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ABSTRACT: Doped motifs oﬀer an intriguing structural pathway toward improving
conductivity for battery applications. Speciﬁcally, Ca-doped, three-dimensional
“ﬂower-like” Li4−xCaxTi5O12 (“x” = 0, 0.1, 0.15, and 0.2) micrometer-scale spheres
have been successfully prepared for the ﬁrst time using a simple and reproducible
hydrothermal reaction followed by a short calcination process. The products were
experimentally characterized by means of X-ray diﬀraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS) mapping, inductively coupled plasma optical emission
spectrometry (ICP-OES), X-ray photoelectron spectroscopy (XPS), cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic
charge−discharge testing. Calcium dopant ions were shown to be uniformly
distributed within the LTO structure without altering the underlying “ﬂower-like”
morphology. The largest lattice expansion and the highest Ti3+ ratios were noted with
XRD and XPS, respectively, whereas increased charge transfer conductivity and decreased Li+-ion diﬀusion coeﬃcients were
displayed in EIS for the Li4−xCaxTi5O12 (“x” = 0.2) sample. The “x” = 0.2 sample yielded a higher rate capability, an excellent
reversibility, and a superior cycling stability, delivering 151 and 143 mAh/g under discharge rates of 20C and 40C at cycles 60
and 70, respectively. In addition, a high cycling stability was demonstrated with a capacity retention of 92% after 300 cycles at a
very high discharge rate of 20C. In addition, ﬁrst-principles calculations based on density functional theory (DFT) were
conducted with the goal of further elucidating and understanding the nature of the doping mechanism in this study. The DFT
calculations not only determined the structure of the Ca-doped Li4Ti5O12, which was found to be in accordance with the
experimentally measured XPD pattern, but also yielded valuable insights into the doping-induced eﬀect on both the atomic and
electronic structures of Li4Ti5O12.

1. INTRODUCTION
The study of spinel type Li4Ti5O12 (LTO) has received
signiﬁcant attention as a promising alternative to conventional
graphite anode materials associated with lithium-ion batteries
(LIBs) for applications including but not limited to the power
sources of electric vehicles (EVs) and hybrid electric vehicles
(HEVs).1,2 These materials possess a relatively high insertion
potential of 1.55 V (vs Li/Li+),3 which can minimize the chance
of lithium dendrite formation and suppress the reduction of the
electrolyte on the surface of electrode.4 In addition, LTO
electrodes often maintain excellent structural stability, good
© 2018 American Chemical Society

reversibility, and outstanding cyclability characteristics, which
stem from their intrinsic ability to accommodate for the
presence of lithium ions without signiﬁcant structural change
(i.e., zero-strain) during charge and discharge operations.3,4
Although LTO possesses a lot of promise, its electrochemical
performance and practical applications are still limited, due to
its inherently poor electronic conductivity (10−13−10−9 S/
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cm),5 relatively sluggish diﬀusion coeﬃcients of lithium ions
(estimated to be in the range of 10−8−10−13 cm2/s),6 and low
energy density.7 Mitigating for these issues requires rationally
exploiting changes in chemical composition and/or morphology to improve and fundamentally tune the rate performance of
LTO. Such strategies include but are not limited to
nanostructuring,8−14 surface coating,14 and ionic doping.1 For
instance, reducing the particle size within these nanostructures
can potentially shorten the distance associated with electron
conduction and Li+-ion transport. Furthermore, surface coating
with either conductive carbon materials15−17 or metal nanoparticles17 can enhance the electronic conductivity between
LTO particles, although it cannot necessarily alter the intrinsic
conductivity of LTO.
The use of ionic doping in particular can eﬀectively modify
the intrinsic electronic conductivity and/or Li+-ion diﬀusion
coeﬃcients within LTO structures, thereby leading to higher
capacities and improved rate capabilities. The advantages
associated with the ion doping of LTO are several-fold. First,
LTO is relatively insulating, due in part to the empty 3d orbital
of Ti4+.18 Hence, doping ions with higher oxidation states might
potentially drive the partial transformation of Ti4+ into Ti3+,
based upon charge compensation considerations, because the
concentration of electrons within the 3d orbitals can be
therefore increased, a consequence of which is enhanced
conductivity.19 Second, doping ions with a larger radius could
potentially induce a lattice expansion, which may reduce the
amount of lithium-ion diﬀusion blockage and thereby increase
the ion conductivity of LTO.20 Normally, the chosen dopant
ions (i) should be either physically larger than the substituted
ion, representing a strategy that can enhance the lithium-ion
diﬀusion by means of lattice expansion, and/or (ii) should
possess higher oxidation states than that of the substituted ions
themselves, denoting an approach that can increase electron
density by driving the ionic transformation from Ti4+ to Ti3+.
The cubic spinel LTO structure can be described in terms of
the notation of [Li3]8a[LiTi5]16d[O12]32e within the Fd3̅m space
group. In this structure, 75% of Li+ ions occupy the tetrahedral
8a sites. The remaining Li+ ions and all of the Ti4+ ions reside at
octahedral 16d sites, whereas O2− ions constituting a cubicclose-packed array are located at 32e sites.21 The threedimensional 8a−16c−8a network has been identiﬁed as the
predominant Li+-ion transport pathway, due to a shorter
diﬀusion distance and the presence of more available reactive
sites.22 When intercalating lithium, the Li+ ions situated at the
8a sites together with the same amount of external Li+ ions
likely shift to octahedral 16c sites to generate a “rock salt-type”
structure, i.e., [Li6]16c[LiTi5]16d[O12]32e. When deintercalating
lithium ions, this process is reversed. The three-dimensional
[LiTi5]16d[O12]32e spinel framework is extremely robust during
the charge and discharge processes, thereby leading to a less
than 0.1% diﬀerence in terms of lattice parameters.3
Though there has been prior research involving doping of
either the [Li]8a, [Li]16d, [Ti]16d, or [O]32e sites, with ions such
as Ni2+, Mg2+, Zn2+, Al3+, Pr3+, Cr3+, Zr4+, Nb5+, V5+, Ta5+, and
F−,20,23 these previous studies have focused mainly on LTO
characterized by either zero-dimensional nanoparticles,24 onedimensional nanoﬁbers,4,25 or two-dimensional nanosheet26,27
morphologies. To the best of our knowledge, no prior
investigations have focused on the ionic doping of a more
complex three-dimensional hierarchical LTO motif. Furthermore, most of these earlier reports only provided data on the
electrochemical performance of these doped LTO materials

