Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13

Journal of Materials Chemistry A

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Introduction

Due to their unique merits in terms of high energy density, high
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Li;TisO12-based anode materials with low
working potentials, high rate capabilities and
high cyclability for high-power lithium-ion
batteries: synergistic effect of doping,
incorporating a conductive phase and reducing
particle size

Chunfu Lin,® Xiaoyong Fan,? Yuelong Xin,® Fuquan Cheng,® Man On Lai,?
Henghui Zhou*® and Li Lu*?

Doping, incorporating a conductive phase and reducing particle size are three strategies for
improving the rate capability of Li4TisO1, (LTO). Thus, the synergistic employment of these three
strategies is expected to more efficiently improve the rate capability. To achieve this goal, Fe**
doped LTO/multiwall carbon nanotubes (MWCNTs) composites were prepared by post mixing
MWCNTs with Fe®* doped LTO particles from a solid-state reaction, while Cr*" doped
LTO/MWCNTs composites were fabricated by a facile one-step solid-reaction reaction using
MWCNTs premixing. Fe?*/Cr®" doping not only remarkably improves the electronic conductivity
and Li" ion diffusion coefficient in LTO but also lowers its working potential. The carbon existed
in the material fabrication processes leads to the reduction of particle size. The introduction of
MWCNTSs in the Fe*/Cr** doped LTO/MWCNTs composite significantly enhances the electrical
conduction between Fe?'/Cr*" doped LTO particles. As a result of this novel synergistic strategy,
performances of LizgFeosTisgO12/MWCNTs and LiCrTiO4/MWCNTs composites are
comprehensively improved. LissFeosTissO12/MWCNTs composite shows a working potential 8.9
mV lower than that of the pristine LTO. At 10 C, its capacity is up to 106 mAh g’1 with
unexpected capacity retention of 117% after 200 cycles in a potential window of 1.0-2.5 V (vs.
Li/Li*). The corresponding values for LiCrTiO4/MWCNTs composite are 46.2 mV, 120 mAh g~
and 95.9%. In sharp contrast, the pristine counterpart shows a very disappointing capacity of
only 11 mAh g™" at 10 C. Therefore, the novel LissFeosTis.0012/MWCNTs and LiCrTiO/MWCNTs
composites possess great potential for applications in high-power lithium-ion batteries.

several unique advantages.’ It has a flat and high working
potential at around 1.55 V (vs. Li/Li"),? avoiding the deposition
of lithium dendrites and suppressing the reduction of

operating voltage, low self-discharge and absence of memory,
lithium-ion batteries (LIBs) used for portable electronic devices
are now being extended to large-scale applications, such as
electric vehicles (EVs) and hybrid electrical vehicles (HEVs).'
Unfortunately, the current LIBs using graphite anodes are
handicapped by several critical disadvantages for these power
applications, including poor rate capability, disappointing
cyclability and safety hazards. The limitation of the graphite
anode comes from the safety concerns originated from lithium
dendrite formation and growth on the anode surface at large
operating current.’ As a promising substitute for graphite,
Li4Ti50;, (LTO) has intensively been investigated as one of the
most attractive anodes material for high-power LIBs due to its
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electrolyte. Its structure can be described in a cubic spinel
notation [Lis]s,[LiTis]16a[O12]32¢ in Fd3m space group, in
which 75% of Li' ions are located at tetrahedral 8a sites, the
remaining Li* ions and all Ti*" ions randomly reside at
octahedral 16d sites, while O> ions forming a cubic-close-
packed array occupy 32e sites, as sketched in Fig. 1.* The three-
dimensional 8a—16c—8a network is identified as Li" ion
transportation pathways. When intercalating lithium, the Li"
ions in 8a sites together with the same amount of external Li"
ions are cooperatively move to octahedral 16¢ sites to generate
rock salt type [Ligli6c[LiTis]16q[O12]32e. When de-intercalating
lithium, this process is reversed. During this reaction, the three-
dimensional [LiTis];6a[O12]32¢ spinel framework is extremely
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robust and the difference in lattice parameters is less than
0.1%.°> These advanced properties of LTO endow it with
excellent structure stability, good reversibility and outstanding
cyclability.

8a site (Li*) '
16d site (Ti** or Li*) ‘ *
32e site (0?%) ‘

Li* ion transportation pathways‘ ‘ ‘

[
o
-]
X o

Fig. 1 Schematic representation of the LTO structure.

However, LTO suffers from its poor conductivity and overly
high working potential, which limit its application for high-
power LIBs since power density is basically defined as the
product of operation current density and working potential. It is
known that most types of electrolytes are reduced below a
potential of about 1.0 V (vs. Li/Li").%” Obviously, the working
potential of around 1.55 V (vs. Li/Li") is too high. Thus, a
working potential of lower than 1.55 V (vs. Li/Li") but higher
than 1.0 V (vs. Li/Li") is highly desirable for LTO.

