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Intercalation pseudocapacitive Li* storage has been recognized recently in metal oxide materials,
wherein Li* intercalation into lattice is not solid-state diffusion-limited. This may bridge the

performance gap between electrochemical capacitors and battery materials. To date, only a few

www.rsc.org/

materials with desired crystal structure and with well-defined nanoarchitectures have been found to

exhibit such attractive behaviour. Herein, we report for the first time that nanoscale spinel LiFeTiO, as

cathode material for Li-ion batteries exhibit intercalation pseudocapacitive Li* storage behaviour.

Nanoscale LiFeTiO, nanoparticles with native carbon coating were synthesized by a sol-gel route. Fast

and large-amount Li" storage (up to 1.6 Li* per formula unit over cycling) in the nanoscale LiFeTiO, host

has been achieved without compromising kinetics.

1. Introduction

High-rate electrochemical energy storage systems using Li-ion
batteries are desired for many practical applications. Strategies
to overcome the intrinsic slow Li* solid-state diffusion of
battery materials have focused on reducing the Li*/e” transport
path lengths by using nanosized materials, creating fast ion-
conducting surface and using nanoarchitecture materials.t
Recently, a distinct Li* storage mechanism, intercalation
pseudocapacitance, has been discovered for mesoporous Nb,Os
thin film.*° Interestingly, the kinetics is surface-processes
dependent rather than solid-state diffusion-limited. The unusual
behaviour arises from enhanced Li* ions adsorption
at/migration through interconnected sheets of NbO, faces in the
bulk Nb,Os, as revealed by ab initio molecular dynamics
simulations.® Li* are accommodated in quasi-two-dimensional
planes in the van der Waals gaps of the host lattice. This
finding is distinct from the traditional concepts of (1) charge
storage with the formation of electric double-layer, and (2)
redox pseudocapacitive charge storage (Faradaic reactions)
only at the surface/near-surface of materials.””® The significance
of this discovery is that Li* storage in battery materials can be
achieved at short timescales comparable to that for
electrochemical capacitors. However, Li* storage through
intercalation pseudocapacitance mechanism is rarely observed
in most intercalation materials. So far, only a few metal oxides
such as orthorhombic Nb,Os,®> a-Mo0O3° and monoclinic TiO,*
with open channels in crystal structure and well-defined
nanoarchitectures in material morphology (such as iso-oriented
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crystalline walls, ordered mesoporous thin film, nonorods with
facile Li* diffusion path through the across-section) show such
attractive behaviour. Besides, Li" storage in these oxide (anode)
materials is restricted to low operation voltage (< 3.2 V).

Among various intercalation hosts of Li-ion battery
materials, spinel-type framework structures have received
particular attention as Li* hosts allowing three dimensional
(3D) pathways for fast Li* diffusion with low energy barrier.'?
Nanoscale materials with increased accessible surface area to
electrolytes often exhibit enhanced redox pseudocapacitive
contribution for charge storage occurring at the surface of
particles.’® The effect of particle size (15-210 nm) on the Li*
storage properties of spinel LiMn,O, has been studied
systematically.’* Nanosized particles are capable of
accommodating Li* with expanded solid-solution limits. The
combination of spinel crystal structure and nanoscale materials
has been demonstrated as a feasible way for high-rate Li*
storage.**® By comparing previous works on the capacitive Li*
storage for spinel anode Li,TisO1,,*> it is speculated that the
crystallite size plays a more important role for exhibiting
enhanced pseudocapacitive Li* storage rather than the
mesoporous thin film structure. Hence, downsizing the particles
to a few nanometers is important to explore the distinct material
properties.

