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(Li4Ti5O12 and TiO2-C) and LLO positive electrode-limiting
configurations based on the specific capacity (mA h g�1) of
the respective electrodes. Of the two configurations, the
Li4Ti5O12 negative electrode-limited configuration showed a
superior cycling efficiency, albeit with lower positive electrode
capacity (180 versus 200 mA h g�1), over the positive electrode-
limited configuration that is largely due to only partial utilization
of the Li available within the LLO positive electrode. This allowed
for a reservoir of Li to be used for electrolyte decomposition or
oxygen loss.19 For TiO2-C, both configurations exhibited similar
capacity fading that was largely due to the instability of the
negative electrode material. The Li4Ti5O12 negative electrode with
a high redox potential versus Li offered the unique opportunity for
a practical negative electrode-limiting configuration. This may not
be possible for carbon-based negative electrodes in which over-
charging may lead to the formation of metallic Li, a safety
concern. One of the major negative electrode materials that have
been paired with the LLO positive electrode is the Si-based
material because of its high capacities.241–243 However, Si-based
negative electrodes also present an additional complexity to
electrode pairing where large volume expansions often lead to
the degradation of the Si-based material and while continuous
reactions between the electrode surface and the electrolyte
form surface layers with increasing cycles. To overcome this,
Fridman et al. restricted the specific capacity that corresponded
to 600 mA h g�1 for Si thin film electrodes limiting the volume
expansion and surface growth.242 This Si/LLO configuration
with a restricted capacity electrochemical protocol showed a
reversible capacity of 195 mA h g�1 after 200 cycles with high
cycle efficiency (99.5%). Other considerations specific to the
Si/LLO electrode system have been discussed by Ko et al.241

While oxygen release has not been shown to have a significant
impact on the short term electrochemical cycling performance
and general operation of batteries containing the LLO material,70

it does impact the long term stability. Due to oxygen evolution
during charging, the battery environment undergoes changes
that affect both electrodes and the electrolyte. Hy et al. showed
within a LLO/C6 full battery cell that the formation of Li2O
leads to reactions that result in the formation of H2O (Fig. 21).210

H2O subsequently solvates Li ions and reacts with the negative
electrode surface to form LiOH. In addition, they also observed a
change in the electrolyte pH for preferential Li2CO3 precipitation.
Hong et al. showed that dissolution of TM ions also occurs in the
presence of H2O.208 This leads to the deposition of dissolved
TM ions onto the negative electrode, impeding Li diffusion and
leading to the gradual degradation of the positive electrode
performance.238,240,244,245 The application of surface coatings
has also been studied on LLO positive electrode full cell
systems43,50 where in general it was found that the surface
coating on the LLO positive electrode helped to improve
stability and in some cases allowed for a thinner SEI to form
that exhibited lower impedance versus its non-coated counterpart.
However, the degradation of the negative electrode still exhibited
severe capacity fading and metal deposition. Further studies on
the full cell system would be beneficial. Specifically, these may
include but not limited to surface coatings on both electrodes
and/or the addition of electrolyte additives in the LLO positive
electrode full cell systems.

5. Design considerations and
guidelines
5.1. Demography of synthesis routes

As mentioned in the previous sections, the long-term performance
of this material is largely at the mercy of its synthesis route and
conditions. As seen in Fig. 22, several different synthesis routes
have been applied to obtain differing morphologies and sizes
for LLO. While there has been an exploration of sol–gel and
hydrothermal synthesis methods, the most adopted has been
the co-precipitation method. Solid-state reactions may also contain
a co-precipitation step but may not be stated. While methods
like hydrothermal treatments offer control of crystal growth
and formation of interesting particle morphologies,92,96 the
co-precipitation method offers the formation of high tap density
secondary particles with a narrow particle size distribution. The
co-precipitation method via a continuous stirred tank reactor
(CSTR) also allows for large-scale production of the cathode material.

