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AbstractRechargeable batteries based on reversible zinc electrodeposition in mildly acidic electrolytes have recently
gained popularity, primarily because of their cost-benefit and high theoretical energy density achievable. However,
issues associated with dendrite growth and the corrosion of zinc metal anodes still remain major technical roadblocks
that must be overcome to ensure battery safety. Here we propose, for the first time, reduced lithium titanate (LTO) as a
viable alternative anode that is capable of reversible ion intercalation at ~0.20 V vs. Zn/Zn2+. Reduced LTO was pre-
pared via simple thermochemical reduction at a mild temperature using sodium borohydride. This led to a significant
reduction in the crystallite size and a drastic enhancement in the electrical conductivity, resulting in a distinct enhance-
ment in the zinc insertion kinetics in the aqueous electrolytes, delivering a fair discharge capacity of 100 mAh g1.
Structural and morphological studies confirmed that reduced LTO served as a zero-strain host for ionic intercalation.
This study offers an interesting approach for developing novel intercalation hosts for rechargeable batteries based on
abundant multivalent metal cations.
Keywords: Lithium Titanate, Intercalation Host, Thermochemical Reduction, Electrical Conductivity, Rechargeable Zinc

Battery

INTRODUCTION

The ever-growing global market for electric vehicles (EV) and
mid-/large-scale energy storage systems (ESS) for power plants with
intermittent renewable energy sources (e.g., solar or wind power)
demands rechargeable batteries based on new chemistry, featuring
more economic viability and enhanced safety compared to conven-
tional Li-ion batteries (LIBs). Rechargeable batteries based on mul-
tivalent cations (e.g., Zn2+, Mg2+, Al3+) are emerging alternatives in
these markets owing to the high abundance of these cations in the
earth’s crust, their chemical stability under ambient environment,
as well as their environmental-benignity [1-5]. Among the afore-
mentioned metals, zinc is an attractive anode material for recharge-
able batteries because it not only has a high gravimetric and vol-
umetric capacity (820 mAh g1 and 5,854 mAh L1, respectively),
but its electrodeposition in acidic aqueous electrolytes is highly
reversible [6-8]. Furthermore, zinc is a sustainable resource because
it can be readily recycled from waste batteries on an industrial scale
via simple electrowinning [9]. Combined with an adequate cath-

ode material, such as MnO2, an energy density of up to 400 Wh kg1

can be achieved, which is almost comparable to that of LIBs.
However, the benefits of using metallic zinc as a sustainable and

high-capacity anode material in aqueous electrolytes are offset by
several formidable technological challenges associated with den-
drite growth and hydrogen evolution at the anode [8,10-12]. The
mossy and dendritic growth of zinc deposits is considered as a
potential threat to battery safety, and has been frequently reported
in common electrolytes for zinc-ion batteries under mildly acidic
conditions. Furthermore, the low material density of the porous den-
drites and the loss of electrical contact caused by the formation of
‘dead zinc’ may lead to substantial degradation in the energy density
and the performance. Another notable issue is the intrinsic chemi-
cal instability of zinc metal in the aqueous electrolytes, which causes
corrosion and subsequent hydrogen evolution [8,10-12]. A substan-
tial amount of active Zn may be lost due to incessant corrosion of
the Zn anode during the long storage period before its actual usage.
Furthermore, subsequent hydrogen evolution may lead to a signif-
icant pressure increase inside the battery container, thereby under-
mining battery safety. Efforts have been made to tackle these issues,
including placing a protective layer on the surface of Zn to mini-
mize the direct contact with the electrolyte [13,14] or adding vari-
ous corrosion inhibitors to the electrolytes [15,16].