with limited structural insights concerning the actual
prospective doping site(s) from either an experimental or
theoretical perspective.
It should be noted that a few groups have sought to probe
the cation doping sites by either Rietveld reﬁnement of Cu Kα
X-ray diﬀraction data or DFT calculations. For instance,
reﬁnements have been conducted on doped LTO species by
ﬁxing the positions of the Fe2+/Cr3+ dopant ions at the 16d
sites as well as the Li+ and Ti4+ ions at both 8a and 16d sites,
respectively.3 However, although this is a plausible approach, it
is still nevertheless subject to constraints, due to the limited
occupancy information available from the Cu Kα X-ray
diﬀraction data set. Speciﬁcally, it should be noted that this
reﬁnement method could not completely determine the nature
of the cation doping, because of somewhat restrictive
assumptions about the initial doping localization at the 16d
site. A separate analysis of Gd3+-doped LTO materials used
DFT calculations to compare two possible structures with
dopants spatially conﬁned to either the [Li]16d site or the
[Ti]16d site; it was plausibly determined that doping of the
[Ti]16d site represented the more thermodynamically stable
phase.28
Investigations of Ca-doped LTO structures as anode
materials are limited, and to the best of our knowledge, only
three previous studies exist.29−31 Zhang et al.30 reported on a
series of micrometer-sized Ca-doped LTO particles (overall
diameters of 1−2 μm) with the chemical formula of
Li4−xCaxTi5O12 (“x” = 0, 0.05, 0.1, 0.15, and 0.2) through a
solid-state reaction. The Ca dopants were deduced to occupy
the [Li]8a site, based on an increase in the cubic unit cell
parameter “a” after Ca2+ doping, because the radius of Ca2+ is
perceptibly larger than that of Li+ ions. Improved electrochemical performance for Ca-doped LTO materials was
observed at higher charge−discharge rates, an observation
that could be attributed to the improved electronic
conductivity. The “x” = 0.1 electrode exhibited the highest
electronic conductivity and fastest lithium-ion diﬀusivity,
thereby demonstrating the best rate capability by delivering
122.4 mAh/g at 20C. The same group29 also put together a
combined theoretical and experimental study of Ca-doped
LTO nanoscale spheres (measuring 100−200 nm in diameter),
generated by a sol−gel method. It was found that these
materials could deliver a speciﬁc capacity of 155.1 mAh/g at
10C, after 1000 cycles. DFT calculations in this work suggested
that the Ca dopant preferably occupied the [Li]16d site as
opposed to the [Li]8a site. Finally, Setiawan et al.31 synthesized
a series of Ca-doped LTO samples using waste eggshells as the
Ca source, through a solid-state reaction. Cyclic voltammetry
characterization data indicated that Li4−xCaxTi5O12 (“x” = 0.05)
demonstrated the highest charge and discharge capacity of
177.14 and 181.92 mAh/g, respectively, measured with a scan
rate of 100 μV/s. However, it should be noted that insuﬃcient
relevant details on either a clear morphological motif or the
nature of the Ca occupancy were provided within this most
recent paper.
Hence, as compared with all of the previous work on the CaLTO system, the elements of novelty of our current study
presented can be systematically summarized as follows. First,
the morphology of the LTO samples generated within the three
prior studies either possessed a “zero-dimensional” shape29,30
or was unknown to the degree that it was neither properly
documented nor discussed.31 By contrast, within the present
study, therefore, we report for the ﬁrst time on the calcium
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novel hierarchical “ﬂower-like” LTO microspheres, generated
by our group recently,33 consist of thin “sawtooth”-shaped
constituent nanosheets, providing for not only shortened Li-ion
diﬀusion distances but also enhanced contact area with
electrolyte. In eﬀect, the overall micrometer-scale spherical
assemblies themselves should give rise to not only outstanding
thermodynamic stability but also high tap density.13,34

doping of a novel three-dimensional “ﬂower-like” LTO motif.
Second, none of these three previous reports investigated the
electrode performance of Ca-doped LTO at high discharge and
charge rates above 20C, denoting data critical for practical
applicability. In our current study, we explicitly targeted the
high-rate performance of the resulting Ca-LTO materials at
20C, 40C, and 100C, respectively. Third, within the current
manuscript, we presented the successful in situ Ca-doping of the
three-dimensional “ﬂower-like” LTO anode material
(Li4−xCaxTi5O12), prepared by a facile and controllable
hydrothermal synthesis. The synthesis method we have
reported herein is diﬀerent and distinctive from either the
solid-state or sol−gel method utilized in these previous reports.
Last but not least, the precise nature of the Ca dopant
occupancy within the ﬁrst two of these prior reports remained
controversial, whereas the last published paper cited did not
provide any details whatsoever on the possible occupancy of Ca
dopants. By contrast, within the current paper, we attempt to
painstakingly shed light upon the exact Ca doping mechanism
through a combined experimental and theoretical study.
Hence, at a fundamental level, to understand and correlate
the eﬀect of doping with respect to the resulting electrochemical performance within materials in general, it is crucial to
further analyze and more thoroughly elucidate the Ca doping
mechanism within the LTO motif itself, used as a model
example. In the present study, therefore, we report for the ﬁrst
time on the calcium doping of a novel three-dimensional
“ﬂower-like” LTO motif with the explicit objectives of not only
improving charge transfer within the LTO motif but also
shedding light upon the exact doping mechanism. Herein we
present the successful in situ Ca-doping of the threedimensional “ﬂower-like” LTO anode material
(Li4−xCaxTi5O12), prepared by a facile and controllable
hydrothermal synthesis. We investigated four diﬀerent Ca
doping molar ratios with “x” = 0, 0.1, 0.15, and 0.2. The eﬀects
of Ca2+-ion doping upon the structure, morphology, and
electrochemical characteristics of LTO were systematically
investigated.
In this report, ﬁtting of synchrotron X-ray diﬀraction data of
“x” = 0.2 Ca2+-doped material was conducted to determine the
exact nature of the dopant site within the cubic LTO structure
using the Rietveld method. Furthermore, DFT calculations
were carried out to determine the exact nature of the preferred
doping site within the hexagonal structure. Notably, the
hexagonal structure was derived from the asymmetric unit of
the cubic lattice. Lastly, the DFT-optimized structure was used
as a more appropriate model for Rietveld reﬁnement to conﬁrm
that the structure derived from theoretical DFT calculations
was in fact consistent with the complementary experimental
data.
Why is there an emphasis on this synergistic strategy of
combining Ca-ion doping with a unique 3D hierarchical
“ﬂower-shape” structural design? First, calcium is a highly
abundant and relatively inexpensive dopant; it possesses a
Pauling’s crystal radius of 114 pm. This ion is larger than those
of [Li]16d (i.e., 90 pm radius) and [Li]8a (i.e., 73 pm radius),
respectively. Therefore, doping with Ca2+ could induce an
optimal lattice expansion, thereby contributing to a better rate
performance of this system.30,32 Second, the higher oxidation
state of Ca2+ will result in the transformation of Ti4+ to Ti3+ due
to charge compensation eﬀects. This strategy should lead to the
presence of more electrons in the Ti 3d orbital, and hence an
enhanced electronic conductivity of the LTO itself. Third, the