During the discharge—charge process, Li" ions and electrons
simultaneously conduct in active material particles. Hence, the
conduction in an LTO anode is determined by i) electronic
conductivity and ii) Li" ion diffusion coefficient in LTO
particles, iii) electrical conduction between the particles and iv)
particle size. Obviously, this conduction process can follow an
extended Cannikin Law, in which the heights of the only three
wooden planks represent the values of the first three parameters
while the diameter of the cannikin is inversely proportional to
the last parameter. Therefore, only the simultaneous
improvements of all the four parameters can effectively and
significantly enhance the conduction and thus the rate
performance of LTO. Clearly, the very low electronic
conductivity (<1x10™* S cm™) and sluggish Li* ion diffusion
coefficient (~107"° ¢cm® s~ ') of LTO result in its poor rate
capability.® Results show that the rate capability of LTO can
be improved by doping alien ions, incorporating a conductive
phase and/or reducing particle size. Doping with alien ions in
[Li]ga, [Lilieas [Ti]i6a Or [O]32 sites can effectively modify the
electronic conductivity and/or Li" ion diffusion coefficient in
LTO particles. These dopants includes Mg>",” V%1% Np**,"!
AP Tas* B zn® 14 cP*)15 Mo*,'® Zr*'7 and CI™ ions.'®
However, this strategy cannot increase the electrical conduction
between LTO particles. Comparatively, incorporating a
conductive phase, such as carbon coating,' TiN coating,”’ Zn
coating,”’ carbon compositing,”> and Cu compositing,” is
capable of enhancing the electrical conduction between LTO
particles although it cannot alter the intrinsic conductivity of
LTO. Reducing particle size can also enhance the rate
capability.**=° In this strategy, the intrinsic and extrinsic
conductivities are essentially not changed. The enhancement is
due to the reduced particle size which can shorten the distance
of electron conduction and Li" ion transportation within the

2| J. Name., 2012, 00, 1-3

particles. Based on the above analysis, it is clear that none of
the three strategies can simultaneously improve the intrinsic
and extrinsic conductivities of LTO and reduce the particle size.
Therefore, it is urgently desirable to develop new strategies to
efficiently improve the rate capability of LTO.

Compared to the improvements in the rate capability, very
limited success has been achieved in lowering the working
potential so far. Only Cr’* doping has been reported to lower
the discharge plateau. LiCrTiO,4 has a discharge plateau of 1.50
V, which is 50 mV lower than that of LTO." Hence, new
methods to lower the discharge plateau and working potential
are also demanded.

In order to enhance the rate capability and lower the working
potential of LTO, in the present work a synergistic strategy
combining doping, incorporating a conductive phase and
reducing particle size is proposed. Firstly, Fe** and Cr’*
dopings are employed. Up to now, the doping of Fe** in the
form of Liy ,Fe;, Tis_ O, has not been reported. In comparison
with tetrahedral sites, Fe*" ion prefers to occupy octahedral
sites since it has a large octahedral site preference energy
(OSPE) of 16.75 kI mol™",*! inferring that Fe*" ion adopts the
high spin electromc configuration of t,,4 €,2 in 16d s1tes of this
splnel oxide.*” The unpaired 3d electrons in Fe®' ions can
improve the electronic conductivity in the spinel particles.
Moreover, in octahedral sites, the size of high-spin Fe?' ion
(0.78 A) is much larger than Ti*" ion (0.605 A).>* This fact
suggests that LTO doped with Fe** ions can have a larger lattice
parameter, which can result in an enhanced Li" ion diffusion
coefficient. On the other hand, although LiCrTiO4 has been
studied in previous reports,'> the influences of the dopant
content on the electrochemical properties of Cr** doped LTO
materials is still not fully understood. Thus, it is also highly
necessary to systematically investigate them. Similar to Fe®'
ion, the unpaired 3d electrons in Cr** ion (t243 €,0) can enhance
the electronic conductivity. In spite of its small size (0.615 A),
which may reduce the lattice parameter, the anomalous
decrease in structural disorder in Cr** doped LTO can also lead
to the improved Li" ion diffusion coefficient.** In addition,
Fe?*/Cr*" doping can tailor the structural arrangement (available
sites, neighbouring atoms, and ionocovalent bonds) on the
energy of the Ti**/Ti*' redox couple, thus may modify the
working potential of LTO.* Based on the considerations
mentioned above, Fe** and Cr’* ions were expected to be
promising dopants for LTO to improve the power density of
LIBs. Secondly, ferrous oxalate is employed as the Fe** source.
The carbon produced due to the carbonization of oxalate ions in
the calcination process can hinder the particle growth and thus
result in smaller particle size. Similarly, premixed carbon
materials also can significantly limit the particle growth during
the calcination of LTO. Finally, multiwall carbon nanotubes
(MWCNTs) with excellent conductivity are selected as the
conductive phase to improve the electrical conduction between
the particles.

To achieve this design, Fe** doped LTO/MWCNTSs composites
are fabricated via simple mixing of MWCNTs and Fe?" doped
LTO materials from a solid-state reaction method, while Cr*"
doped LTO/MWCNTSs composites were prepared by a facile
one-step solid-reaction reaction, in which MWCNTs were
evenly premixed with other precursors. The electronic
conductivity and Li" ion diffusion coefficients in LTO particles
are achieved and analyzed through the crystalline structure
characterizations, two-probe electronic conductivity tests and
electrochemical impedance spectroscopy (EIS) measurements.
The particle sizes are identified by a field emission scanning
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electron microscope (FESEM) and surface area analyser. The
electrochemical properties are obtained using galvanostatic
discharge/charge tests and EIS measurements. The synergistic
effect of Fe*'/Cr’" doping, MWCNTs compositing and reduced
particle size on the electrochemical properties of LTO was
systematically studied.

Experimental

Material preparations

In this study, the Fe** and Cr’* doping processes followed Eq.
(1) and Eq. (2), respectively.