Fig. 21 Surface reaction mechanism of Li 1.2Ni0.2Mn0.6O2/C6 observed using in situ surface enhanced Raman spectroscopy. 210
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and particle size will most likely be ideal and extra care may
be needed for carbonate methods where larger particle sizes are
generally observed compared to hydroxide methods.163,180,247,250

Interestingly, as seen in Fig. 24g, the particle size distribution of
the LLO particle from the hydroxide co-precipitation has two main
particle sizes.254 The hydroxide co-precipitation route exhibits a
two-level agglomeration mechanism in which the first agglomera-
tion leads to the formation of smaller secondary particles (1–2 mm)
followed by a secondary agglomeration which converts the smaller
secondary agglomerates to larger secondary particles (10 mm that
are B64–76% of particles).247,254,256

5.2.4. Other considerations. The use of different gases
including air, pure O2, CO2, and N2 during co-precipitation
can also affect the structure and morphology of the resulting
precursors.87,250,252 Zhou et al. studied the use of air and
N2 purging and its effect on the NixMn1�x mixed hydroxide
samples for different x values using XRD powder patterns and
Rietveld refinement analysis.250 Fig. 24h shows a schematic
representation of the structures synthesized under anaerobic
conditions (N2 purge) and in air where slabs represent M(OH)2,
cubes represent the Mn3O4 spinel, and circles represent either
NO3

� or CO3
2� anions. Under anaerobic conditions, the structure

adopts a more layered structure consistent with the single-phase
layered double hydroxide for x = 1, 5/6, and 0. When synthesized
in air for x = 1, corresponding to Ni(OH)2, Ni cations are more
prone to oxidize to 3+ and anions are incorporated between
M(OH)2 slabs. For x = 5/6 in air, the structure exhibits misaligned
slabs evidenced by poorly formed Bragg peaks, although pure in
phase. For x = 1/2 in air, the structure exhibits single M(OH)2

layers that may form due to a two-phase mixture of the M(OH)2

and Mn3O4 spinel in the nanoscale where the inclusion of Mn3O4

disrupts stacking of the M(OH)2 planes. Mn3O4 spinel particle
growth is found for x = 0 in air that shows up as sharp Bragg
peaks. CO2 gas purging has also been used for the carbonate
based co-precipitation method as well.87 In general, the use of gas
purging acts as an additional control for the complex reactions
taking place during co-precipitation where different metal
cations are easily oxidized. Other considerations that may be
taken into account during the synthesis of the metal precursor is
the stirring speed and temperature, where faster stirring speeds
(1000 rpm) and controlled elevated temperatures (50–60 1C) have
been able to provide homogeneous and consistent reactions
within the reactor.87,163,247,249,250 A continuous stirred-tank reactor
(CSTR) process includes additional factors that must be consid-
ered such as feeding rate, reactor volume, chemical reactions and
kinetics.163,246 In any case, the use of a CSTR offers a facile
approach for the scale-up of the precursor powders and offers an
interesting design problem for the chemical engineer.

5.2.5. High temperature thermal treatment and morphology
control. After the formation of the precursor, the metal precursor
is generally mixed with a lithium source (often lithium hydroxide
or lithium carbonate) and then subsequently thermally treated at
high temperatures. The first is a pre-heating treatment below
500 1C for 3–12 h followed by a high temperature treatment
ranging from 600 to 1000 1C for 10–12 h in air or oxygen
flow.78,79,84,87,94,188,190,257 Temperatures of r700 1C have been

shown to lead to higher quantities of impurity phases and/or
capacity decay over several cycles.78,79 While several studies have
shown a slightly increasing capacity with increasing high
temperature heat treatment from 800 to 1000 1C, the electro-
chemical performance was shown to be similar for short cycling
protocols.78,79,84,87,257 However, it should be noted that the
temperature would have an effect on the composition for a
given metal system where boundary lines within the phase
diagrams will shift with temperature and atmosphere as well as
the cooling rate after heat treatment.190 The phase diagrams for
the Co–Mn,188 Ni–Mn,190 and Ni–Mn–Co258 systems should
serve as a good starting point for optimizing temperature
selection for high temperature treatment, cooling rates, and
atmosphere for a specific composition. The use of combinatorial
methods for studying different compositions within different
metal systems for quantities that allow for adequate electro-
chemical testing would be beneficial to tie the electrochemical
properties with the material properties.258 There is also certain
degree of control over the morphology during co-precipitation
and after high temperature heat treatment which has led to
preferred electronic pathways, exposed facets, and other tailored
particle morphologies.66,108,180,247,256 Chen et al., using a
hydroxide co-precipitation synthesis process via a CSTR process,
synthesized Li1.2Ni0.2Mn0.6O2 nanoplates with exposed (010)
planes that exhibited high rate capabilities of 225 mA h g�1 at
1C and up to 150 mA h g�1 of capacity at 20C.108 The nanoplates
have also been observed in other hydroxide co-precipitation
processes as well by other researchers where the orientation
and thickness of the plates are affected by the molar ratio of
sodium and ammonium hydroxide solution.247,256 Oh et al., also
using the hydroxide co-precipitation via the CSTR process,
formed 10 mm secondary particles with submicron-sized flake-
shaped primary particles with facile electron migration paths
and then chemically activated with 0.4 wt% of hydrazine for
3 h in a 90 1C water bath.180 This material showed good rate
capability and higher average voltage stability over 600 cycles due
to the high surface area, electron pathways of the primary
particles, and the chemical activation of the Li2MnO3 component
avoiding partial activation.