2. EXPERIMENTAL SECTION
2.1. Synthesis of Ca-Doped “Flower-like” LTO MicrometerScale Spheres. A typical synthesis of pure “ﬂower-like” LTO
microspheres has been previously reported by our group.33 For the
Ca-doped LTO materials, an appropriate amount of calcium acetate
hydrate (Sigma-Aldrich, 99%) was added as the dopant source. In
brief, ∼40 pieces of Ti foil (Strem Chemicals, 99.7%), measured as 1
cm × 1 cm squares, were placed within a 120 mL autoclave with 86.1
mL of 0.5 M LiOH (Acros Organics, 98%) and 7.83 mL of 30% (w/w)
H2O2 (VWR) aqueous solution, followed by strong stirring at room
temperature for 15 min. Thereafter, relevant quantities of calcium
acetate hydrate, calculated according to the doping molar ratio, were
added to the autoclave, followed by additional stirring for 15 min.
Subsequently, the as-prepared mixture solution was reacted at 130 °C
for 4 h. The as-formed white precipitate was separated by vacuum
ﬁltration, washed with aliquots of deionized water as well as with
ethanol, and ultimately oven-dried at 80 °C. The ﬁnal products were
annealed at 600 °C in air for 4 h in a muﬄe furnace in order to obtain
the desired “ﬂower-like” Ca-doped LTO microspheres.
2.2. Structural Characterization. X-ray Diﬀraction (XRD).
Crystallographic data on both the undoped as well as the Ca-doped
LTO micrometer-scale spheres were obtained using a Rigaku Miniﬂex
II diﬀractometer, operating in the Bragg conﬁguration using Cu Kα
radiation (1.54 Å). Speciﬁcally, diﬀraction data were collected in the
range of 10° to 70° at a scanning rate of 1° per minute using a zerobackground holder. A Rietveld reﬁnement has been performed on asobtained XRD proﬁles using the EXPGUI interface in the Match!
(Crystal Impact GbR) software, thereby allowing for phase
identiﬁcation from the powder diﬀraction data. Synchrotron powder
diﬀraction was performed at beamline 28-ID-1 (XPD-1) at the
National Synchrotron Light Source-II (NSLS-II) at Brookhaven
National Laboratory. The “x” = 0.2 Ca-doped sample was packed
and sealed within a polyimide capillary tube for data acquisition. The
X-ray wavelength was calibrated to 0.2388 Å with our LaB6 standard.
Diﬀraction measurements were collected using a 16-in. CsI scintillator.
The two-dimensional data were integrated to simulate a onedimensional pattern using GSAS-II software. The reﬁnement was
also conducted using the GSAS-II interface with the model generated
from DFT calculations.
Elemental Composition Analysis. The actual Ca content within the
doped LTO materials was determined using a Thermo Scientiﬁc iCAP
6000 Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES). The Ca-doped LTO samples were dissolved in nitric acid
and analyzed at 317.9 nm, which is considered to be a sensitive and
appropriate wavelength for the estimated determination of Ca content.
The calibration curves for calcium, lithium, and titanium content,
respectively, are shown in Figure S2. In addition, elemental mappings
of Ti, O, and Ca within the LTO motif were collected using the energy
dispersive spectrometer (EDS) associated with JEOL JEM-1400
instrument. Each elemental map was obtained after 60 scans.
Electron Microscopy. The structure, morphology, and size of the
Ca-LTO micrometer-scale spheres were probed using an analytical
high-resolution SEM (JEOL 7600F) instrument, operating at an
accelerating voltage range of 15 kV and equipped with EDX
capabilities. To prepare these samples for subsequent characterization,
ﬁxed quantities were dispersed in ethanol and sonicated for ∼1 min,
prior to their deposition onto an underlying silicon (Si) wafer. Lowmagniﬁcation TEM characterization was performed on a JEOL JEM
1400 instrument at an accelerating voltage of 120 kV, with a 2048 ×
2048 Gatan CCD Digital Camera. High-resolution TEM characterization results, including data associated with morphology and selected
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area electron diﬀraction, were acquired with a JEOL JEM 2100F TEM
instrument, equipped with a ﬁeld-emission electron gun operating at
200 kV and a high-resolution pole-piece possessing a 0.19 nm pointto-point resolution. The camera length (L) was calibrated using an Au
standard sample. The d-spacing values were extracted using the
formula of d = 2λL/D, wherein λ is the electron wavelength and D is
the measured diﬀraction ring diameter. For sample preparation, a
series of as-synthesized Ca-doped LTO samples were dispersed in
ethanol and sonicated for 2 min to ensure a uniform dispersion. One
drop of the solution was evaporated onto a 300 mesh Cu grid, which
was coated with a lacey carbon ﬁlm.
X-ray Photoelectron Spectroscopy (XPS). XPS analysis was
performed to conﬁrm the presence of Ca within the LTO material
as well as to elucidate the oxidation states of the Ti within the doped
samples. In particular, XPS samples were prepared by dispersing a
series of Ca-doped LTO samples in ethanol. Aliquots of that solution
were then dropped onto a Si wafer (measuring 1 cm × 1 cm) followed
by air drying. Samples were subsequently placed into the vacuum
chamber of a home-built XPS surface analysis system, equipped with a
model SPECS Phoibos 100 electron energy analyzer for electron
detection. The chamber was evacuated to a low base pressure of about
2 × 10−10 Torr. XPS spectra were generated through the mediation of
a Mg Kα X-ray source (hυ = 1250 eV) (model XR 50). The C 1s peak
situated at 284.5 eV was set as a reference “standard”, in order to
subsequently calibrate the respective locations of the Ti 2p peak and
the Ca 2p peak. The linear background was then subtracted, and curve
ﬁtting was subsequently performed using the CasaXPS software.
2.3. Electrochemical Methods. Electrode Preparation. Electrodes were prepared using a slurry cast method with Ca-doped LTO as
the active material, carbon, and polyvinylidene ﬂuoride binder with an
overall mass ratio of 85:10:5. Two electrode cells were assembled in an
argon-ﬁlled glovebox using lithium metal as the counter electrode and
1 M LiPF6 in 30/70 (v/v) ethylene carbonate and dimethyl carbonate
solvent as the electrolyte.
Electrochemical Characterization. The electrochemical cells were
tested in galvanostatic mode using voltage limits of 1.0 V for discharge
and 2.5 V for charge. Cells were discharged using a series of rates
ranging from 0.2 to 100 C, wherein 175 mAh/g was used as the
capacity for all active materials in calculating the eﬀective C rates.
Cyclic voltammetry was utilized in the voltage window of 1.0−3.0 V at
scan rates of 0.5, 1.0, 2.0, 4.0, and 5.0 mV/s, respectively.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out using a two-electrode conﬁguration wherein lithium metal
served as the reference and the counter electrode using a Biologic
electrochemical workstation with a ±10 mV ac signal and a frequency
range from 105 to 20 Hz at a temperature of 30 °C. The eﬀective
diﬀusion coeﬃcient DLi+ for each type of material was determined from
data in the range of 400 to 40 Hz.
2.4. Theoretical Modeling Methods. DFT Calculations. DFT
implemented in the Vienna ab initio simulation package (VASP) was
employed,35 using the PAW potential36 and GGA-PBE exchangecorrelation functional.37 In accordance with previous studies, the
kinetic energy cutoﬀ was set to 580 eV, and a Hubbard U correction
term of Ueff = 4 eV was applied to the Ti d orbitals.38 The Gaussian
smearing method with Blöchl corrections was used with the total
energies allowed to converge to a “resolution” better than 10−4 eV.
The ﬁrst Brillouin zone was sampled using a 3 × 3 × 3 k-mesh. The
pristine LTO crystal structure was modeled using a hexagonal
supercell, which included eight formulas units.39 The DFT-optimized
lattice parameters (8.46 Å) were found to be in good agreement with
the value measured experimentally (namely 8.35 Å).40 To determine
the nature of the occupancy of the Ca dopants, a number of possible
sites was considered. Only the most stable conﬁguration was chosen
from the DFT calculations for subsequent ﬁtting to the measured XRD
patterns.

and 0.2) samples as well as a comparison of the (111) peak
region for these materials are plotted in Figure 1. All of the

Figure 1. (A) XRD spectra along with (B) a magniﬁed comparison of
the (111) peaks associated with samples of Li4−xCaxTi5O12 (“x” = 0,
0.1, 0.15, and 0.2). TiO2 impurities are labeled with ⧫.

diﬀraction peaks in Figure 1A are consistent with and can be
ascribed to the standard cubic spinel structure with the Fd3̅m
space group (JCPDS #49-0207) of the LTO, except for very
small amounts of anatase and rutile TiO2 impurities that we
observed with the “x” = 0.1 and “x” = 0.15 samples. Based on
our previous mechanistic study of LTO formation, the presence
of a minute amount of particulate TiO2 impurities within the
undoped Li4Ti5O12 may be ascribed to the insuﬃcient quantity
of LiOH reagent used during the initial stage of the
hydrothermal reaction process.33 No observable TiO2 impurities were noted within the “x” = 0.2 sample, likely owing to a
more than adequate concentration of Ca2+ ions present, which
would have fully reacted with any as-generated, “early stage”
TiO2 intermediate species in the presence of LiOH. The (111)
peak shifted to lower angles with increasing Ca-ion doping,
suggesting that the doped LTO samples possess slightly larger
lattice parameters than that of the undoped LTO. The exact
amounts of impurities relative to the undoped LTO phase were
analyzed using Rietveld reﬁnement, and the relevant data are
presented in Figure S1. No impurity peaks associated with
CaTiO3 were detected at “x” = 0.2, indicating that the doped
Ca2+ ions were successfully incorporated within the lattice
structure of LTO.
To analyze the nature of the Ca-ion doping eﬀect as a
function of dopant concentrations, the (111) peak in particular
of LTO has been enlarged and highlighted in Figure 1B. The