An intriguing alternative is the use of an insertion compound
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as an anode material that is capable of reversible intercalation of
multivalent cations and is not susceptible to corrosion. Some organic
and inorganic materials with relatively low electrode potentials have
been proposed as plausible anode candidates, such as the Mo6S8

Chevrel phase [17-19], quinones [20], and polyimides [21]. The
intercalation of multivalent cations into a solid host is a non-trivial
undertaking [1-5]. This process generally involves a large activa-
tion barrier, which leads to slow reaction kinetics compared with
the insertion of monovalent ions. The large energy barrier arises
from difficulties in charge redistribution within the local structure
upon insertion of multivalent ions, which are reportedly not as effec-
tive as monovalent Li+ or Na+ because of the doubly increased
electrostatic interactions. In Mo6S8, the diffusion of multivalent cat-
ions is greatly facilitated by Mo6 octahedral clusters, which enable
charge sharing between a group of Mo atoms in the Mo6 octahe-
dron [22]. The insertion of Mg2+ into polyimides is known to involve
the enolization of imide monomers, which facilitates charge delo-
calization within the aromatic moieties [21]. The insertion of a
coordinated complex into a layer-expanded material was also pro-
posed recently, but this process is accompanied by large volume
expansion and requires a substantial amount of initial loading of
the electrolyte in the cell [23,24]. In summary, for the efficient inser-
tion of multivalent cations, the host material should have an ap-
propriate geometric and electronic structure for facilitating fast charge
redistribution.

In recent decades, lithium titanate spinel (Li4Ti5O12, LTO) has
been intensively investigated as a ‘zero-strain’ anode material for
Li-ion batteries [25-27]. The large three-dimensional tunnel struc-
ture composed of TiO6 and LiO6 octahedra enables virtually no
lattice expansion/shrinkage upon Li+ insertion/extraction, although
the process proceeds via a distinct two-phase reaction. The wide
three-dimensional tunnels in LTO can act as favorable hosts, even
for the multivalent cation insertion. This possibility was previously
explored, saying that LTO can store Mg2+ ions via a complicated
charge storage mechanism involving the formation of the Li7Ti5O12

phase and Li+ extraction, while Mg2+ was inserted into the struc-
ture [28-30]. The performance of LTO was further enhanced when
nanoscale particles were used, and the electrical conductivity was
increased by aliovalent doping [31]. In this study, reduced LTO
was prepared via simple thermochemical reaction with NaBH4 and
was evaluated for the first time as a viable insertion host for anode
materials, delivering a discharge capacity of ~100 mAh g1 at C/20
with a suitable electrode potential of 0.20 V vs. the zinc electrode.
The results suggest that enhanced electrical conductivity and crys-
tallite size reduction play critical factors for the effective intercala-
tion of ions into the spinel framework of the lithium titanate host.

EXPERIMENTAL

1. Material Preparation
For the synthesis of pristine LTO, stoichiometric amounts of

Li2CO3 and TiO2 (anatase) were ball milled (Mini-Mill Pulverisette
23, Fritsch) in ethanol for 2 h and dried in an oven at 80 oC for
2 h. The mixture was ground with a mortar and pestle, subjected
to heat treatment at 800 oC for 5 h in air at a heating rate of 5 oC
min1. For the synthesis of reduced LTO, as-prepared LTO (500

mg) and NaBH4 (49.8mg) were ground thoroughly using a mortar
and pestle. The mixture was then heated at 400 oC for 1 h under
flowing argon at a heating rate of 10 oC min1. The resulting dark-
blue powder was washed with deionized water, filtered, and dried
in an oven at 80 oC to obtain r-LTO.
2. Electrochemical Measurements for Li+ Intercalation

To construct the electrode for the Li-ion batteries, a slurry was
prepared by mixing the active materials (LTO or r-LTO), super P,
and PVdF binder in a mass ratio of 8 : 1 : 1 in N-methyl-2-pyrroli-
done (NMP) using a ball mill (Mini-Mill PULVERISETTE 23).
Then, the slurry was cast onto an Al foil. The electrode was then
dried overnight at 80 oC in a vacuum oven. Electrochemical mea-
surements were carried out using 2032-type coin cells composed
of the as-prepared cathode, Li foil anode, and polyethylene (PE)
separator, with 1.0 M LiPF6 in ethylene carbonate (EC)/dimethyl
carbonate (DEC) (1 : 1 v/v) electrolyte. The cells were galvanostati-
cally cycled between 1.0 V and 3.0 V at a scan rate of C/2 using a
MACCOR cycler (1C=175 mA g1).
3. Electrochemical Measurements for Zn2+ Intercalation