Fig. 25 is a schematic diagram highlighting some considera-
tions that would greatly impact the size and density of the
precursors, composition, distribution of the metal cations, and
morphology. As the reaction time is increased, the size of the
secondary particles increases and particle size distribution
narrows. A balance must be made in order to obtain particles
that are not too large (o20 mm) to avoid partial activation of
the material but to keep the size distribution narrow enough
to allow all of the particles to react homogeneously. The tap
density of the particles is directly related to the solution pH as
well as the molar ratio of sodium and ammonium hydroxide for
the hydroxide method. The composition of a given system will
be determined by the pH of the solution where the ideal pH
environment can be determined by the equilibrium reactions
of possible products. Ideally, a homogeneous distribution of
metal cations throughout the entire particle would exhibit
superior voltage and cycle stability, and careful studies of the
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LLO material as a cost effective and practical positive electrode
material for use in the next-generation high energy lithium ion
batteries.
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J. Bréger and Y. Shao-Horn, Chem. Mater., 2005, 17, 2386.

182 M. M. Thackeray, S.-H. Kang, C. S. Johnson, J. T. Vaughey,
R. Benedek and S. A. Hackney, J. Mater. Chem., 2007, 17, 3112.

183 J. Bareno, C. H. Lei, J. G. Wen, S. H. Kang, I. Petrov and
D. P. Abraham, Adv. Mater., 2010, 22, 1122–1127.

184 K. A. Jarvis, Z. Deng, L. F. Allard, A. Manthiram and
P. J. Ferreira, Chem. Mater., 2011, 23, 3614–3621.

185 H. Yu, R. Ishikawa, Y. G. So, N. Shibata, T. Kudo, H. Zhou
and Y. Ikuhara, Angew. Chem., Int. Ed., 2013, 52,
5969–5973.

186 A. Devaraj, M. Gu, R. Colby, P. Yan, C. M. Wang,
J. M. Zheng, J. Xiao, A. Genc, J. G. Zhang, I. Belharouak,
D. Wang, K. Amine and S. Thevuthasan, Nat. Commun.,
2015, 6, 8014.

187 A. K. Shukla, Q. M. Ramasse, C. Ophus, H. Duncan,
F. Hage and G. Chen, Nat. Commun., 2015, 6, 8711.

188 E. McCalla, C. M. Lowartz, C. R. Brown and J. R. Dahn,
Chem. Mater., 2013, 25, 912–918.

189 E. McCalla, A. W. Rowe, J. Camardese and J. R. Dahn,
Chem. Mater., 2013, 25, 2716–2721.

190 E. McCalla, A. W. Rowe, R. Shunmugasundaram and
J. R. Dahn, Chem. Mater., 2013, 25, 989–999.

191 C. R. Brown, E. McCalla, C. Watson and J. R. Dahn,
ACS Comb. Sci., 2015, 17, 381–391.

192 R. Shunmugasundaram, R. Senthil Arumugam and
J. R. Dahn, Chem. Mater., 2015, 27, 757–767.

Review Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
5 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
09

/0
6/

20
16

 1
9:

46
:4

3.
 

View Article Online

http://dx.doi.org/10.1039/c5ee03573b