3. RESULTS AND DISCUSSION
3.1. Structure and Composition Analysis. XRD spectra
of our as-prepared doped Li4−xCaxTi5O12 (“x” = 0, 0.1, 0.15,
674
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The morphologies and physical structures of the pure and
doped LTO samples were studied by TEM, SEM, and
HRTEM, respectively, as shown in Figures 3 and 4. All of

(111) peak shifted to lower angles with increased Ca-ion
doping, suggesting that the doped LTO samples possess slightly
larger lattice parameters than that of the undoped LTO. In
eﬀect, according to the reﬁnement results, the lattice
parameters were calculated to be 8.354, 8.360, 8.364, and
8.366 Å, for the pure, Ca 0.1-, Ca 0.15-, and Ca 0.2-doped LTO
samples, respectively. These ﬁndings can be ascribed to the fact
that the larger Ca2+ (114 pm) ions plausibly replaced either the
Li+ (90 pm) at the 16d site or the Li+(73 pm) at the 8a site,
coupled with the transformation of a certain amount of Ti4+ (61
nm) to Ti3+ (67 nm), due to charge compensation eﬀects.30
The expansion of lattice planes is likely beneﬁcial for reducing
barriers to Li-ion diﬀusion, denoting a viable means of
increasing the ionic conductivity of LTO.
Rietveld reﬁnement of the synchrotron X-ray diﬀraction data
for the “x” = 0.2 sample was carried out to determine the nature
of the Ca2+ cation doping site in the LTO Fd3m
̅ lattice. The
visual ﬁt for the “x” = 0.2 sample is displayed in Figure 2a,

Figure 3. TEM and SEM (inset ﬁgures) images of (A) undoped LTO
as well as with doped Li4−xCaxTi5O12 samples: (B) “x” = 0.1, (C) “x” =
0.15, and (D) “x” = 0.2.

the doped samples (Figure 3B−D and Figure 4d,g,j) retained a
similar hierarchical “ﬂower-shape” morphology as compared
with that of the undoped LTO (Figure 3A and Figure 4a).
Speciﬁcally, the distinctive “petal” regions of each of the three
doped samples (Figure 4e,h,k) also retained a similar shape and
geometric conﬁguration to that of the undoped LTO (Figure
4b). Moreover, the crystallographic phases of all of the assynthesized samples remained the same after doping, as shown
in Figure 4c,f,i,l. All of the samples exhibited an overall
monodisperse size distribution of 1 μm, consisting of
constituent petal-like component nanoscale sheets, each
individually measuring 12.5 ± 2.6 nm in thickness.
With respect to the elemental composition analysis, samples
were characterized with the use of ICP-OES, and these data
provided information about the actual doping ratios within each
of the Ca-doped LTO samples. The measured results suggest
that the Li-to-Ca ratio within each Li4−xCaxTi5O12 sample was
experimentally found to be 3.69:0.09, 3.62:0.14, and 3.67:0.22,
when working with “apparent” doping ratios of “x” = 0.1, 0.15,
and 0.2, respectively, wherein the Ti content was stoichiometrically assigned as 5. To ascertain the elemental spatial
distribution of dopants within the LTO motif, EDS mapping
images based upon bright-ﬁeld scanning transmission electron
microscopy (STEM) of several LTO micrometer-scale spheres
are provided in Figure 5. These data clearly conﬁrm the
elementally homogeneous distribution of calcium within the
LTO lattice for samples prepared at each of the various doping
levels.
X-ray photoelectron spectroscopy (XPS) was also utilized to
investigate the chemical nature of the LTO micrometer-scale
spheres, before and after calcium doping. XPS data associated
with the Ti 2p spectra of the undoped as well as of the Ca-

Figure 2. Rietveld reﬁnement-based visual ﬁt to synchrotron X-ray
diﬀraction data of the “x” = 0.2 Ca-doped material using (a) the cubic
structure with parameter a = 8.3642 Å coupled with (b) the DFT
calculated structure corresponding to the P1 space group with unit cell
parameters of a = 11.8101 Å, b = 11.8101 Å, c = 11.8101 Å, α =
89.95°, β = 89.97°, and γ = 119.99°.

wherein all Ca2+ cations were doped into the [Li]16d site with
an occupancy of 0.033, which corresponded to a doping
quantity of “x” = 0.2 Ca per LTO unit formula. After
reﬁnement, the lattice parameter “a” expanded from 8.360 to
8.364 Å. The atomic positions and occupancies after reﬁnement
using the Fd3̅m lattice are summarized in Table S1.
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Figure 4. Morphology and phase characterization of (a−c) undoped LTO and doped LTO samples from (d−f) “x” = 0.1, (g−i) “x” = 0.15, and (j−l)
“x” = 0.2, respectively.

doped LTO samples are presented in Figure 6. The ﬁtted peak
positions as well as the calculated ratios of Ti4+:Ti3+ for the
various systems are displayed in Table 1. The undoped LTO
micrometer-scale spheres (Figure 6A) yielded two sets of peaks,
situated not only at (i) 457.6 and 463.2 eV, corresponding to
the 2p3/2 and 2p1/2 peaks of Ti4+, but also at (ii) 456.5 and
462.1 eV, associated with the 2p3/2 and 2p1/2 peaks of Ti3+.
These results imply that our as-synthesized, undoped LTO
motifs incorporate self-doped Ti3+ species. Quantitatively, the
ratio of Ti4+:Ti3+ was 1:0.245, a value derived from the
corresponding areas of the ﬁtted Ti4+ 2p3/2 and Ti3+ 2p3/2 peak
regions.
A previous study on Ti3+ self-doped LTO nanosheets has
reported that the introduction of Ti3+ species and/or oxygen
vacancies may greatly improve the observed electronic
conductivity. In fact, it was found that the Ti3+ self-doped
LTO exhibited markedly improved lithium-ion storage
performance, including higher speciﬁc capacities, superior rate

performance, and better cycling stability by comparison with
LTO nanostructures containing no apparent Ti3+ dopants.26
At the lower Ca-ion doping levels of “x” = 0.1 (Figure 6B)
and “x” = 0.15 (Figure 6C), the analogous ratios of Ti4+:Ti3+
decreased to 1:0.149 and 1:0.130 (Table 1), respectively,
denoting data that are noticeably lower than those of the
undoped LTO sample. These results can be potentially ascribed
to the presence of TiO2 impurities within both samples, as
corroborated by both the XRD spectra in Figure 1A and the
corresponding reﬁnement results in Figure S1; the implication
is that there are more Ti4+ species within these samples as
compared with the undoped LTO control.
By contrast, the trend with the “x” = 0.2 sample (Figure 6D)
was reversed in that this sample appeared to have contained
more Ti 3+ ions as compared with its undoped LTO
counterpart. In this case, the apparent ratio of Ti4+:Ti3+ was
calculated to be 1:0.464 (Table 1). That is, the quantity of Ti3+
appeared to have notably increased within the “x” = 0.2 sample,
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Figure 5. Bright-ﬁeld STEM image (A, E, I), as well as elemental EDS mapping of the same region of LTO microspheres, highlighting the spatial
chemical distribution of Ti (B, F, J), Ti (C, G, K), and Ca (D, H, L) recorded on Li4−xCaxTi5O12 samples: “x” = 0.1, 0.15, and 0.2, respectively. The
scale bar is 1 μm in every image.