For construction of the electrode for the zinc-ion batteries, a
slurry was prepared by mixing the active materials (LTO or r-LTO),
super P, and PVdF binder in a mass ratio of 6 : 2 : 2 in NMP using
a ball mill, which was cast onto a stainless-steel foil. The electrode
was then dried overnight at 80 oC in a vacuum oven. Electrochemi-
cal measurements were carried out using 2032-type coin cells com-
posed of the as-prepared cathode, zinc foil anode, and glass wool
separator, with 1.0 M ZnSO4 aqueous electrolyte. The cells were
galvanostatically cycled between 0.0 V and 1.5 V at the desired cur-
rent rate using a MACCOR cycler. Cyclic voltammetry (CV) mea-
surements were conducted at a scan rate of 0.03 mV s1 using a
VMP3 (Bio-Logic) potentiostat/galvanostat.
4. Material Characterization

The crystallographic structure of the synthesized materials was
analyzed using powder X-ray diffraction (XRD). The patterns were
obtained using an X-ray diffractometer (Bruker D8 Advanced
LynxEye) with Cu-K


 radiation (=1.5405 Å). The morphology was

observed using a field-emission scanning electron microscope (FE-
SEM; FEI NOVA NanoSEM200). Chemical analysis of the synthe-
sized materials was conducted using energy-dispersive X-ray spec-
troscopy (EDS) paired with FE-SEM (Hitachi S-4100). The local
microstructure and compositional distribution of the cycled elec-
trode were observed using high-resolution transmission electron
microscopy (HR-TEM; Tecnai G2 F20, EFI).

RESULTS AND DISCUSSION

1. Structural and Morphological Characteristics of Reduced
Lithium Titanate Spinel

The nano-crystallites of reduced lithium titanate spinel (r-LTO)
were simply prepared by the thermochemical reduction of submi-
cron LTO (200-300 nm) using a small amount of sodium borohy-
dride (NaBH4), at 400 oC, under argon atmosphere. This was ac-
companied by a distinct color change of LTO from white to dark
blue or black, suggestive of bandgap narrowing through the intro-
duction of oxygen vacancies; the color was well preserved for at
least one year (Fig. 1(a), (b)). The X-ray diffraction (XRD) patterns
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of r-LTO (Fig. 1(c)) can be indexed to a pure cubic spinel struc-
ture (Fd3-m), same with that of pristine LTO. However, the signif-
icant peak broadening in the pattern indicated that the crystallite
domain was reduced to the nanoscale (~35 nm estimated from

the Scherrer formula using the (111) reflection) after the thermo-
chemical reduction. SEM observations of the sample morphology
(Figs. 1(d), (e)) indicated that the overall particle size was main-
tained, but the much more rounded particle shape suggested that
new small crystallites grew from the surface. More detailed mor-
phological changes after the thermochemical reduction were ob-
served through HR-TEM (Fig. 2). As opposed to pristine LTO
with a smooth and ordered surface (Fig. 2(a), (b)), the surface of the
r-LTO bulk particles was significantly amorphized (Fig. 2(d)) as a
consequence of thermochemical reduction, and numerous frag-
ments of the original particles (~30 nm) were attached to the sur-
face (Fig. 2(c), Fig. S1), probably created and grown from the bulk
particles. Compositional analysis by EDS indicated that r-LTO was
almost Na-free (Fig. S2), indicating that redundant phases origi-
nating from the decomposition of reducing agent were effectively
removed after washing with deionized water. The electrical con-
ductivity of r-LTO, measured by the four-point probe method, was
~1.5×107 S cm1, which is many-orders higher than that of pristine
LTO (~1013 S cm1 from the literature [32,33]). Previous studies
have shown that reducing the particle size to nanoscale and increas-
ing the electrical conductivity are effective strategies for enhancing
the kinetics of Mg2+ integration into LTO [28-31]. This indicates
that an efficient morphological and electronic structure for facile
charge redistribution is essential for surmounting the large activa-
tion barrier posed by the increased coulombic interactions between
the doubly charged intercalant ions (Mg2+) and the host. Because
Zn2+ is also doubly-charged with an ionic radius comparable to that
of Mg2+, a similar strategy may apply to Zn2+ insertion into LTO.
2. Electrochemical behavior of r-LTO with Li+ Ions

The electrochemical behavior of LTO upon integration of mon-

Fig. 1. Photographs of (a) as-prepared and one-year-old r-LTO powder (dark blue) and (b) pristine LTO (white). (c) XRD patterns of (i) ref-
erence LTO (stick pattern, ICSD-169866), (ii) LTO, and (iii) r-LTO. SEM images of (d) LTO and (e) r-LTO.