Herein, nanoscale spinel LiFeTiO, was synthesized through
a sol-gel route. This material is used as a model intercalation
cathode material for Li-ion batteries to study the Li" storage
mechanism. It has been found that LiFeTiO, may form spinel
solid-solution with Li,TisO;,.}” Furthermore, lithiation induced
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lattice changes in LisTisO,-LiFeTiO, solid-solution have been
assumed to be similar to that for pure Li,TisO4,. Lithiation of
bulk spinel LiFeTiO, may result in the full Fe®*"/Fe?" reductions
at a flat plateau of ~2.3 V without changes in lattice structure.'®
Thus, the LiFeTiO, fulfills the requisite for intercalation
pseudocapacitance with excellent structural stability and minor
lattice changes.® In addition, electrochemical delithiation with
partial Fe**/Fe*" oxidation for LiFeTiO, may occur, as observed
in tunnel structure LiFeTiO, (CaFe,O, structure, space group
Pnma).’® Beyond one-electron reaction per transition metal in
intercalation cathodes is also of great interest for obtaining
higher capacity. Surprisingly, the nanoscale LiFeTiO, shows
superior Li" storage performance of high-capacity (a maximum
of 1.6 Li" capacity over cycling) and excellent rate-capability.
Electrochemical/structural characterization reveals that Li*
storage proceeds with slight changes in lattice parameters, and
the Li* storage kinetics is not solid-state diffusion-limited. We
demonstrate for the first time nanoscale spinel material,
synthesized by a general solution route, exhibited intercalation
pseudocapacitance phenomenon for Li* storage.

2. Experimental

LiFeTiO, nanoparticles with native carbon coating were
synthesized by a sol-gel route followed by thermal sintering.
Polyvinylpyrrolidone (PVP, 1 300 000) used as carbon source
was added into a mixture of isopropanol and propionic acid.
Afterwards, Li,CO3; (5% Li-excess), Fe(NOs3),-9H,O and
Ti[OCH(CHp3),], were added into the solution described above
under vigorous stirring. After evaporating the solvents, the
xerogels were dried under vacuum at 90 °C for 8 h and sintered
subsequently at 600 °C (5 °C min™) for 4 h under flowing Ar.
The final LiFeTiO,/C composite consisted of 17 wt% carbon,
as measured by a catalytic combustion method (vario macro,
Elementar).

Electrochemical tests were performed using a Swagelok cell
using lithium as anode, LiPFg as Li" electrolyte (1 M in 1:1
(v/v) ethylene carbonate/dimethyl carbonate) and glass fibers as
separator. The working electrodes were prepared by grinding
the as-obtained LiFeTiO,/C powders and carbon black at a
weight ratio of 4:1. The charge-discharge performance was
evaluated between 1.5-4.8 V (and also up to 5 V) versus
lithium at 40 °C and at room temperature at different current
rates from 0.05C to 1C. For ex situ structural analysis of the
cycled materials, the Swagelok cells were disassembled in a
glovebox and the electrode was rinsed with dimethyl carbonate
and then dried at room temperature.

Powder X-ray diffraction (XRD) patterns were recorded on
a STOE diffractometer using Mo-Ka; radiation (1 = 0.7093 A).
Rietveld structure refinements were performed using FullProf.°
For synchrotron pair distribution function (PDF) analysis, total
scattering data were collected at Petra-I1l1 beamline P02.1 (1 =
0.2068 A) at DESY in Hamburg, Germany. Raw data
processing and structural fitting were described elsewhere.?! Ex
situ room temperature >’Fe M@ssbauer spectra were acquired
using *'Co (Rh) as y-ray source in transmission geometry. The
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velocity scale was calibrated with metallic a-Fe foil. "Li magic-
angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy experiments were performed on a Bruker Avance
200 MHz spectrometer (By = 4.7 T) using a 1.3 mm zirconia
rotor and a sample rotation frequency of 60 kHz at 25 °C with a
rotor-synchronized Hahn-echo pulse sequence (w/2-7—m-7
acquisition).?! Spectra were referenced to a 1 M LiCl solution
at 0 ppm. TEM images were recorded with a Titan 80-300, FEI
microscope.
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Fig. 1 Characterizations of as-prepared LiFeTiO4/C. (a,b) TEM images. (c) XRD
pattern and Rietveld refinement. The asterisk marks the diffraction peak from
native graphite. (d) Experimental and calculated atomic PDF profiles.