Figure 6. XPS Ti 2p spectra of (A) undoped LTO, and Li4−xCaxTi5O12 samples: (B) “x” = 0.1, (C) “x” = 0.15, and (D) “x” = 0.2, respectively.

“x” = 0.2 sample, because of the increase in the number of
electrons associated with the formation of Ti3+ states, all of
which would have led to the improved electrochemical
properties observed.26
3.2. DFT Calculations on Li4−xCaxTi5O12. DFT+U
calculations were performed to determine the structure of
Ca-doped LTO and to elucidate the doping-induced eﬀect

thereby implying the most eﬀective transformation from Ti4+ to
Ti3+ observed of the materials tested. This ﬁnding was also
directly connected to and associated with not only the largest
amount of expected Ca incorporation for our sample but also
the presence of the most “phase-pure” structure with no evident
TiO2 residual impurities. Therefore, we would expect to have
measured the most enhanced electronic conductivity within the
677

DOI: 10.1021/acs.chemmater.7b03847
Chem. Mater. 2018, 30, 671−684

Article

Chemistry of Materials
Table 1. Peak Positions of Ti4+ 2p3/2, Ti4+ 2p1/2, Ti3+ 2p3/2,
and Ti3+ 2p1/2, as well as the Ratios of Ti4+:Ti3+ within the
Undoped LTO and Various Ca-Doped LTO Samples
Doping
ratio
“x”
“x”
“x”
“x”

=
=
=
=

0
0.1
0.15
0.2

Ti4+ 2p3/2
(eV)

Ti4+ 2p1/2
(eV)

Ti3+ 2p3/2
(eV)

Ti3+ 2p1/2
(eV)

Ti4+:Ti3+

457.6
457.9
458.8
458.1

463.2
463.5
464.4
463.8

456.5
457.0
457.6
457.4

462.1
462.6
463.2
463.0

1:0.245
1:0.149
1:0.130
1:0.464

of 2.23 eV, considering an overall process of Li4Ti5O12 + 0.125
Ca → Ca0.125Li3.875Ti5O12 + 0.125 Li.
We also tested the eﬀect of defects. According to the XPS
measurements, oxygen vacancies were generated in the 32e
sites of pristine LTO so as to form Li4Ti5O11.5 (Figure S9),
which cost an energy of 9.91 eV. However, the doped Ca2+ ions
remained at the 8a site, which ended up being 0.32 eV/Ca2+ ion
more stable than a corresponding localization at the 16d sites. It
is worth pointing out that our results are diﬀerent from those of
a previous study focused on triclinic LTO, wherein it was found
that the octahedral 16d site was in fact preferred by Ca2+ ions.29
That is, the positions of dopant metal ions can indeed vary,
depending upon the structure of pristine LTO. The DFToptimized Ca0.125Li3.875Ti5O14 structure ﬁts well with the
synchrotron XPD data for Ca0.2Li4Ti5O12 using Rietveld
method, thereby resulting in a Rwp of 5.813% (Figure 2b). It
is worth noting that the Rietveld reﬁnement results based on
cubic (Figure 2a) and hexagonal (Figure 2b) LTO structures
are both reasonable, considering their relative small Rwp. Our
reﬁnement and DFT calculation results collectively suggested
that the positions of dopant metal ions can indeed vary,
depending upon the structure of pristine LTO. Speciﬁcally,
within our current study, because the hexagonal LTO structure
has been theoretically proven to be the best match for the
experimental XPD results after DFT optimization, we conclude
that the Ca2+ ions most likely occupy the 8a site.
We also probed the case wherein the Ca concentration is
increased. For Ca0.25Li3.75Ti5O14, the Li 8a location remains the
preferential site for the doped Ca2+ ions, and the ﬁtting error to
the XPD data for Ca0.2Li4Ti5O12 is only slightly increased to
6.172%. Furthermore, the cell volume expansion with respect to
V−V
pristine LTO, given as V 0 × 100%, is 0.74% after doping

upon the corresponding intrinsic electronic structures of LTO.
Previously, several structures have been employed to describe
the structures of LTO and cation-doped LTO, including
cubic,41 triclinic,28,29,42 and hexagonal39 conformations, respectively. For cubic LTO, Cr3+ and Ni3+ mainly occupy the 16d
sites, whereas Fe3+ and Mg2+ ions are predominantly localized
at the 8a sites, which hinder Li+-ion diﬀusion, according to the
DFT calculations.41 Within a triclinic structure of LTO, Zn2+
ions prefer the [Li]8a sites.42 However, Gd5+28 and Ca2+29 ions
favor the [Li]16d sites. It is plausible that the structures of LTO
and of the corresponding species incorporating doped ions may
both be essential for more deﬁnitively determining the
structures of doped LTO.
In the present study, DFT calculations were performed ﬁrst
to determine the structure of the pristine LTO prior to
experimental Ca-ion doping. Various models have been
optimized using DFT with subsequent ﬁtting to the measured
XRD pattern. The results indicated that the hexagonal LTO
(Figure 7a) matched best with our experimental XRD (Rwp =

0

with Ca. This small expansion agrees well with the
corresponding experimental XRD data (0.43%). With Ca2+
stabilized at the 8a sites, the diﬀusion network, 8a−16c−8a, for
Li+ ions is likely to be hindered, which thereby oﬀers a plausible
explanation for the experimentally observed decrease in the Li+
diﬀusion rate (see section on EIS analysis).
In addition to evident atomic structure eﬀects, signiﬁcant
changes in the electronic signature of LTO due to Ca-ion
doping were also observed. According to our calculated
projected electronic density of states (PDOS), the band gap
of LTO is 2.10 eV, which is within the range of previous
experimental and calculated values.28 These results conﬁrm that
LTO is a typical insulator with low electronic conductivity. In
pristine LTO, the valence bands were mainly composed of O
2p states, whereas the conduction bands were dominated by Ti
3d states (Figure 8a). The overlapping between Ti 3d and O 2p
in terms of their electronic density of states suggested a strong
O−Ti interaction mediated by the TiO6 octahedral unit.
After Ca-ion doping (Figure 8b), however, a new Ti 3d state
at the Fermi level emerged, and the band gap signiﬁcantly
decreased to 0.96 eV. Therefore, the electronic conductivity
was enhanced. The Fermi level shifted toward the conduction
bands, indicative of electron transfer from doped Ca to LTO.
Ti4+ ions were identiﬁed as the electron acceptors. The Ti4+
ion, which was localized at the second nearest neighbor of the
doped Ca2+ ions (Figure 8b), gave rise to a new state at the
Fermi level in Ti 3d states after doping, which suggested a
reduction to Ti3+, whereas the other ions remained as Ti4+
(Figure 8c). Hence, Ti4+ and Ti3+ ions coexist in the Ca-doped
LTO, in accordance with the XPS measurements. The presence

Figure 7. DFT-optimized structures of (a) a pristine hexagonal
(Li4Ti5O12)8 supercell and (b) a (Ca0.125Li4Ti5O12)8 supercell with Ca
localized at the tetrahedral 8a site, wherein the positions of Ca2+ and
the reduced Ti3+ on doping have been labeled (orange: Ca; green: Li;
blue: Ti; black arrow referring to reduced Ti; red: O).