3Fe=Fe,, +2F€, (1)

3Cr=2Cr,, +Cr;; (2)

The preparation processes of the samples are illustrated in Fig.
2. As can be seen in Route A, Liy 5 Fe;, Tis O, (0<x<0.15)
powders were synthesized by a solid-state reaction from Li,CO;
(Merck, 99.99%), TiO, (Sigma—Aldrich, 99.9%) and
FeC,0,42H,0 (Sigma—Aldrich, 99%). The chemicals were
mixed at a predetermined molar ratio of Li:Fe:Ti = 1.03(4—
2x):3x:(5—x) and ball-milled for 0.5 h by a Spex ball-milling
machine. Then, the resultant mixtures were first sintered at 800
°C for 4 h in a tube furnace in argon atmosphere. In all cases, 3
mol% excess of Li,CO; was used to compensate for the loss of
a small amount of Li,O at high temperature. To prepare Li,_
2. Fes, Tis O/ MWCNTs composites, 1 g Liy,Fes; Tis O,
powders, 0.1 g MWCNTs (Shenzhen Nanotech Port Co. Ltd.,
main range of diameter: 10—20 nm, length: 5-15 pm) and 30 ml
ethanol were taken into a beaker and stirred for 10 min. The
resultant suspension was sonicated at 130 W for 20 min in an
ultrasonic sonicator (VCX 130, Sonics & Materials, Inc., USA)
and finally dried at 80 °C.

i T
U,C0; TIO, Garbon MWCNTs

‘ . sintered in Ar mixed with

S 5
.%. 800°CX4h . MWCNTs ~
1)
FeC,0,:2H,0

precursors after
ball milling

Cr,0,

\.O...

i d in Ar,
Route B .‘ sintere
..... 800 °C X 4h

precursors after
ball milling

@ 7\
sintered in Ar AN
—_—

o~

800 °CX4h
oe°
MWCNTs
precursors after

ball milling

Route A

Ligo<Fey,Tis, 05,
(with trace carbon)

Lis e, Tis ,0,,/MWCNTs
composites

mixed with

==

MWCNTs

Lig ,Cr,Tis 5,01 Lig ,Cry,Tis 5,0,,/MWCNTs-post

composites

Route C

Lig,Cr3,Tis 5,0,,/MWCNTs
composites

Fig. 2 Schematic preparation processes for the LTO materials in this study.

Liy Cr3,Tis 5,01, (0=x<1) powders were fabricated by a similar
route to the Liy 5, Fe; Tis_ O, (0<x<0.15) powders, as shown in
the first step of Route B. The only difference is that Li,CO;,
TiO, and Cr,O; (Alfa Asear, 99%) were respectively used as
lithium, titanium and chromium precursors. Such process was
also applied to the preparation of Lis ,Cr;,Tis 5, O;,/MWCNTSs
composites, except that MWCNTs were premixed with the
precursors (Route C). However, Route C could not be applied
to the preparation of Liy ,.Fes Tis O,/ MWCNTs composites

This journal is © The Royal Society of Chemistry 2012
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because MWCNTs can reduce the Fe** ions during the
calcination in argon atmosphere.

As a comparison, another type of Liy Cr;, Tis_,,O;,/MWCNTSs
composites was fabricated by post mixing MWCNT with Li,
Cr3,Tis 0, powders (Route B), and these composites were
labeled as Liy_,Cr;, Tis 5,0;,/MWCNTs-post composites.

Materials characterizations

Crystal structures of the as-calcined powders were
characterized by an X-ray diffractometer (Shimazu XRD-7000)
with a Cu Ka radiation (A = 0.1506 nm). Continuous-scan data
were recorded in an angle range of 15°-70° (26) with a step
with of 0.02° and a scanning rate of 2°/min. Step-scan data
were collected in an angle interval of 15°-125° with a step
width of 0.01° and a counting time of 8 s per step. The
EXPGUI interface for the GSAS was used for Rietveld
refinements.**>® Background parameters, zero-shift, unit cell
parameters, profile parameters, atomic fractional coordinates,
atomic isotropic displacement parameters and atomic
occupancies were refined. Particle morphologies and sizes of
the samples were observed by a field emission scanning
electron microscopy (FESEM, JEOL JSM-6700F) operating at
5 kV. Nitrogen adsorption isotherms at 77 K were acquired in a
surface area analyser (Quantachrome NOVA 2200e). Specific
surface areas were calculated based on the Brunauer—-Emmett—
Teller (BET) model.

Electrochemical tests

Electrochemical properties of the LTO-based materials were
evaluated using 2016 coin cells. In brief, the active materials
were mixed with super P conductive carbon (TIMCAL Ltd.)
and polyvinylidene fluoride (PVDF, Sigma—Aldrich) at a
weight ratio of 8:1:1 in an N-methylpyrrolidone (NMP, Sigma—
Aldrich) solvent to form uniform slurries, which were then
coated on aluminium foils. The loading density of the active
materials was about 2.5 mg cm 2. Subsequently dried in a
vacuum oven at 120 °C overnight and rolled by a rolling
machine, these working electrodes were incorporated into 2016
coin cells, in which Li foils were serviced as counter and
reference electrodes, Celgard 2400 as separators, and a mixed
solvent of ethylene carbonate, dimethyl carbonate and
diethylene carbonate (1:1:1 by weight) containing of 1 M LiPF
as electrolyte (DAN VEC). The assembly process was
conducted in an argon-filled glove box having O, and H,O
contents below 0.1 ppm.

Discharge—charge tests were performed at a potential range of
1.0-2.5 V (vs. Li/Li") on an automatic battery testing system
(Neware BTS-5V10mA). All discharge/charge rates were
denoted using C-rate where 175 mA g™ was assigned to be the
current density of 1 C based on the theoretical capacity of LTO
(175 mAh g ). Electrochemical impedance spectroscope (EIS)
measurements were carried out at 1.55 V on the coin cells using
a Solartron Analytical 1470E CellTest System combined with a
Solartron Analytical 1400 CellTest System. A potential
amplitude of +5 mV and a frequency range of 10°~102 Hz were
adopted. Before the EIS measurements, the cells were cycled
two times at 0.1 C and subsequently equilibrated for 5 h at a
bias potential of 1.55 V (vs. Li/Li"). The Zview software
(Scribner Assocites Inc.) was used to fit the impedance
parameters. Electronic conductivity measurements were
performed on sintered and polished pellets with symmetric
blocking gold electrodes at the Solartron Analytical 1470E
CellTest System.