Fig. 2. HR-TEM images of (a), (b) LTO and (c), (d) r-LTO at low
and high magnification. In (b) and (d), the lattice fringe spac-
ings of 0.48 nm and 0.24 nm are consistent with the interpla-
nar distance of the (111) planes of LTO and (222) planes in
r-LTO, respectively.
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ovalent Li+ was first evaluated by discharge-charge cycling at con-
stant current rates (1C=175 mA g1) in the carbonate-based elec-
trolytes. Pristine LTO showed a typical plateau potential at ca. 1.55V
for the two-phase reaction involving the formation of the lithiated
phase, Li7Ti5O12, delivering an almost theoretical capacity without
significant fading for the extended cycling at C/2, while providing
a reversible capacity of ca. 110 mAh g1 at 5C (Fig. 3(a), (b)). In
contrast, reduced LTO showed a sloping potential profile, and the
capacity was decreased significantly to ~120 mAh g1 at C/2 and
70 mAh g1 at 5C (Fig. 3(c), (d)). The increased structural disor-
der and defects caused by thermochemical reduction may account
for the significant decrease in the reversible capacity of r-LTO, as
certain diffusion pathways for Li+ possibly collapsed, and thus some
redox sites were unavailable for Li+ insertion. Furthermore, some
intercalated Li+ ions may have been trapped in the defect sites in r-
LTO during the first discharge process, judging from the low cou-
lombic efficiency (72%) in the first cycle (Fig. 3(c)). It is well known
that the kinetics of ion insertion in LTO can be improved by reduc-
ing the particle size (or crystallite size) to the nanoscale, which short-
ens the diffusion pathway of the ions, enabling full utilization of the
redox sites. Changing the electronic structure by aliovalent doping
or introducing structural defects is another effective strategy, which
facilitates the electron access to the reaction sites [28-31,34,35]. It
was reported that the enhanced kinetics of nanosized particles may
even lead to a fundamental change in the reaction mechanism,
e.g., from a two-phase reaction to a single-phase reaction, because
the energy cost for forming new phase boundaries increases sharply
as the particle size decreases to the nanoscale [36,37]. This may

account for the sloping potential profile observed for r-LTO, which
is a characteristic indicator of a single-phase reaction. Because par-
ticle (or crystallite) size reduction and good electrical conductivity
are known as critical factors for the efficient intercalation of multi-
valent cations, r-LTO may exhibit better reaction kinetics for Zn2+

insertion than pristine LTO.
3. Electrochemical behavior of r-LTO with Zn2+ in Aqueous
Electrolyte

The intercalation of Zn2+ ions into LTO and r-LTO was investi-
gated in a 1.0 M ZnSO4 aqueous electrolyte through galvanostatic
cycling at a slow current rate of C/20 (Fig. 4(a)). The LTO spinel
may be an attractive insertion host for Zn2+ because its large 3D
tunnel was proven to be effective for the facile diffusion of Li+ hav-
ing an ionic radius similar to Zn2+ (0.74 Å/Zn2+ vs. 0.76 Å/Li+).
However, it was observed that pristine LTO exhibited low electro-
chemical activity with Zn2+, delivering a discharge capacity of only
20 mAh g1, contrary to the case for Li+ insertion. On the other
hand, the reversible discharge capacity r-LTO was dramatically in-
creased (~100 mAh g1), suggesting that the mechanism of diva-
lent Zn2+ insertion was vastly different from that for monovalent
Li+. The increased capacity of r-LTO is possibly contributed by
enhanced ion insertion kinetics originating from the reduced crys-
tallite size and the increased electrical conductivity resulting from
the thermochemical reduction. The large incipient discharge capac-
ity (~230 mAh g1) and poor coulombic efficiency (22%) in the first
cycle (Fig. 4(b)) might indicate that a significant amount of zinc
ions was trapped in the structural defects in r-LTO owing to the
greatly increased electrostatic interactions of Zn2+ with the r-LTO