6.2%) as compared with either the corresponding cubic (Rwp =
6.863%) or triclinic (Rwp = 16%) structures. In the hexagonal
cell structure, every sixth layer along the c axis is composed of
solely Li ions. Li+ ions occupy all of the tetrahedral 8a sites and
1/6 of the octahedral 16d sites, whereas Ti4+ ions take up the
rest of the 16d sites. In addition, the octahedral 16c vacancies
provide possible sites for Li insertion and diﬀusion.
Therefore, based upon an underlying hexagonal LTO
structure, all of the possible sites for Ca-ion doping at “x” =
0.125 have been tested using DFT calculations. Our results
highlight that by at least an energy level of 0.49 eV/Ca2+ ion,
Ca2+ ions prefer to substitute for the tetrahedral Li+ ions at the
8a site (Figure 7b) rather than either replacing the Li+/Ti4+
ions at the octahedral 16d or occupying the 16c vacancy sites.
This substitution is energetically favorable with an energy gain
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Li4−xCaxTi5O12 samples with “x” = 0.1 and 0.15 contained
noticeable TiO2 impurities. Hence, to rule out the eﬀect of the
TiO2 impurities and to deﬁnitively explore the correlation
between Ca-ion doping and the resulting electrochemical
performance, we focus our discussion herein on a direct
comparison between the behavior of phase-pure “x” = 0.2 Cadoped LTO sample and the corresponding undoped pristine
LTO control. The associated data for the “x” = 0.1 and 0.15
materials have been brought together in the Supporting
Information.
Rate Capability. Electrochemical evaluation of the response
to a series of currents for the “x” = 0.2 Ca-doped LTO and the
undoped samples are displayed in Figure 9a. Data associated

Figure 9. (a) Capacity values measured under a series of discharge
rates for undoped and “x” = 0.2 Ca-doped Li4−xCaxTi5O12 based
electrodes. (b) Discharge and charge curves at C/2 (cycle 1), 40C
(cycle 70), and 100C rates (cycle 80) for “x” = 0.2 and undoped (“x” =
0) 3D “ﬂower-like” LTO electrodes, respectively.
Figure 8. Projected electronic density of states (PDOS) of (a) pristine
Li4Ti5O12, (b) Ca0.125Li4Ti5O12 with Ca in tetrahedral 8a site, and (c)
oxidized and reduced Ti ions within pristine Li4Ti5O12 and
Ca0.125Li4Ti5O12..

with the other two doped samples with “x” = 0.1 and 0.15 are
presented in Figure S3. All cells were subjected to 100 cycles,
wherein the discharge/charge rates ranged from 0.2C to 100C.
The data shown here denote average discharge capacities with
standard deviations shown. By means of comparison, undoped
LTO was also tested as a control sample using the same
program.

of reduced Ti3+ ions is likely to increase the observed electronic
conductivity.
3.3. Electrochemical Properties of Li4−xCaxTi5O12 (“x”
= 0, and 0.2) Samples. We found that the two Ca-doped
679
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The “x” = 0.2 Ca-doped LTO sample gave rise to the best
rate capability and delivered capacities of 163, 151, 143, and 75
mAh/g under discharge rates of 0.2C, 20C, 40C, and 100C, at
cycles 50, 60, 70, and 80, respectively. The electrodes created
from samples with two other doping levels, i.e., “x” = 0.1 and
0.15, displayed similar discharge capacities of around 150, 138,
127, and 25 mAh/g at cycles 50, 60, 70, and 80, respectively.
The undoped LTO material yielded the lowest capacities out of
all of the samples measured, delivering only 133, 120, 105, and
30 mAh/g at cycles 50, 60, 70, and 80, respectively. In fact, the
“x” = 0.2 electrode cells provided for not only ∼15 mAh/g
higher capacity than the other two Ca-doped materials
possessing diﬀerent doping levels, but also ∼30 mAh/g higher
capacity than the undoped LTO material, at rates of 0.2C, 1C,
10C, and 40C, respectively. Notably, the “x” = 0.2 sample
yielded a three times higher capacity than the other three types
of electrodes measured at 100 C. The capacity retention
behavior was ﬁrst assessed by considering the capacity obtained
under a 0.2C discharge rate as a function of cycle number. Data
implied that all materials gave rise to a 99% capacity retention
from cycle 10 to cycle 100.
The discharge and charge curves at C/2 (cycle 1), 40C (cycle
70), and 100C (cycle 80) are highlighted in Figure 9b. As the
discharge rate increased from C/2 to 40C, the voltage plateau
for all materials correspondingly decreased from 1.56 to 1.32 V.
Notably, at 100C, use of the “x” = 0.2 electrode led to a
discharge curve with a capacity of 68 mAh/g and a voltage
plateau at 1.1 V. It was noted that the Coulombic eﬃciencies
measured during the ﬁrst cycle were 86.5%, 90.1%, 85.3%, and
85.1% for the Li4−xCaxTi5O12 (“x” = 0, 0.1, 0.15, and 0.2)
samples, respectively, which were lower than those of
previously reported micrometer-sized LTO materials, which
had demonstrated eﬃciencies ranging from 93% to 95%.43,44
Such observations likely originate from the unique “ﬂower-like”
morphology of our LTO motifs.45−47
Several plausible explanations are provided herein in order to
address this phenomenon associated with our material. First, in
the ﬁrst cycle, it is possible that a nontrivial amount of capacity
was generated upon discharge beyond the 1.55 V redox plateau
to 1.0 V. The relatively large capacity observed outside of the
plateau is not reversible, as highlighted in Figure 9b, and it
dramatically decreases after the ﬁrst cycle, leading to the rather
low initial Coulombic eﬃciency observed. Using XPS, Verde et
al.40 demonstrated that the presence of this irreversible capacity
could be attributed to the reaction between nanoscale LTO
motifs possessing high surface area-to-volume ratios and the
electrolyte itself, leading to overlithiation (and subsequent
structural distortion) of LTO itself from 1.5 to 1.0 V. To back
up this assertion, signiﬁcant changes in the surface morphology
and conductivity of LTO upon discharge beyond the 1.55 V
redox plateau to 1.0 V were observed using conductive atomic
force microscopy. It is worth highlighting that the Coulombic
eﬃciency immediately improved in subsequent cycles, gradually
increasing to nearly 99% for all four of our “ﬂower-like” LTO
samples by the 10th cycle and beyond.
Our as-synthesized 3D “ﬂower-like” LTO electrode has been
previously reported to exhibit a favorably high rate performance.33 By doping with calcium, the rate capability was
apparently enhancedas compared with the undoped LTO
material. Speciﬁcally, the “x” = 0.2 doping ratio sample had
been conﬁrmed to outperform analogues with “x” = 0.1 and “x”
= 0.15 ratios. Especially when compared with other doped LTO
systems, our “ﬂower-like”, Ca-doped (“x” = 0.2) material