J. Name., 2012, 00, 1-3 | 3
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Results and discussion

Crystal structure analysis

Fig. 3 plots the X-ray diffraction patterns of Lis_» Fes, Tis_,Op,
(x=0, 0.05, 0.1 and 0.15). Sharp diffraction peaks can be
observed for all the samples, suggesting the formation of well
crystallized products. All the peaks can be identified to a face-
centered cubic spinel structure with Fd3m space group (JCPDS
card No. 26-1198). No possible impurities, such as TiO, or
FeO, were detected, indicating that the precursor of Li—Fe-Ti—
O can form a homogeneous solid solution in the calcination
process, producing a new phase of Liy_» Fes, Tis_,O,. However,
when x is increased to 0.25, LissFeq75Tis 750, shows P4;32
space group (Fig. Sl+). It is known that this space group is not
desirable for LIBs because it has much lower Li" ion
conductivity’” and electronic conductivity®® compared with
Fd3m space group. Consequently, only lightly Fe*" doped LTO
materials were investigated in this study. In contrast, Lis
<Cr3,Tis_ 5,01, materials with both light doping (x=0.05, 0.1 and
0.15) and heavy doping (x=0.33, 0.67 and 1) show high
crystallinities and no impurities, as revealed in Fig. S2.

i Lis-2xFesxTisxO12
L l x=0.15
—~ 1500+ J x L_l__
3
S Ll
P x=0.1
2 1000 A
2]
: 1
= x=0.05
£ 500l ) L__JLJ_
0 —JL 7 J v L ‘X.= | l 4
20 30 40 50 60 70

26 (Degree)

Fig. 3 X-ray diffraction patterns of Lis_Fes,Tis_,O1, (0<x<0.15).

In order to gain a deep understanding on the structures,
Rietveld refinements were conducted. Fig. 4 and Fig. s3t
present the observed, calculated, and error patterns for Lis_
2xFC3xTi5,x012 (OS}CSOlS) and Li4,xCr3xTi5,2x012 (Oﬁxsl), and
the refinement results are tabulated in Table S17. In
refinements, the site occupancies are assumed to fulfill the
stoichiometric composition of Liy ,Fe;, Tis_,Oq5/Liy Crs, Tis_
2:O12. The site occupancy of oxygen atoms is fixed to be unity.
The distribution of ions in the spinel structure is fixed as
follows: 32e sites are occupied by O* ions; Li" and Ti*' ions
reside at both 8a and 16d sites while Fe**/Cr** ions only stay at
16d sites. Because Fe*"/Cr*" ion and Ti*" ion have very close X-
ray scattering factors, it is impossible to distinguish the
positions of the two kinds of ions from X-ray diffraction. Since
Fe?"/Cr*" ion has much larger OSPE value (16.75 kJ mol
!/157.42 kJ mol™) than Ti*" ion (0 kJ mol™),*' Fe**/Cr*" ion has
higher tendency to occupy 16d sites than Ti*" ion. It is therefore
reasonable to assume that Fe*'/Cr’* ions only reside at 16d
sites, while Ti*" ions are distributed in both 8a and 16d sites.
Then, the refinements can be carried out.

4| J. Name., 2012, 00, 1-3
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Fig. 4 Rietveld refinement plots of the X-ray diffraction patterns for LTO,
Liz gFep3Tis 9012 and LiCrTiO,.

Fig. 5a through Fig. 5c show the variations of lattice parameter
a, occupancy of Ti*" ion in 8a sites £ and fractional coefficient
of O*" ion z as a function of composition x, respectively. As can
be seen, for Liy , Fe; Tis (O, (0<x<0.15), the first two factors
monotonically increase with x. The pristine LTO has a lattice
parameter of 8.3611 A, in good agreement with that in previous
reports.'*!> The lattice parameter increases by 0.16% to 8.3746
A when x is increased to 0.15. The increase can be due to the
ion-size effect. For [Lij 479Tio.530]8a[Li1.230F€0.45T14.320]16a[O12]32¢
(x=0.15), in comparison with the pristine LTO, in 8a sites,
roughly 18% of Li" ions (0.59 A) are substituted by Ti*" ions
(0.42 A), which should result in a smaller lattice parameter.
Conversely in 16d sites, Fe** ions (0.78 A) and Li* ions (0.76
A) replace 14% of Ti*' ions (0.605 A), greatly contributing to
the increased lattice parameter. Because 0.53%(0.42—
0.59)+0.45x%(0.78-0.605)+0.23%(0.76—0.605)=0.0243>0,  the
latter effect overwhelms the former one, leading to an overall
increased lattice parameter. With Fe?’ ions staying at 16d sites,
a larger amount of Ti*" ions than Fe®" ions are pushed into 8a
sites to stabilize the structure. This finding can be interpreted
by the fact that Fe*" ion with a positive OSPE value prefers 16d
sites, while Ti*" ion with a zero OSPE value has equal tendency
to stay at either 8a or 16d sites. Comparatively, Liy ,Crz, Tis_
2,012 (0=x<1) materials exhibit smaller lattice parameters
compared with the pristine LTO due to the smaller size of Cr**
ion (0.615 A). The lattice parameter of LiCrTiO, is 8.3270 A,
0.41% smaller than the pristine value. In addition, the

This journal is © The Royal Society of Chemistry 2012
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occupancies of Ti*" ion in 8a sites in Cr'" doped samples are
much smaller than those in Fe** doped samples. For instance, at
the same doping level of x=0.15, Li; g5Crg45T1470;, shows an f
value of 0.013, which is only 7.3% of the corresponding value
for Lij ;Feg4sTis 55015 (0.177). This result suggests that the Cr**
doped samples have remarkably milder blockages of three-
dimensional 8a-16c—8a Li" ion transportation pathways
compared with the Fe** doped samples.