3. Results and discussion

3.1. Pristine materials. To obtain nanosized LiFeTiO,, PVP
was added into the initial sol solutions and which decomposes
into carbon matrix surrounding the LiFeTiO, phase after post-
sintering. The crystal growth/agglomeration of LiFeTiO,4 can be
inhibited effectively.? Fig. 1a,b shows the TEM images of the
LiFeTiO,4 nanoparticles with a size less than 5 nm, a fairly
uniform size distribution and well-dispersed character. XRD
Rietveld analysis yields a cubic spinel structure LiFeTiO, (75
Wwt%, space group Fd-3m, a = 8.354 A)Y%2 and a refined
crystallite size of about 3 nm (Fig. 1c, Table S1). Two impurity
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phases (spinel Fe,TiO,,? rock-salt FeO) have been found in the
as-prepared materials. The presence of Fe?" impurities is related
to the reductive environment during the post-sintering of the
sol-gel products. These Fe?* species are found to be inert upon
charging (oxidation), as confirmed by Md&ssbauer spectroscopy.
A strong 220 reflection peak at 20 = 13.61° suggests the partial
occupancy of tetrahedral 8a sites by Fe®* in spinel
LiFeTiO.Y?* In addition, the refinement suggests that the
interstitial octahedral 16¢c sites are partially occupied by Fe®*
(~12%). This is different from the previous reports.?242¢ For
micrometer-sized particles, the long-range Li* transport in the
Fd-3m symmetry can be hampered due to blocking of the Li*
transport through 8a—16c—8a path.2*?” However, for the
present nanoscale LiFeTiO,, the Li* kinetics are found to be not
restricted by the Fe; site-defects.

Atomic PDF analysis, performed using the structure mode
derived from Rietveld refinement, may provide better structure
determination for nanophase materials than diffraction
methods.?® Except for the low-r region (< 3 A), the model
shows a good fit (Fig. 1d). The refined Feg,—O and Fegq—O
distances of the first coordination shells are 1.92(5) and 2.06(1)
A, respectively.?® In addition, the PDF shows decay of the
intensity at ~50 A (as will be discussed below), suggesting the
coherent domain size of about 5 nm. Thus, different techniques
(TEM, XRD Rietveld refinement, PDF) confirmed the
nanocrystalline character of the as-prepared materials. The
combination of spinel crystal structure and nanophase materials
is expected to exhibit fast Li* storage performance.

3.2. Electrochemical Li* storage performance. The LiFeTiO,
materials were cycled against lithium anode between 1.5-4.8 V
at varied current rates (Fig. 2a,b). Higher charging voltages up
to 5 V were also applied in order to examine the possible
Fe3*/Fe** oxidation (Fig. 2c,d). The oxidative decomposition of
LiPFg electrolyte occurs when charging to 5 V.2° Accordingly,
the coulombic efficiency decreases slightly from 99.9% (when
charging to 4.8 V) to ~96% (when charging to 5 V) (Fig. 2d).
The charge curves show slope profile and a short plateau is
present above ~4.5 V. The discharge curves show slope profiles
below 3.5 V. Different discharge features can be observed
when using different charging cutoff voltages. The capacity
contribution above ~2.4 V increases when charging to higher
voltages (Fig. 2a,c). Note that a flat charge/discharge plateau at
about 2.3 V has been observed for LiFeTiO, synthesized by a
solid-state reaction when cycling between 1-3 V corresponding
to Fe**/Fe?* redox couple.’® Thus, for the nanoscale LiFeTiO,,
higher discharge voltage might be related to the partial
formation of Fe*" upon charging and the slope charge/discharge
profile is associated with the single phase intercalation reaction
and enhanced capacitive Li* storage, as will be discussed
below. Over cycling, LiFeTiO, exhibits reversible Li* storage
behaviour and progressively increased capacity. A maximal
discharge capacity of 250 mAh g* (i.e., ~1.6 Li" per formula
unit) has been observed after 150 cycles at 0.05C rate (Fig. 2b),
which is higher than that expected for a one-electron Fe®*/Fe?*
reaction (154 mAh g).%* The origin of the extended capacity
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for LiFeTiO, may arise from (1) a full one-electron Fe**/Fe?*
reaction, (2) a possible partial Fe*"/Fe" reaction, (3) a partial
Ti**/Ti** reaction (from LiFeTiO, and Fe,TiO, impurity) when
cycling below 2 V, (4) enhanced surface redox charge storage
due to nanosized character. The redox reactions of Fe, Ti and
the Li* storage mechanism will be discussed below. Good
capacity retention at high rates was also observed for LiFeTiO,
(Fig. 2b). LiFeTiO, shows a reversible discharge capacity of
~90 mAh g* at a 4C rate and 40°C over 300 cycles (Fig. S1).
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Fig. 2 Charge-discharge profiles and cycling stability of LiFeTiO,/C tested at 40°C
between (a,b) 1.5-4.8 V and (c,d) 1.5-4.9 V during the first 70 cycles and then
1.5-5.0 V. 1C corresponds to 154 mA g'1 assuming a one-electron reaction.