provided for higher capacities, particularly at high discharge
rates of 20C and 40C, delivering 151 and 143 mAh/g,
respectively.
As mentioned earlier, Zhang et al.30 reported on a series of
Ca-doped particles with doping ratios ranging from “x” = 0.05
to “x” = 0.2, and it turned out the “x” = 0.1 electrode possessed
the best rate capability with a value of 123.4 mAh/g at 20C.
Moreover, their spherical Ca-doped LTO motifs delivered a
158 mAh/g capacity at 10C. Elements such as Zr4+,48 Gd3+,28
Sc3+,49 and Sm3+50 have also been extensively studied as
potential cationic dopants for LTO. For example, 0.05 Zr4+doped LTO highlighted a capacity of 120 mAh/g at 30C,
whereas the 0.1 and 0.15 doping levels maintained a capacity of
108 mAh/g at 30C. We should note that none of these
materials were tested at as a high rate above 40C, which was
speciﬁcally studied here in our current manuscript. A detailed
comparison of our results with prior literature is summarized in
Table 2.
Cycling Performance. All samples were subjected to a
galvanostatic cycling test for 300 cycles at 20C discharge and
1C charge rates using 1.0 and 2.5 V for the discharging and the
charging voltage limit, respectively. Figure 10 displays the
discharge capacity versus cycle number at 20C for the 300
cycles of testing for undoped and “x” = 0.2 Ca-doped LTO
materials, respectively. For an electrode possessing a Ca-ion
dopant level of “x” = 0.2, the delivered capacity was higher than
that of the other two doping levels (Figure S4) as well as of the
undoped LTO electrodes through all cycles. In eﬀect, we
measured capacities of 164 mAh/g at cycle 1, 154 mAh/g at
cycle 100, and 151 mAh/g at cycle 300 with a capacity
retention of 94% and 92% for cycle 100 and 300, respectively.
By contrast, “x” = 0.1 and “x” = 0.15 Ca-doped electrodes
demonstrated 90% retention by delivering capacity values of
153 mAh/g (cycle 1), 137 mAh/g (cycle 300) as well as 155
mAh/g (cycle 1), and 141 mAh/g (cycle 300), respectively.
When comparing these results with those of previously
reported Ca-doped materials, the best performance was
associated with a 93% capacity retention after 100 cycles at 1
C. It is clear that all our Ca-doped LTO materials exhibited
excellent capacity retention, even at as high a rate as 20 C. The
discharge and charge curves for “x” = 0, “x” = 0.1, “x” = 0.15,
and “x” = 0.2 electrodes at cycles 1, 2, 8, and 10 are provided in
Figure S6. The charge capacity as a function of cycle number is
shown in Figure S7, and manifests a similar trend with the
discharge capacity performance. The initial charge capacity was
133, 146, 149, and 157 mAh/g, whereas the capacity delivered
after 300 cycles was 100, 137, 141, and 151 mAh/g,
corresponding to a charge capacity retention of 75%, 93.8%,
94.6%, and 96.2%, for the undoped, “x” = 0.1, 0.15, and 0.2
samples, respectively. The “x” = 0.2 sample clearly delivered the
highest charge capacities as well as the most stable cycling
performance at a 1C charge rate among all of the samples
analyzed.
Cyclic Voltammetry. Results are provided in Figure 11 (“x”
= 0.2) and Figure S5 (“x” = 0.1 and 0.15). The linear ﬁts of the
peak current (ip) as a function of the square root of the scan
rate for each type of cell are shown in Figure S8. All of these
results demonstrated correlation coeﬃcients close to 0.999,
which imply a diﬀusion controlled behavior for all of the cells.
Cathodic peak positions at cycle 1 for “x” = 0.1, 0.15, and 0.2
electrodes were noted at (1.417 V, −1925.71 mA/g), (1.405 V,
−1998.51 mA/g), and (1.444 V, −2652 mA/g), whereas the
corresponding anodic peak positions at cycle 1 were found at
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54
10C: 117.4 mAh/g after 20 cycles

Li3.8Fe0.3Ti4.9O12/MWNT after 200 cycles, at 10C,
117% retention

2
After 100 cycles, at 50 C: 115 mAh/g

56

29

“x” = 0.02, at 5C: 8.8% capacity loss after 100 cycles 55

ref

our
work
30

Cycling performance

“x” = 0.2, at 0.2C, 99% retention from cycle 10 to
cycle 100; at 20C, 92% retention after 300 cycles
Li3.9Ca0.1Ti5O12, 162.4, 148.8, and 138.7 mAh g−1
after 100 cycles at 1C, 5 C, and 10C, respectively.
10 C: retained at 155.1 mAh g−1 after 1000 cycles

“x” = 0.1, at 5C: 100 mAh/g; 10C:
57 mAh/g

“x” = 0.15, at 5C: 72 mAh/g

“x” = 0.02, at 5C: 104 mAh/g

10C: 122 mAh/g

50C: 156 mAh/g

Rate capability

“x” = 0.2, 163, 151, 143, 75 mAh/g
under 1C, 20C, 40C, and 100C
Li3.9Ca0.1Ti5O12, 0.5C: 166 mAh
g−1; 20C: 123.4 mAh g−1
158 mAh/g capacity at 10C

Method

Hydrothermal at 130 °C for 4 h
+ annealing at 500 °C for 3 h
Ball milling for 8 h + solid state
rxn. at 850 °C for 12 h
Solvothermal at 180 °C for 16 h
+ anneal at 600 °C for 8 h
Hydrothermal: 130 °C for 12 h +
anneal at 600 °C for 5 h
Hydrothermal: 180 °C for 24 h +
anneal at 600 °C for 10 h
Ball milling for 10 h + solid state
rxn. at 850 °C for 18 h in air
Ball milling for 0.5 h + solid state
rxn. at 800 °C for 4 h
Ball milling for 0.5 h + solid state
rxn. at 800 °C for 4 h

(1.718 V, 2229 mA/g), (1.735 V, 2175 mA/g), and (1.706 V,
2637 mA/g). The shoulder peak present at 1.47 V for “x” = 0.1
and “x” = 0.15 electrodes was consistent with the formation of
the LiTiO2 phase from the rutile TiO2 impurity phase,51,52 as
determined from the reﬁnement of the relevant XRD proﬁle,
illustrated in Figure S1. The “x” = 0.2 material demonstrated
the smallest ΔEp, which was 0.262 V as compared with 0.330
and 0.30 V for the “x” = 0.15 and 0.1 electrodes, respectively,
thereby indicating the highest electrochemical reversibility and
lowest polarization among all of the doped samples tested.
These ﬁndings are consistent with the fact that this highly
doped, “x” = 0.2 sample delivered the highest discharge capacity
under all of the C-rates analyzed.
Electrochemical Impedance Spectroscopy (EIS). To gain
insight into the reaction kinetics in the cells and the eﬀect of
diﬀerent doping levels upon charge transfer (Rct) and the
eﬀective transfer of Li ions (DLi+), EIS data were acquired at
various states of charge (SOC), including the pristine stage
before cycling (Figure 11b and Figure S5c), the full lithiation
state in cycle 50 (Figure 11c and Figure S5d), as well as the full
delithiation state in cycle 50 (Figure 11d and Figure S5e). The
equivalent electrical circuits used to ﬁt all of the EIS spectra are
highlighted in Figure S10. In the pristine state, all of the cells
with the Ca-doped electrodes demonstrated a similar charge
transfer behavior with a measured resistance, ranging from 12
to 17 ohms, i.e., much less than the charge transfer resistance
(22 ohms) observed for the undoped LTO-containing cells.
These results are indicative of favorable charge transfer
behavior for the Ca-doped LTO-containing cells. In cycle 50,
after full lithiation, the charge transfer impedance of all of the
cells decreased to a similar value, i.e., 5−6 ohms, because the
lithiated phase, Li7Ti5O12, is highly electronically conductive.53
After charging back to the delithiated state, the charge transfer
resistance of the undoped along with their successively
increasingly doped counterparts increased to 15.7, 6.8, 6.2,
and 5.3 ohms, respectively, which evinced a similar trend as
with the pristine state. In eﬀect, the undoped LTO materials
were found to be the least conductive. The corresponding Rct
values are listed in Table S4.
The eﬀective lithium-ion diﬀusion coeﬃcient (DLi+) was
determined from the ﬁt based upon eq 1, in which R is the gas
constant, T is the absolute temperature, A is the contact area of
the electrode, n is the number of electrons per molecule, F is
the Faraday constant, C is the concentration of Li+ ions, and σ
is the Warburg coeﬃcient associated with the real part of the
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Morphology
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Figure 10. Cycling performance of the Ca-doped Li4−xCaxTi5O12 (“x”
= 0.0 and 0.2) based electrodes at a 20C discharge rate.

