded LiMn 2 O 4  spinel. Therefore, 
our lithiated material is a composite comprising 
layered-layered components plus a 4-V spinel 
component. We did not attribute the additional 
phase to Li 4 Mn 5 O 12  because the refi ned lattice 
parameters based on the additional peaks were 
 a   =   b   =   c   =  8.235 Å, which are much closer to 
the lattice parameters of LiMn 2 O 4  (8.244 Å) [  28  ]  
than Li 4 Mn 5 O 12  (8.137 Å). [  29  ]   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 SEM images, transmission electron microscopy (TEM) 
images and the diffraction pattern of the cathode primary parti-
cles are shown in  Figure    5  . After extended calcination at 900  ° C 
and the addition of Li  +   ions into the structure, the nanoplates 
developed rounded edges, shrunk in lateral dimension, and 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1070–1075
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expanded in thickness (Figure  5 a). As a result, the surface area 
of the plate edge increased for the {110} facets, while that of the 
plate face decreased for the (001) facet. The increase of the edge 
surface area favors facile lithium diffusion through shortened 
plates, which is expected to enhance the rate performance of the 
material. [  30  ]   The inset in Figure 5a indicates that the agglomera-
tion morphology is well kept after lithiation. Figure 5 b shows a 
bright-fi eld TEM image of a single nanoplate. Figure  5 d exhibits 
a high resolution image from the selected area in Figure  5 b. 
The lattice fringe has a distance equal to 0.47 nm, which is 
consistent with the expected planar distance between adjacent 
transition metal planes. [  31  ]  Figure  5 c shows six-fold symmetry 
(highlighted by a dashed hexagon), which is the SAED pattern 
along the [ ̄1  101] zone axis (indexed based on hexagonal struc-
ture) for  R  ̄3m    space group.  

 Figure S1,S2 (Supporting Information) show the particle size 
distribution and pore sizes of Li 1.5 Ni 0.25 Mn 0.75 O 2 + d , respectively. 
© 2013 WILEY-VCH Verlag Gm

     Figure  6 .     Rate performance of lithium cell with cathode material Li 1.5 Ni 0.25

in sequence for each 10 cycles. b) Discharge capacities under charge rate o
for each 3 cycles. c) Voltage profi le for (b) under different rates. d) Cycling u
and discharge rate of C/10. f) Voltage profi le for (e).  
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The cumulative curve and histogram curve are shown in 
Figure S1 (Supporting Information). The two maxima in the 
cumulative curve occur at 2  μ m and 9  μ m particle size, cor-
responding to the secondary particles and their agglomerates, 
respectively, in agreement with the SEM images. The surface 
area of this cathode material was 5.6 m 2 /g, and the average pore 
size was about 25 nm (see Figure S2, Supporting Information). 

 The electrochemical performance of a lithium cell with 
Li 1.5 Ni 0.25 Mn 0.75 O 2 + d  electrode is shown in  Figure    6  . The rate 
performance of the lithium cell in the voltage window 2-4.6 V is 
shown in Figure  6 a. The cell was initially cycled between 2 and 
4.8 V for 1 cycle under a C/10 rate to activate the electrode mate-
rial, and then cycled between 2 and 4.6 V at C/10, C/4, C/2, and 
1C for 10 cycles per step. The initial discharge capacity at C/10 
rate was slightly above 250 mAh g  − 1 , decreasing somewhat in the 
following 10 cycles to a discharge capacity around 225 mAh g  − 1 . 
The effect of current density on the specifi c capacity was not 
1073wileyonlinelibrary.combH & Co. KGaA, Weinheim

 Mn 0.75 O 2 + d . a) Discharge capacities under rates of C/10, C/4, C/2, and 1C 
f C/10 and discharge rates of C/10, C/4, C/2, 1C, 2C, and 5C in sequence 
nder charge rate of C/10 and discharge rate of 1C. e) Cycling under charge 
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signifi cant when the rate was raised to C/4, C/2, and 1C. The 
reversible capacity was 200 mAh g  − 1  at the 1 C rate.  

 To evaluate the cells at higher discharge rate, we eliminated 
the polarization in the charge process to ensure a fully charged 
state. Lithium cells were activated under the same condition 
as mentioned above; however, the C/10 rate alone was applied 
during the charge, while the cells were discharged at C/10, 
C/4, C/2, 1C, 2C, and 5C between 2 and 4.6 V with 3 cycles per 
step. The rate performance is shown in Figure  6 b. The specifi c 
capacities at 1C, 2C, and 5C discharge rates were 211, 194, and 
159 mAh g  − 1 , respectively. Obvious IR drop due to increased inner 
resistance of the cell is evident from the curves in the Figure  6 c.
These specifi c discharge capacities are among the highest 
obtained for similar materials reported in the literature. [  1     −     7  ]  