3.3. Li* kinetics characterization. CV curves in Fig. 3a,b
show broad redox peaks and the cathodic reduction reactions
are centered at 3.1 and 2.6 V. LiFeTiO, shows enhanced
oxidation current response above 4.5 V, which might be related
to tetrahedral Fe®" oxidation.?>*° The discharge voltage at 3.1 V
becomes evident after 50 cycles and the integrated area of CV
curves becomes larger over cycling. Ti**/Ti*" redox couple
occurs slightly close to the cutoff voltage (~1.7 V).}"%132 The
kinetic characterizations were studied by performing CV
experiments with varied scan rates ranging from 0.05 to 1 mV
s (corresponding to charging/discharging timescales between
~18 and 0.9 h). Faster sweep rates were not used due to larger
ohmic contribution.> As a function of scan rate (v), the CV
current response (i) arising from the solid-state diffusion-
controlled intercalation reactions (iqc = k%% and from the
interface-related pseudocapacitive contribution (i, = kpv) can
be well distinguished.> Fig. 3b depicts the normalized current
(i/v, i.e., capacitance) versus potential for different scan rates.
The striking similarity of the superimposed curves confirms
that the Li" storage arises mainly from capacitive contribution.
Fig. 3c shows linear relationship between two cathodic peak
currents and scan rates, indicating a typical pseudocapacitive
behaviour. Low cathodic peak voltage offset (< 0.1 V) was also
observed by increasing scan rates. Furthermore, the overall
current response at a given voltage in the CV curves, arising
from the diffusion and capacitive contributions, can be
separated using the equation, i(V) = k;0*° + kw.3* The shaded
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region in Fig. 3d shows the significant pseudocapacitive
contribution to the total Li* storage.

Note that the timescales for CV measurements are
comparable to that for the galvanostatic charge/discharge tests
(from 0.05C to 1C) in Fig. 2. Thus, the superior Li" storage
capability of LiFeTiO,4 observed in Fig. 2 is associated with the
capacitive charge storage. Further structural studies of the
LiFeTiO,4 over cycling confirm a typical intercalation reaction
with minor crystal structure changes, which will be discussed
below. These results indicate that the Li* storage in the
nanoscale LiFeTiO, through an intercalation pseudocapacitance
process.
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Fig. 3 (a) CV curves for LiFeTiO, measured between 1.5-4.8 V at 40 °C. (b)
Potential-dependent capacitance calculated from CV responses at different
sweep rates. (c) Cathodic peak current and peak voltage offset versus sweep rate
for labeled reduction peaks in (a). (d) CV at a sweep rate of 0.1 mV s shows the
capacitive contribution (shaded region) to the total current.

3.4. °"Fe Méssbauer spectra. °’Fe Mdssbauer spectrum of as-
prepared material in Fig. 4a show two Fe®" doublets with
isomer shifts (IS) of 0.32 and 0.35 mm s (Table S2),
corresponding to initial Fe** ions in LiFeTiO, The Fe®
distribution over the tetrahedral and octahedral sites in
LiFeTiO, cannot be well resolved due to the strong overlapping
of the subspectra.?® Two Fe?" doublets were observed for the
as-prepared material, which arise from the FeZ*-containing
impurities as observed from XRD. The Fe®*":Fe?* ratio derived
from the XRD phase analysis (65:35) matches well with the one
from Mossbauer spectroscopy. The quantified amounts of Fe2*-
species remain unchanged after first charge (Fig. 4b) and also
after 160" charge (Fig. 4c), suggesting that the Fe?*-species in
the pristine material are electrochemically inactive.