Fig. 3. Discharge-charge profiles of Li-ion battery cells with cathodes made of (a), (b) pristine LTO and (c), (d) r-LTO at a current rate of (a),
(c) C/2 and (b), (d) 5C.
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framework compared to Li+, or substantial electrolyte decomposi-
tion, e.g., hydrogen evolution reaction (HER), occurred on r-LTO,
which might provide numerous catalytic surface defect sites. The
average electrode potential for zinc insertion into r-LTO was esti-
mated as ~0.2 V vs. Zn/Zn2+, which is much lower than that of
other potential candidate materials in the literature [17-20]. This is
highly desirable for anode applications in terms of increasing over-
all energy density of battery considering the narrow stability win-
dow of the aqueous electrolytes. As shown in Fig. 4(c), r-LTO also
afforded stable cycle performance at C/10 over 40 cycles, deliver-
ing a discharge capacity of ~65 mAh g1. The cyclic voltammogram
for r-LTO (Fig. S3) shows multiple cathodic peaks (Ec, 1, Ec, 2) at ca.
0.05 and 0.15 V, with anodic peaks (Ea, 1, Ea, 2) at ~0.20 and ~0.50
V vs. Zn/Zn2+, indicating that the insertion process might consist
of a series of many reaction steps, as observed previously for Mg2+

intercalation into LTO [28-31]. The gradual shift of the redox peaks
during cycling might indicate the slow development of stable ion-
inserted or de-inserted LTO phases (e.g., Li7Ti5O12) during the ini-
tial electrochemical cycling [28-31]. Therefore, it is unlikely that
the sloping potential observed for ion insertion into r-LTO in this
study arises due to the single-phase reaction mechanism. The high
activation barrier for multivalent cation diffusion through the solid
framework (~0.8 eV for Mg2+) and the energy cost associated with
the de-solvation of Zn2+ at the interface are other factors to con-

sider that may impede the facile single-phase reaction route [31].
The complicated reaction steps may involve the migration of both
Li+ and Zn2+ between the adjacent LTO phases and the participa-
tion of more than two reaction phases, similar to the case for Mg2+

insertion into LTO nano-particles, which could lead to sloping poten-
tial profiles [28-31]. Fig. 4(d) shows the performance at various
current rates. r-LTO delivered a reversible capacity of over 30 mAh
g1 even at a high current rate of 1C, in contrast with pristine LTO,
which afforded almost negligible capacity at the same current rate.
These results indicate that r-LTO can be utilized as an insertion
host for anode materials in zinc-ion batteries.

DISCUSSION

To investigate the reaction mechanism of r-LTO with Zn2+, fully
discharged and recharged r-LTO electrodes were prepared and their
XRD patterns were measured (Fig. 5). Both patterns show the pres-
ence of two main reaction products: r-LTO and zinc hydroxide
sulfate hydrate (Zn4(OH)6SO4·zH2O, ZHS). ZHS is a commonly
observed reaction product in cycled electrodes in zinc-ion batter-
ies employing ZnSO4 electrolytes, where z ranges from 0 to 5 [38-
40]. The formation of ZHS is usually induced by an increase in
the pH of the electrolyte owing to various causes [40]. In the pres-
ent case, the parasitic zinc corrosion reaction on the counter elec-