 Because of the likelihood of electrolyte instability at high 
voltage and possible side reactions, we checked the cycling per-
formance of lithium cells under the following conditions: after 
activation, the cell was cycled in the voltage window 2–4.8 V with 
a C/10 charge rate (to eliminate polarization) and a 1C discharge 
rate. In this case (Figure  6 d), the lithium cell attained a revers-
ible capacity of 230–240 mAh g  − 1  and maintained almost 100% 
capacity retention and coulombic effi ciency at the completion of 
100 cycles. When the lithium cell was charged and discharged 
at the C/10 rate between 2 V and 4.8 V, the initial discharge 
capacity was 255 mAh g  − 1  (Figure  6 e). Surprisingly, the capacity 
increased for the subsequent cycles, reaching 275 mAh g  − 1  
after 50 cycles; this increase is likely due to further activation 
of the cathode material. Note that this capacity increase was 
accompanied by a slight voltage drop during the discharge 
(Figure  6 f). The columbic effi ciency was almost 100%, which 
indicates reversible electrochemical processes rather than side 
reactions between electrode and electrolyte. The improved elec-
trochemical performance in terms of capacity, rate, and cycling 
is linked to the macrostructure of the cathode material, which 
facilitated electrolyte penetration through the voids between 
the thin nanoplates so that lithium diffusion was favored along 
their lateral directions. The excellent rate performance could 
be due to the existence of the 4-V spinel phase initially within 
the composite material. On cycling, the layered cathode trans-
formed to a spinel-like structure (Figure  4 ) because of the clear 
merger between the coupled peaks (006)/(012) and (108)/(110), 
which are usually used to distinguish between layered and 
spinel structures. [  32  ]  The spinel-like phase could have signifi -
cantly improved the overall electrochemical performance of the 
cathode material. The observed high capacity, however, does not 
justify a complete transformation to a spinel phase. Therefore, 
we concluded this cathode is likely a composite of a layered 
phase that provides the high capacity and a spinel-like phase 
that ensures the high rate capability. These complex structural 
transformations are being investigated further as they could 
be the potential reason behind the substantial voltage profi le 
changes during the discharge of the material under different 
rate and/or cycling conditions.   

 3. Conclusions 

 A nanoplate architecture precursor with multiple phases was 
produced by a hydroxide co-precipitation method using a 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
continuously stirred tank reactor. After reaction with lithium 
carbonate at high temperature, a Li- and Mn-rich composite 
was synthesized with a similar morphology. Results from TEM 
and XRD confi rmed that the precursor was a transition metal 
hydroxide and Mn 3 O 4  composite. The hexagonal nanoplate and 
the layered-layered-spinel composite structure played a major 
role in improving the overall electrochemical performance, 
especially the lithium kinetics, in this cathode.   

 4. Experimental Section 
  Material Synthesis : Nickel sulfate hexahydrate (NiSO 4 •6H 2 O), 

manganese sulfate monohydrate (MnSO 4 •H 2 O), sodium hydroxide 
(NaOH), and ammonium hydroxide (NH 3 •H 2 O) were used as the 
starting materials to prepare Ni 0.25 Mn 0.75 (OH) 2  precursor. These 
materials were mixed in the water-jacketed continuously stirred tank 
reactor (CSTR) system described in an earlier report. [  33  ,  34  ]  The reaction 
was conducted under an inert atmosphere by bubbling N 2  into the CSTR 
to mitigate the oxidation of Mn 2 +   and Ni 2 +  . The precursor material was 
collected from hour 7 to hour 9 of the process. Collected samples were 
washed with hot water several times to remove residual sodium and 
sulfuric species, then fi ltered and dried inside a vacuum oven set at 80  ° C 
over 24 h. Finally, about 600 g precursor with dark brown color was 
harvested. 

 Subsequently, Li 1.5 Ni 0.25 Mn 0.75 O 2 + d  cathode materials were prepared 
by calcining appropriate amounts of the precursor Ni 0.25 Mn 0.75 (OH) 2  
and Li 2 CO 3  at 900  ° C for 15 h. The synthesized cathode materials were 
mixed with acetylene black and polyvinylidene difl uoride binder with the 
weight ratio of 80:10:10 and coated onto an aluminum foil. Lithium cells 
were assembled inside a helium-fi lled glove box with Li 1.5 Ni 0.25 Mn 0.75 O 2 + d  
cathode and lithium metal as the counter electrode. Celgard 2325 
membrane was used as the separator. The electrolyte was LiPF 6  (1.2  M ) 
dissolved in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 
(3:7 vol%). The cells were tested in the voltage range of 2.0–4.6 V 
or 2–4.8 V and different rates as discussed in Section 2. A 1C rate is 
equivalent to 200 mAh g  − 1  in our defi nition.  

 Characterizations : The morphologies of both of the precursor and 
cathode materials were characterized with cold fi eld emission scanning 
electron microscopy (SEM, Hitachi S-4700-II) and transmission electron 
microscopy (TEM, Philips CM30T, JEOL2100). To prepare the TEM 
specimen, the precursor was fi rst gently crushed with a pestle and then 
uniformly suspended in ethanol with the help of ultrasonic dispersion. 
The suspension was dropped onto a carbon-coated copper grid for TEM 
characterization. Particle size distributions were measured with a particle 
size analyzer (Cilas1090). 

 Powder XRD studies were performed at Argonne’s Advanced 
Photon Source (APS), station 12-BM. A small amount of the sample 
was placed in a 0.33 mm Kapton capillary (0.01-mm wall thickness), 
fi lling approximately 3–5 mm of the capillary. After the capillary was 
sealed, experimental data were collected by a 2D image plate detector. 
The wavelength (  λ    =  0.10798 Å) and sample-to-detector distance (d  =  
180 mm, giving a usable range of d-spacing of 1.34–40 Å) were calibrated 
with CeO 2  as a reference material. 

 For post-cycling characterization, the above cells were disassembled 
in a helium-fi lled glove box. Then, dry powder was scratched from the 
cathode after washing with dimethyl carbonate and sealed in a Kapton 
tube for high resolution XRD characterization.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1070–1075
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