After charging to 4.8 V, the Mdssbauer spectrum shows a
pronounced shift from about 0.3 mm s™ towards lower velocity
values (Fig. 4b,c), implying the decrease of the number of the
d-electrons at Fe nuclei.®® The fitted IS values (1S = 0.19, 0.16,
0.04 mm s, Table S2) after charging are close to those
reported previously for tetragonal Fe** 2% pyt larger than
that expected for typical octahedral Fe** ion (negative 1S).3%
Note that Fe** species formed during charge may oxidize the
electrolyte, leading to Fe®" species.®® Thus, techniques with in
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situ observation of Fe*" should provide accurate and reliable
quantification. In addition, Fe*" ions show large voltage
hysteresis during discharge.®®3*4° Thus, Fe*"/Fe®" reduction
reaction cannot be well defined from the discharge curves and
CV measurements. On charging, Li* extraction out of Lij.
JFe***TiO, has been confirmed by ‘Li NMR (discussed below).
In this work, we assign tentatively the iron species with IS
values of 0.04-0.19 mm s™ as Fe***.3 In the fully discharged
state Fe species can be largely reduced to Fe?* (93%, Fig. 4d),
indicating that around one Li* can be inserted into the
Liy. FeTiO, (y = 0.93) host. The Mdéssbauer spectra confirm the
reversible full Fe**/Fe?* couple reactions over cycling.

The bulk redox reaction of Fe indicates the Li* storage in
the crystal lattice. This is the typical character for intercalation
electrodes. These above-discussed results confirm that
nanoscale LiFeTiO, exhibits features of pseudocapacitive
materials despite the Li* storage occurring in the material bulk.
This is consistent with the intercalation pseudocapacitance Li*
storage mechanism.®
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Fig. 4 *Fe Méssbauer spectra of as-prepared and cycled LiFeTiO,/C. The
deconvoluted spectra are shown as coloured lines for the identified iron
doublets.

3.5. XRD, 'Li NMR and PDF analysis. Insertion of about one
Li* into the spinel LiFeTiO, will lead to Li,gFeTiO,, as
revealed from electrochemical and Mdssbauer data. On
discharging to 1.5 V, there is no noticeable change in the XRD
pattern (Fig. S2). Similarities were reported for spinel
Liy,Feq4Tiy 40,1 and Lij sFeqTi; 60, The insertion of Li*
into these spinel phases causes only the changes in the relative
intensities of the diffraction peaks and slight shifts of the peak
positions. It is assumed that upon lithiation the phase evolution
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behaviour of LiFeTiO, is analogous to that observed for
Li,TisO1,.*"*2 Furthermore, we confirmed that the crystal
structure of the electrochemically generated Lijg3FeTiO, is
different from that of chemically prepared Li,FeTiO, (Fm-
3m).**% In addition, the lithiation voltage for the spinel
LiFeTiO, is about 0.2 V higher than that for the chemically
synthesized rock-salt Li,FeTiO, (~2.4 V).** These results
indicate a small effect of Li* insertion/extraction on the spinel
host framework and thus a single-phase and quasi zero-strain
lithiation/delithiation behaviour.

*
A /
*,,# \ /J
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Fig. 5 ’Li MAS NMR spectra of as-prepared LiFeTiO4 and samples collected from
the first cycle tested at room temperature. The 'Li MAS NMR spectrum of the
chemically synthesized rock-salt Li,FeTiO, (top, pink line) is shown for
comparison. Sidebands are marked with asterisks. A resonance at about O ppm
originates from diamagnetic lithium species.

‘Li MAS NMR spectrum of the as-prepared LiFeTiO,
shows a broad and asymmetric resonance line ranging from -
100 to 300 ppm (Fig. 5), similar to the observation of Li*
environment in other disordered spinel materials.*®> There is no
indication of change in the local Li* environment upon first
cycling. On charging to 4.8 V, a slightly noticeable reduction in
intensity of the resonances was observed, indicating that certain
Li* ions have been removed from the spinel host. Note that the
Li* extraction out of LiFeTiO, is associated with the oxidation
of Fe**. When the cell was discharged to 1.5 V, the resonance
recovers in intensity and the initial spinel structure remains
with a resulting Li-rich Liy, FeTiO,. Chemically synthesized
Li,FeTiO, shows an even broader resonance line (-200 to 600
ppm) arising from the random cationic distribution in Fm-3m
symmetry (Fig. 5). These results also confirm that there is no
structural transition occurring due to Li* insertion.