Fig. 4. (a) Comparison of typical discharge-charge profiles of Zn-ion battery cells with cathodes made of pristine LTO and r-LTO at C/20. (b)
Comparison of discharge-charge profiles of cells with r-LTO cathode at the first and the second cycle at C/20. (c) Discharge-charge
profiles of battery cells with r-LTO cathode at C/10 for 40 cycles. (d) Discharge-charge profiles of cells with r-LTO cathode at various
current rates (C/20, C/10, 1C, 5C).
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trode (Zn+2H+
Zn2++H2(g)) is probably responsible for the for-

mation of ZHS, as the continued hydrogen evolution reaction might
increase the pH of the electrolyte. It is noteworthy that the forma-
tion of ZHS on the cathode may enhance the ion insertion kinetics.
It was reported that ZHS on Mo6S8 could regenerate the hydroxyl-
ated surface of Mo6S8, promoting free and unimpeded adsorption
of zinc ion complexes on the surface. This can lower the energy
cost associated with desolvation of zinc ions, enhancing the inser-
tion kinetics [19]. ZHS precipitation on r-LTO might induce simi-
lar effect to promote Zn2+ insertion. The slightly increased relative
intensity of ZHS in the fully recharged electrode compared to that

of the fully discharged electrode indicates that the amount of ZHS
increased with time as zinc corrosion continued. There was almost
no change in the position of the XRD peaks for the zinc-inserted
r-LTO phase from the fully-discharged electrode as well as zinc-
extracted r-LTO phase from the fully-recharged electrode (Fig. 5(iv),
(v)) compared to that of uncycled r-LTO, reflecting the ‘zero strain’
character. Furthermore, the Zn content of r-LTO in the fully dis-
charged electrode was confirmed by EDS elemental mapping (Fig.
6), which showed that the distribution of Zn agreed well with those
of Ti and O. The ratio of Zn to Ti was estimated to be around 0.07
corresponding to the capacity of about 40 mAh g1, while the ini-
tial discharge capacity was measured over 200 mAh g1 (Fig. 4(b)).
This might indicate that electrolyte decomposition reaction was
one of main contributors to the low Coulombic efficiency at the
first cycle as discussed earlier.

CONCLUSIONS

Reduced LTO was prepared via a simple thermochemical reduc-
tion process at 400 oC with NaBH4 as a reducing agent, and was
investigated for the first time as a plausible insertion host for zinc
ion battery anodes. We demonstrated that thermochemical reduc-
tion of LTO led to a significant reduction in the particle size and
drastic enhancement in the electrical conductivity, which contrib-
uted critically to improving the ion insertion kinetics and increas-
ing the reversible capacity. Structural and morphological studies
confirmed that r-LTO serves as a zero-strain host for Zn2+ inser-
tion, albeit it reduces Coulombic efficiency at the first cycle. Elec-
trochemical investigation showed that r-LTO exhibits an electrode
potential of ca. 0.2 V, which is highly desirable for anode materi-
als, delivering a discharge capacity of ~100 mAh g1 at C/20 and
stable cycle performance for the extended cycles. This study pro-
vides a promising strategy for unearthing new intercalation hosts
for constructing rechargeable batteries based on earth-abundant
multivalent metal cations.
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Fig. S1. HR-TEM images of r-LTO in (a) low and (b) high magnifications. In r-LTO, numbers of nano-sized particles were attached on the
bulk particles. In (b), lattice fringe spacing of 0.48 nm was consistent with the interplanar distance of (111) planes of r-LTO, indicat-
ing that nano particles were r-LTO created during the thermochemical reduction.
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Fig. S2. SEM images and corresponding EDS elemental analysis of (a), (b) pristine LTO and (c), (d) r-LTO, respectively. Peak for Na K (at
1.041 keV) was not detected clearly either in pristine LTO or r-LTO. [Na]/[Ti] ratio in r-LTO was found to be 0.014, indicating that
Na content in r-LTO was negligible.

Fig. S3. (a) Cyclic voltammograms for r-LTO at a scan rate of 0.03 mV s1 and (b) enlarged graphs for anodic peaks. After the initial activa-
tion that had lasted a few cycles, the profiles were fully developed showing multiple redox peaks, i.e., Ec, 1, Ec, 2 and Ea, 1, Ea, 2 for
cathodic and anodic process, respectively. This probably indicated that zinc intercalation occurred via a complicated reaction mecha-
nism involved with both Li+ and Zn2+ migration between the adjacent phases similar to Mg2+ insertion into LTO nano particles.