It is worth noting that O® ion fractional coefficients
monotonously decrease with the dopant content for both the
Fe** and Cr** dopings (Fig. 5¢). These decreases indicate that
the crystal structures of the doped samples approach the ideal
spinel structure with Fd3m space group, in which the z value
is 0.25. As a result, the relaxations of the original distorted
crystal structure and then the decrease of the structure disorder
were achieved. This finding is in sharp contrast to the common
observation that alien-ion doping increases the structure
disorder by disturbing the well-ordered lattices of the pristine
material >*

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Variations in (a) lattice parameter a, (b) occupancy of Ti* ion in 8a sites f
and (c) fractional coefficient of 0% ion z as a function of composition x in Lis
2«Fe3,TisxO12 (0<x<0.15) and Lig—,Cra,Tis-2x01, (0<x<1). Error bar represents one
standard deviation of uncertainty.

Particle morphology and size

The morphologies and particle sizes of Lis . Fes Tis Oy,
(0=x<0.15) and Liy4_,Cr3,Ti5_,,0;, (0<x<1) are shown in Fig. 6a
through Fig. 6d. The Fe** doped samples reveal smaller particle
sizes than that of the pristine one. The reduction in particle size
is further supported by specific surface area tests. The BET

J. Name., 2012, 00, 1-3 | 5
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specific surface areas of Li3A9FCOA15Ti4A95012, Li3A8FeoA3Ti4A9012
and Li;;Fe45T143501, are respectively 4.4, 4.0 and 4.3 m’ g,
larger than that of LTO (3.6 m* g'!). It is well known that the
carbon in a material synthesis process can effectively hinder the
particle growth and thus reduce the particle size.** Therefore,
the reduction of the particle size in the Fe?" doped samples can
be due to the tiny carbon produced from the carbonization of
oxalate ions (Fig. S4"). The reduced particle size can shorten
the distance of electron conduction and Li" ion transportation
within the particles, and thus can enhance the rate capability of
the cells. In contrast to the Fe*" doped samples, larger particle
sizes can be observed in the Cr*" doped samples (Fig. 6e
through Fig. 6j), and their BET specific surface areas are
respectively decreased to 2.6, 2.4, 2.0, 1.9, 1.9 and 2.5 m? g'1
for x=0.05, 0.1, 0.15, 0.33, 0.67 and 1.

~ Tum

e

4.

Fig. 6 FESEM images of as-prepared Lig_,Fes,Tis_,O12 with (a) x=0, (b) x=0.05, (c)
x=0.1 and (d) x=0.15 as well as Lis4Crs,Tis—201, with (e) x=0.05, (f) x=0.1, (g)
x=0.15, (h) x=0.33, (i) x=0.67 and (j) x=1.

Journal Name

Li* ion diffusion coefficient

To understand effectiveness of different types and amounts of
dopants, EIS was performed and the Nyquist plots are shown in
Fig. 7a and Fig. 7b. The AC impedance spectra were fitted with
the aid of an equivalent circuit, given in the insert of Fig. 7a,®
where R, and R, represent the ohmic resistance of the cell and
the charge-transfer resistance at active interface, respectively. A
constant phase element, abbreviated to CPE, reflects the
interfacial capacitance. W embodies the Warburg impedance
describing Li" ion diffusion in bulk electrode. The parameters
of the equivalent circuit for all the samples are recorded in
Table S27. According to Table S2, the R, values of different
samples are smaller than 4 Q. The differences of these R,
values among all the samples may be interpreted in terms of
simulated errors. In contrast, the R, values largely vary with
different samples, confirming the reduced charge transfer
resistance after the Fe?"/Cr*" doping. This fact indicates that the
conductivity of LTO is improved by the Fe?'/Cr’" doping.
Among all the Fe*'/Cr* doped samples,
Liz gFep3Tis 901,/LiCrTiO,4 exhibits the lowest charge transfer
resistance.

100
(a) Lis-2:FeaTisO12
804 Rs Rct W
—_ 60-
<3
M- 304
—a— x=0
—— x=0.1
0 - L} T L] L}
0 50 100 150 200 250
Z'(Q)
120
(b) e LisxCraxTis2:O12

0 T

L] Ll
150 200
Z'(Q)
Fig. 7 EIS curves for (a) LisgaFesTisxO12 (0<x<0.15) and (b) Lis—Crs,Tis-2,012
(0<x<1) electrodes; the inset shows the used equivalent circuit to fit the EIS.
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Li" ion diffusion coefficient D can be calculated from the plots
in the low-frequency region based on Egs. (3) and (4):®

Z'=R +R,+o,0" (3)