The long-range order of the spinel lattice remains after
extended cycling. Only reversible shifts in diffraction peak
positions were observed (Fig. 6a, Fig. S3). LiFeTiO, shows
minor lattice volume change over cycling, in comparison with
the pristine host. A volume expansion of ~1.4% and a
contraction of ~0.17% were observed (Table S3). The retention
of the pristine spinel Fd-3m framework upon long-term cycling
is responsible for its excellent cyclability. Such behaviour is
attractive for durable energy storage systems. The stable host
structure has been deemed as a major requisite for intercalation

This journal is © The Royal Society of Chemistry 2012
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pseudocapacitance.® Although without structural change after
50 cycles, the cathodic peak located at 3.1 V from the CV
curves becomes apparent. This suggests a slight change in the
Li* insertion/extraction behaviour. Over cycling, the
progressive increase in capacity and the change in lithiation
voltage might be related to the minor structural rearrangement
such as the change in Fe—O bond length and cationic
displacement (Fig. S4).4¢47

Several new diffraction peaks located at 20 = 17.51°, 20.25°
and 28.79° were observed after 160" charging (Fig. 6a), which
can be indexed to Fd-3m symmetry (a = 8.044 A). These results
imply that extreme lithium extraction leads to a structural
transition into two spinel phases. The newly formed spinel
phase shows larger lattice contraction (10.7%, Table S3). Such
behaviour has also been observed for spinel LiMnTiO,*
LiNigsMn;s0,*® and LiFeysMn;s04.% The interfacial charge
transfer reactions corresponding to the Li* insertion/extraction
changed after long-term cycling, as probed by electrochemical
impedance spectroscopy (Fig. S5). After 160 cycles at 40°C
two well distinguished high-frequency semicircles were
observed at 1.5 V, which might hint more than one interfacial
charge-transfer process.
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Fig. 6 (a) XRD patterns and (b,c) experimental PDF profiles for the as-prepared
and cycled LiFeTiO4/C. The vertical arrows mark the presence of a secondary
cubic Fd-3m phase.

The features of the PDF profiles change only slightly after
cycling (Fig. 6b,c), suggesting that the starting structure and the
long-range order (up to ~50 A, Fig. 6b) are retained. The PDF
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curve of the fully discharged sample is nearly the same as that
of the pristine material, indicating a minor structural change.
For the fully charged sample, some different features can be
observed after extended cycles with the presence of shoulders
at shorter atomic distances as indicated by arrows in Fig. 6a.
The positions of these peaks are close to the selected peaks
corresponding to the Fejgq—O, O-O and Feg,—O bonds as
labelled in Fig. 1d. Thus, the observation is consistent with the
XRD data that the presence of a new spinel phase is associated
with unit cell contraction.?* Furthermore, with the presence of
the new phase, the ratio between the observed probabilities of
the atom pairs changed due to the structural changes.

4, Conclusions

The combined XRD, NMR and PDF characterizations
confirmed that the Li* is intercalated into nanoscale spinel
LiFeTiO, with only minor changes in lattice parameter.
Méssbauer spectroscopy verified that during Li* storage the
oxidation state of iron changes reversibly in the bulk. The
complete Fe**/Fe?" redox reactions are involved and the partial
Fe*"/Fe® redox reactions are possible but not very conclusive.
Thus, the Li* storage mechanism for LiFeTiO, is related to Li*
intercalation into the lattice with the redox reactions of
transition metal in the bulk, and the Li* intercalation kinetics is
not solid-state diffusion limited. We conclude that the
nanoscale LiFeTiO, exhibits intercalation pseudocapacitance
Li* storage behaviour. In contrast to previous findings (metal
oxides with well-defined microscopic architecture),>'%! our
work demonstrated for the first time that spinel LiFeTiO, as a
model cathode material with nanoscale particle size enables
intercalation pseudocapacitance Li* storage. It is believed that
the spinel host allows the low energy diffusion path for Li*. The
unoccupied  crystallographic  sites are available for
accommodating guest Li*. Furthermore, the high-rate Li*
storage in LiFeTiO, does not need advanced nanoarchitectures
of electrode materials. More general solution routes can be used
for material synthesis. The insights from this study shed light
on designing high-rate Li* storage cathode materials for Li-ion
batteries.
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