Li4−xCaxTi5O12 (“x” = 0, 0.1, 0.15, 0.2) (cycle Flowers: overall diameter: 1
between 2.5 and 1.0 V)
μm; petal thickness: 12 nm
Li4−xCaxTi5O12 (“x” = 0, 0.1, 0.15, 0.2) (cycle particles: 1−2 μm
between 2.5 and 1.0 V)
Li4−xCaxTi5O12 (“x” = 0.1) (cycle between
Nanospheres: 100−200 nm
2.5 and 1.0 V)
Mg-doped LTO (cycle between 2.5 V and
Particles: 30−40 nm
0.5 V)
Li3.95Zn0.05Ti5O12 (cycle between 2.5 and 1.0 Nanosheets: several
V)
nanometers in thickness
Li4−xSrxTi5O12 (“x” = 0, 0.01, 0.02, 0.03)
Particles: 200 nm
(cycle between 2.5 and 1.0 V)
Li4−2xNi3xTi5-xO12 (“x” = 0, 0.025, 0.05 and Particles: 100−1000 nm
0.075) (cycle between 2.5 and 1.0 V)
Li4−2xFe3xTi5−xO12/ MWCNT (“x” = 0, 0.05, Particles: hundreds of
0.1, 0.15) (cycle between 2.5 and 1.0 V)
nanometers
Ca

Dopant

Table 2. Rate Capability and Cycling Stability of the Ca-Doped Li4−xCaxTi5O12 Electrode Prepared in This Work as well as of Those of Analogous Doped LTO Materials
Reported in Previous Studies
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Figure 11. (a) Cyclic voltammetry curves for “x” = 0.2 Ca-doped Li4−xCaxTi5O12 based electrodes as a function of the scan rate from 0.5 to 5.0 mV/
s, as well as the linear ﬁt of the Warburg region from AC impedance with the inset of the Nyquist plot shown for “x” = 0.2 and undoped Li4Ti5O12
electrodes (b) before cycling, (c) after full lithiation, and (d) after full delithiation in cycle 50.

4. CONCLUSIONS
A series of doped 3D “ﬂower-like” Li4−xCaxTi5O12 (x = 0, 0.1,
0.15, and 0.2) samples has been successfully prepared by using
a simple and reproducible hydrothermal reaction coupled with
a short calcination process. The TEM, SEM, and EDS mapping
data have suggested that the calcium incorporation was
homogeneous within the LTO motif without perceptibly
altering the “ﬂower-like” structure. XRD results indicate that
all of the Ca-doped samples retained a spinel crystal structure
and gave rise to a shift of the (111) peak to lower angles, with
the “x” = 0.2 sample showing the largest shift detected, thereby
indicating the presence of lattice expansion after Ca-ion doping.
Such a lattice expansion was also apparent in the DFT
calculations, an observation ascribed to substitution of the
doped Ca2+ ions with analogous Li+ ions at the a site of LTO.
Such data are diﬀerent from those reported on Ca-doped LTO
spheres in previous DFT studies led by Zhang et al.,28,40,41
which postulated Ca localization at the [Li]16d site within a
triclinic model structure. Within our system, our DFToptimized model of Ca-doped LTO ﬁts the measured XRD
pattern very well. Both DFT calculations and the subsequent
EIS data have conﬁrmed that the Ca dopants localized at the
[Li]8a site likely increased the Li-ion diﬀusion impedance along
the 8a−16c−8a pathway.
XPS data revealed that the amount of Ti3+ rose dramatically
within the “x” = 0.2 sample, due to an induced charge
compensation eﬀect, thereby leading to favorably enhanced
electronic conductivity and, therefore, considerably better
electrochemical properties. This assertion is also supported by
the PDOS results from DFT calculations, which show that the
Ca-ion doping signiﬁcantly decreases the band gap and thereby

impedance in the low-frequency region (Figure 11b−d and
Figure S5c−e), with ω as the angular frequency in eq 2.
D Li+ = (R2T 2)/(2A2n 4F 4C 2σ 2)

(1)

Zre ∝ σω−1/2

(2)

In the pristine state, the linear ﬁts (Figure 11b and Figure
S5c) from Zre as a function of ω−1/2 curves of the Warburg
region in AC impedance spectra gave rise to the smallest slope
for the undoped electrode. The associated results for the
eﬀective lithium-ion diﬀusion coeﬃcients are 6.2 × 10−12, 2.8 ×
10−12, 4.2 × 10−12, and 3.2 × 10−12 cm2 s−1 for samples
containing “x” = 0, 0.1, 0.15, and 0.2, respectively. In cycle 50,
after full lithiation (Figure 11c and Figure S5d), all of the
diﬀusion coeﬃcients increased for all four of the samples
analyzed. Relatively similar eﬀective Li+-ion diﬀusion coefﬁcients are demonstrated among all three of the Ca doped
materials analyzed, with the undoped “x” = 0 sample possessing
a slightly faster Li+-ion diﬀusion rate of 6.1 × 10−11 cm2 s−1. By
charging back to the delithiated phase (Figure 11d and Figure
S5e), the associated results for the eﬀective lithium-ion
diﬀusion coeﬃcients were noted to be 1.5 × 10−12, 9.7 ×
10−13, 1.1 × 10−13, and 4.6 × 10−13 cm2 s−1 for samples
containing “x” = 0, 0.1, 0.15, and 0.2, respectively. It is clear that
at all various SOC, all of the Ca-doped LTO materials evinced a
slower ion diﬀusion rate as compared with that of their
undoped analogue, a ﬁnding consistent with the DFT
calculations. All of these data suggest that the Ca dopants
were preferably located at the [Li]8a site, thereby implying the
addition of a chemically induced impedance to the intrinsic Li+ion diﬀusion pathway within these modiﬁed systems.
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Anode Materials for Flexible Li-Ion Batteries. Nano Lett. 2014, 14,
2597−2603.
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Microspheres Assembled by Nanosheets as an Anode Material for
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Long-Cycle Life. J. Mater. Chem. A 2014, 2, 20221−20230.
(15) Ni, H. F.; Fan, L. Z. Nano- Li4Ti5O12 Anchored on Carbon
Nanotubes by Liquid Phase Deposition as Anode Material for High
Rate Lithium-Ion Batteries. J. Power Sources 2012, 214, 195−199.
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Nanoparticles Embedded in a Mesoporous Carbon Matrix as a
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6652.

enhances the electronic conductivity, due to the partial
reduction of Ti4+ to Ti3+ species within Ca-doped LTO. That
is, our collective data suggest that although Ca dopants can
potentially block the Li+ pathway, they render the doped LTO
as intrinsically more electron conductive by aﬀecting the
underlying electronic band structure.
Overall, our collective experimental and theoretical characterization eﬀorts have conﬁrmed that the improved electrochemical performance of the Ca-doped LTO sample possessing
a “x” = 0.2 doping ratio, could mainly be ascribed to an
enhanced electronic conductivity, as opposed to an increase in
the Li-ion diﬀusion rate, induced by the presence of Ca
dopants. Speciﬁcally, measured capacities of 163, 151, 143, and
75 mAh/g were observed under discharge rates of 0.2C, 20C,
40C, and 100C, at cycles 50, 60, 70, and 80, respectively. This
doped material also demonstrated a high cycling stability, with
capacity retention values of 94% and 92% for cycle 100 and
300, respectively, at a very high discharge rate of 20C.
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