This journal is © The Royal Society of Chemistry 2012
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D=RT*/(2S°F'c;,C?) (4)
where Z', w, R, T, S, F and C are the real part of impedance,
angular frequency, gas constant, absolute temperature, surface
area, Faraday’s constant and molar concentration of Li" ions in
solid, respectively; oy is the Warburg factor, which is related to
Z'—oy obtained from the slope of the lines in Fig. S5a" and Fig.
S5bf. The variations of Li" ion diffusion coefficient D to
composition x are shown in Fig. 8 and Table S2. It is obvious
that the Li" ion diffusion coefficient increases due to the
Fe?*/Cr*" doping. The improved D values may be ascribed to
the crystalline characteristics of the Fe?'/Cr’" doped LTO
powders. It has been reported that Li" ions transport in three-
dimensional 8a—16c—8a pathways in this spinel structure with
Fd3m space group during lithiation and delithiation
processes.”” Li" ions have to pass through the O* ion planes
located between 16¢ sites and 8a sites, which form the Li" ion
transportation bottlenecks. Therefore, the Li' ion diffusion
coefficient in this study is determined by the distance between
the nearest neighbouring O>  ions, degree of the structural
disorder and occupancy of Ti*' ions in 8a sites.
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Fig. 8 Variations of Li* ion diffusion coefficient and electronic conductivity with
composition x in Lig-zxFes,Tis—xO12 (0€x<0.15) and Lis—,Cr3,Tis—»,01; (0<x<1).

For the Fe®' doped LTO, as illustrated in Fig. 5a, with
increasing x, the lattice parameter increases, inferring the
increase of the distance between the nearest neighbouring O*
ions. This increase together with the improved structural order
(Fig. 5¢) can facilitate the diffusion of Li" ions in the active
material. Although the blockage of 8a-16c-8a Li' ion
transportation pathways by Ti*' ions in 8a sites become severe
(Fig. 5b), the first two effects may carry more weight than the
last one, resulting in the overall enhanced Li' ion diffusion
coefficient. On the other hand, in the Cr’* doped LTO, the
improved structural order may play the dominant role in the
entire Li" ion diffusion coefficient. Thus, its overall increase in
Li" ion diffusion coefficient was also achieved.

Electronic conductivity

Fig. 8 also shows that the Fe?'/Cr’* doping dramatically
improves the electronic conductivity. The electronic
conductivity of the pristine LTO cannot be accurately
determined since it is too low to be accurately measured using
the Solartron Analytical 1470E CellTest System. Since the
system has a current limit of 1 nA, it can be deduced that the

This journal is © The Royal Society of Chemistry 2012
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electronic conductivity is below 1x10° S em™'. Through
Fe**/Cr** modified, the electronic conductivities are enhanced
by at least one order of magnitude. The electronic conductivity
monotonically increases with the amount of dopants, reaching
large values up to 1.7x107 S cm ™' in Li;;Feq4sTisg501, and
1.2x107 S ecm™ in LiCrTiO4. These values are remarkably
higher than those of Co®*, AI’*", Ta®", and Ga*', as well as Mg
and A" co-doped LTO materials, as manifested in Table
S2.'">3 The enhancements can be rooted in the Fe*'/Cr’
doping. It is known that electronic conduction in spinel oxides
containing transition metal ions proceeds by the hopping of
localized d electrons between octahedral cations.*'™* Clearly,
the empty Ti*" (t240 €,0) 3d orbitals in the pristine LTO result in
its very disappointing electronic conductivity. In contrast, Fe?"
(tro4 eg2)/Cr3+ (t243 €,0) ions in 16d sites supply 3d electrons in
the spinel oxide, greatly contributing to the enhanced electronic
conductivity. This result combined with the EIS analysis
provides clear evidence that the Fe*'/Cr'* doped LTO indeed
possesses both good electronic conductivity and enhanced ionic
conductivity.

Charge/discharge performance

Fig. 9 compares the second charge and discharge profiles of
Li4,2xFe3xTi5,x012 (OixiOlS)/Ll cells and Li4,xCr3xTi5,2x012
(0<x<1)/Li cells in a potential window of 1.0-2.5 V (vs. Li/Li")
at various C rates. At 0.5 C, each samples display an extremely
flat discharge plateau at about 1.5 V (vs. Li/Li") and a charge
plateau at about 1.6 V (vs. Li/Li"), which can be ascribes to the
two-phase reaction between LisTisO,, and Li;TisO,.*° In
comparison with the curves of the pristine LTO, no other
plateaus in the curves of the doped samples can be observed.
The second capacities of the Liy » Fe;, Tis_O, (x=0, 0.05, 0.1
and 0.15)/Li cells at 0.5 C respectively reach 166, 161, 152 and
149 mAh g’l, while those for the Lis Cr3, Tis », O, (x=0.05,
0.1, 0.15, 0.33, 0.67 and 1)/Li cells are 158, 154, 147, 145, 141
and 138 mAh g'. Obviously, with increasing the content of the
Fe®*/Cr*" ions, the capacity at 0.5 C is gradually lowering. For
Liy ,,Fes, Tis_,Oq,, compared with the pristine LTO, every one
Ti*" ion and every two Li" ions are substituted by three Fe?"
ions (Eq. (1)). Similarly, according to Eq. (2), every two Ti*'
ions and every one Li' ions are replaced by three Cr’" ions in
Liy ,Crs,Tis »,01,. Consequently, as the content of Fe*'/Cr*
dopants increases, the molecular weight of the doped LTO
increases and thus its theoretical capacity decreases. At such
low rate of 0.5 C, Li" ions and electrons have adequate time to
diffuse and to conduct, respectively. As a result, the maximum
accessible capacity determined by the theoretical capacity can
be obtained. Therefore, the pristine LTO has the largest
capacity of 166 mAh g™', close to its theoretical capacity (175
mAh g™).

J. Name., 2012, 00, 1-3 | 7
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Redox reaction analysis

To elucidate the differences in the redox reactions, the
galvanostatic curves of the Lig,Fes, Tis (O, (0<x<0.15) and
Liy_Cr3,Tis 5,01, (0<x<1) samples are plotted using a form of
differential capacities (dQ/dE) at 0.1 C in a potential range of
1.475-1.625 V, as shown in Fig. 10. The corresponding
discharge potentials, charge potentials and working potentials
are tabulated in Table S2, where the working potential is
considered as the average value of the discharge potential and
charge potential. At this low current density, there is little
polarization, thus the discharge and charge plateaus can be
clearly observed. It can be seen that the working potential
decreases with the Fe?'/Cr®" content. The working potentials of
LizoFeq sTig95012, LizgFeq3Tiy 9012 and  LissFeqs5Tiqs5012
samples are respectively 4.0, 8.9 and 14.7 mV lower than that
of the pristine sample while those for Li; ,Cr;,Tis Oy
(x=0.05, 0.1, 0.15, 0.33, 0.67 and 1) are lower by 2.9, 5.1, 6.7,
13.9, 322 and 41.4 mV. These values are apparently
proportional to the dopant amounts. The larger the dopant
amount, the lower the working potential. These results indicate
that the Fe**/Cr** doping did modify the structural arrangement
on the energy of the Ti**/Ti*" redox couple. The modifications
include the variations of lattice parameters, bond lengths and
bond angles as well as the decrease of the structure disorder,
resulting in lower working potential.
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Fig. 10 dQ/dE curves of (a) Lig-aFes,TisxO12 (0<x<0.15) and (b) LisxCraTis-2,012
(0<x<1) samples at 0.1 C (identical discharge/charge rates were used).
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Rate capability

The high rate capability is a key requirement for high-power
LIBs in EVs/HEVs. As can be clearly seen in Fig. 9, when the
rate increases, the capacity gradually decreases and the
discharge and charge plateaus respectively become lower and
higher. The plateaus of the pristine LTO become shorter and no
plateaus remain at the rates above 5 C, while obvious plateaus
can always be observed even at a high rate of 10 C for all the
doped LTO.

The rate capabilities of the doped samples are compared in Fig.
11. Tt is obvious that the differences in the capacities between
0.5 C and 1 C for all the samples are small. At such low rates,
the capacities are less sensitive to the conductivity of the active
materials since Li" ions and electrons have adequate time to
diffuse and to conduct in the particles, as shown previously.
When the C rate is progressively increased to 2, 5 and 10 C,
however, the capacity of the pristine LTO declines steeply from
the original 166 mAh g' to 105, 33 and 11 mAh g'. In
contrast, in spite of their relatively lower capacities at 0.5 C, the
doped samples exhibit rate capabilities higher than that of the
pristine LTO. For instance, while the pristine LTO can only
offer 33 mAh g at 5 C, Li;gFeq;Tis90;, and LiCrTiO, are
able to deliver as high as 100 and 97 mAh g!, respectively.
With the further increase of C rate to 10 C, their capacities still
reach 57 and 70 mAh g, which are more than four and five
times greater than that of the pristine LTO (11 mAh g™").
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Fig. 11 C-rate capability of LigpFesTis4O1; (0<x<0.15) and Lis—CraTis—2x01
(0<x<1) samples at 0.5—10 C (identical discharge/charge rates were used).

Journal of Materials Chemistry A

ARTICLE

enhanced Li" ion diffusion coefficients and electronic
conductivities may overwhelm the negative effects of larger

particle sizes, leading to the obviously improved rate
capabilities.
It is noted that, among the Fe** doped products,

Liz gFeo3Tis 90, presents the best rate capability. It is also
consistent with the measurement of the smallest R, value for
Liz gFep3Tis 90, (Fig. 7a and Table S2). This result may be
explained by its optimal combination of the Li" ion diffusion
coefficient and electronic conductivity in the particles, particle
size and electrical conduction between the particles. For the
Cr** doped LTO materials, heavy doping is obviously more
effective than light doping to improve the rate capability, and
the optimized sample is identified to be LiCrTiO,.

Electrochemical properties of doped LTO/MWCNTSs composites

To improve the electrical conduction between the doped LTO
particles and then further enhance the rate capability, the doped
materials were further composed with MWCNTs to form
Li3'8Fe0‘3Ti4,90 12/MWCNTS, LlCrTlO4/MWCNTS-pOSt and
LiCrTiO4/MWCNTs composites. FESEM images (Fig. 12a
through Fig. 12c¢) show that Li;gFeq;3Tis90,/LiCrTiO,
particles are effectively wrapped with conducting MWCNT
networks. Such structure can benefit the external electrical
conductivity of the particles. In particular, because the
premixed MWCNTs significantly hindered the particle growth,
the resultant particles in the LiCrTiO,/MWCNTSs composite are
mainly of < 100 nm in size (Fig. 12¢), much smaller than those
in the LiCrTiO,4 sample (Fig. 6j) and LiCrTiO,/MWCNTs-post
composite (Fig. 12b). In addition, the comparison between Fig.
12b and Fig. 12c also indicates that the LiCrTiO/MWCNTs
composite has much shorter length of MWCNTs than the
LiCrTiO,/MWCNTs-post composite since the ball-milling
process dramatically shortened the premixed MWCNTs.

Fig. 13a presents the dQ/dE vs. E curves at 0.1 C for the
composite/Li  cells. Compared with the plot of
LisgFe(3Ti00;5/Li cell in Fig. 10a, it is found that the
discharge plateau of Li;gFeq;Tis 001,/ MWCNTSs/Li cell is 3.5
mV higher while the charge plateau is 3.4 mV lower, indicating
that the MWCNTs compositing results in smaller polarization.
Similar situations happen to the LiCrTiO,/MWCNTs-post and
LiCrTiO,/MWCNTs composites, in which the latter one shows
a 5.0 mV higher discharge plateau, 14.6 mV lower charge
plateau and thus 4.8 mV lower working potential compared to
LiCrTiO, (Fig. 10b).

Clearly, the doped samples have significantly improved rate
capabilities although they suffer from the relatively lower
capacities at low rates. Here, the rate capability of an active
material is determined by its Li" ion diffusion coefficient and
electronic conductivity in particles, particle size and electrical
conduction between particles. As demonstrated previously,
compared with the pristine LTO, all the Fe** doped samples
exhibit larger Li" ion diffusion coefficients, much higher
electronic conductivities and smaller particle sizes. In addition,
the carbon created in the preparation process may enhance the
electrical conduction between the particles. Therefore, all the
Fe®" doped samples exhibit the better reaction kinetics and
enhanced rate capabilities. On the other hand, the
improvements of the rate capabilities for the lightly Cr** doped
powders are not obvious since their large particles greatly limit
the electron conduction and Li" ion transportation. However,
for the heavily Cr*" doped powders, the positive effects of

This journal is © The Royal Society of Chemistry 2012
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Fig. 12 FESEM images of (a) LizgFeosTis9012/MWCNTs composite, (b)
LiCrTiO4/MWCNTs-post composite and (c) LiCrTiO,/MWCNTs composite.
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Fig. 13 (a) dQ/dE curves at 0.1 C, (b) Second discharge—charge profiles at 0.5-10
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Liz gFeosTis9012/MWCNTs,  LiCrTiO4/MWCNTs-post  and LiCrTiO4/MWCNTs
composites (identical discharge/charge rates were used)

Fig. 13b shows the second charge—discharge curves of the three
samples at different rates, and their rate capabilities are
displayed in Fig. 13c. It is clear that the addition of MWCNTs
allows achieving higher capacities. For instance, the capacities
of LiCrTiO4/MWCNTs composite are as high as 140, 137, 133,
128 and 120 mAh gf1 at 0.5, 1, 2, 5 and 10 C, respectively.
Moreover, their classical galvanostatic profiles are well
maintained even at a high rate of 10 C, with only slight
increases of the polarization. In particular, their rate capabilities
are also remarkably improved. At 10 C, the capacity of
Lis gFe(3Ti; 00,/ MWCNTs composite is 89% greater than that
of Li3'8F60'3Ti4'9012, and those of LlCrTlO4/MWCNTS-pOSt and
LiCrTiO4/MWCNTs composites are 51% and 71% larger than
that of LiCrTiO,4. These results confirms that both long and
short MWCNTs with a large specific surface area can serve as
the support for the doped LTO particles, produce more
pathways for electron transportation, thus reduce the
polarization and further benefit their electrochemical properties.
The better rate capability of LiCrTiO4/MWCNTs composite
than LiCrTiO4/MWCNTs-post composite is obviously due to
the smaller particle size (Fig. 12¢), confirming the advanced
effect of reducing particle size on the improvement of the rate
capability. The rate capabilities of LizgFeq3Tis90;o/MWCNTs
and LiCrTiO,/MWCNTs composites were obviously better than
those previously reported,” demonstrating the

This journal is © The Royal Society of Chemistry 2012
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advantage of the synergistic method combining doping,
incorporating a conductive phase and reducing particle size.
Cyclability of these composites at 10 C is shown in Fig. 13d.
After 200 cycles, Li; gFe3Tis 9O/ MWCNTS and
LiCrTiO,/MWCNTs  composites demonstrate  desirable
cyclability with capacity retention of 117% and 95.9%,
respectively. This surprising increase of the capacity in
Lis gFe(3Ti; 00,/ MWCNTs composite might be explained by
the possible rearrangement of Fe** ions during the cycling, even
though there is no clear evidence for it now.

Based on the above analysis, it can be concluded that the lower
working potential, excellent rate capability and outstanding
cyclability of LTO have been achieved due to the synergistic
effect of the Fe?'/Cr’" doping, MWCNTs compositing and
particle-size reducing.

Conclusions

In summary, the facilely prepared LisgFey3Tis00,/MWCNTSs
composite exhibits a lower working potential by 8.9 mV, high
rate capability (approximately nine times larger capacity at 10
C than the pristine LTO) and advanced cyclability (117%
capacity retention after 200 cycles), while the corresponding
values for the LiCrTiO,/MWCNTs composite are 46.2 mV,
about ten times and 95.9%. To the best of our knowledge, the
two increase amplitudes of the capacity at 10 C are larger than
those previously reported, and Fe*" and Cr*" ions are the only
two known dopants that can lower the working potential. These
excellent electrochemical properties of the composites are
attributed to the following five factors. (1) Fe?"/Cr*" doping
tailors the structural arrangement on the energy of the Ti**/Ti*"
redox couple, leading to the lower working potential. (2) Fe*"
doping increases the distance between the nearest neighbouring
O ions, greatly contributing to the improved Li" ion diffusion
coefficient in particles, while such improvement in the Cr’*
doped sample is mainly due to the decrease in the structural
disorder. (3) The Fe*'/Cr** doping brings 3d electrons into the
crystalline structure and thus remarkably increased the
electronic conductivity of particles. (4) Carbon in the
calcination process hinders the particle growth, thus refining
the particles. The resultant smaller particle size shortens the
distance of the Li" ion transport and electron conduction within
the particles. (5) MWCNTs serve as efficient electrical
conductive networks, thus remarkably enhancing the electrical
conduction between the particles. Apart from this novel
synergistic strategy combining doping, incorporating a
conductive phase and reducing particle size, we are not aware
of any methods that can simultaneously improve the five key
factors above. As a promising extension, this synergistic
strategy can be further applied to the -electrochemical
improvements of other LIB materials, such as LiFePO,.
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