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Abstract: A challenge in developing high-performance lithium batteries requires a safe technology
without flammable liquid electrolytes. Nowadays, two options can satisfy this claim: all-solid-state
batteries and aqueous-electrolyte batteries. Commercially available Li-ion batteries utilize non-
aqueous electrolytes (NAE) owing to a wide potential window (>3 V) that achieves high energy
density but pose serious safety issues due to the high volatility, flammability, and toxicity of NAE.
On the contrary, aqueous electrolytes are non-flammable, low-toxic, and have a low installation
cost for humidity control in the production line. In this scenario, we develop a new aqueous
rechargeable Li-ion full-cell composed of high-voltage cathode material as LiCoO, (LCO) and a safe
nanostructured anode material as Li, TiO3 (LTO). Both pure-phase LTO and LCO nanopowders are
prepared by hydrothermal route and their structural and electrochemical properties are studied in
detail. Simultaneously, the electrochemical performances of these electrodes are tested in both half-
and full-cell configurations in presence of saturated 1 mole L~! Li,SO, aqueous electrolyte medium.
Pt//LCO and Pt/ /LTO half-cells deliver high discharge capacities of 142 and 133 mAh g~! at 0.5 C
rate with capacity retention of ~95% and 94% after 50 cycles with a Coulombic efficiency of 98.25%
and 99.89%, respectively. The electrochemical performance of a LTO//LCO full cell is investigated
for the first time. It reveals a discharge capacity of 135 mAh g~! at 0.5 C rate (50th cycle) with a
capacity retention of 94% and a Coulombic efficiency of 99.7%.

Keywords: electrochemical storage energy; aqueous lithium secondary battery; hydrothermal
synthesis; Li;TiO3 anode; LiCoO, cathode; Li, TiO3/ /LiCoO, Li-ion cell

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are considered as one of the most ubiquitous
electrochemical generators. Due to their relatively high balanced specific energy and power,
long calendar life cycling stability and less manufacturing cost, they are widely applied in
daily life applications such as portable digital electronic devices (such as laptops, cameras,
personal digital assistants (PDAs), handheld phones, etc., [1,2]) and low-emission eco-
friendly electrical vehicles (EVs) and hybrid electrical vehicles (HEVs) [3]. In addition,
Li-ion secondary batteries are ideal systems to store electricity from renewable sources
of energy such as wind mills and solar cells. Their attractivity comes from many factors
such as: (i) by nature Li is the lightest metal with high electro-positivity, (ii) LIBs endeavor
a balanced substantial volumetric density (Wh L~!) and gravimetric density of energy
(Wh kg 1) [4]. In contemporary studies, abundant configurations have been proposed for
the next generation LIBs based on a large variety of chemistries for anode, cathode, and
electrolyte materials [5]. However, the main drawback of LIBs is their hazardous safety
due to the use of flammable organic electrolytes that cannot withstand misuse, such as
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overcharging or short-circuiting [6]. The development of “green” and safer lithium-ion
batteries with a non-flammable and low-toxic aqueous electrolyte has been explored in
the mid-1990s [7]. Generally, aqueous rechargeable lithium batteries (ARLBs) use lithium-
insertion compounds such as LiCoO, (LCO) [8], LiMn,O4 (LMO) [9,10], LiFePO4 (LEP) [11],
and LiNij ;3Mn; /3Co1 /30, (NMC333) [12] as cathode materials, which have an intercalation
potential lying with the electrochemical stability window of the aqueous electrolyte at high
pH value. Layered-structured LCO is a reliable cathode material showing a great cycling
stability, much better than spinel-structured LMO, which suffers from poor long-life cycling,
and olivine-structured LFP, which displays a low energy density, while NMC333 containing-
Ni is humidity sensitive. Anode materials of ARLBs include titanium-based oxides such as
LiyTisO1q5 [13,14], TiO, anatase [15,16], TiO,(B) [17], and LiTip(POy4)3 [18]. These titanium
oxides synthesized with a nanomorphology are believed to have better properties than
those of their bulk counterparts. This has been demonstrated in the case of the monoclinic
Li; TiO3 phase (denoted LTO hereafter). Bhatti et al. demonstrated that for 0.3 um LTO
particles, a weak electrochemical activity with initial discharge capacity of 12-17 mAh g !
at a current density of 0.2 C is observed [19]. In contrast, Lakshmi-Narayana et al. reported
that nanostructured LTO (~50 nm particle size) delivers a specific discharge capacity of
122 mAh g~ ! in the potential range 0-1 V. Consequently, LTO can be a candidate for
anode material of ARLBs, exhibiting a working potential window of ~0.8 V vs. Li*/Li
against standard organic electrolytes with good thermal stability. The nanosized structure
of LTO can easily be achieved by tuning the synthesis parameters that result in excellent
electrochemical performance with enhanced volumetric energy density.

Among ARLBs made with titanium oxide anodes, the LiMn,0,/ /TiO; cell using a
water-in-bisalt electrolyte (LiTFSI/LiOTf/H,0) shows a specific capacity of 48 mAh g~!
at 0.5C rate (75 mA g’l) between 0.8 and 2.5 V [20]. The cell made with LiMn,Oy4 as
cathode and LisTi5O1; as anode and 42 m LiTFSI + 21 m Pyr14-TFSI as aqueous gel
electrolyte delivered a total electrode capacity of 58 mAh g~! after 150 cycles at 0.2C [21].
The LiCoO;/ /LisTisO1, Li-ion cell using the Li(PTFSI)g ¢(TFSI)p 4-1.15H,O hydrate-melt
electrolyte exhibited a specific capacity of ~75 mAh g~! after 100 cycles at 0.2C rate [14].
Recently, Zhou et al. demonstrated that the LiMnyOy / /TiO,(B) full cell delivered a specific
capacity of ~115 mAh g~! after 400 cycles at 1C rate in water-in-salt aqueous electrolyte [17].
The LiMn; 04/ /TiP,O7 aqueous full-cell, in which the anode is the nanocomposite TiP,O;
(50-100 nm) encapsulated in the pore of expanded graphite, had an open circuit voltage
of 1.5 V and delivered a specific capacity of 2 mAh g~! at 0.5 A g~!in 1 mol L~! Li;SO,
solution [22].

Among ARLBs made with LiCoO; cathodes, the LiCoO,/ /MosSg aqueous full-cell
showed an out-voltage of 2 V and delivered an initial specific capacity of 40 mAh g~!
and showed an extremely low-capacity decay rate of 0.013% per cycle [23]. Cyclability
experiments in aqueous electrolytes have shown the excellent stability of LCO [24,25]. By
using the 3D hierarchy LiCoO; nanorod arrays as cathode, Xue et al. tested a flexible
aqueous LiCoO;/ /LiTip(POy)3 cell, which demonstrated a specific capacity of 112 mAh g’l
after 2000 cycles at 1C rate [18]. Using commercial electrode powders and 1 mol L1 LiNO;
solution, Ruffo et al. constructed a LiCoO,/ /LigsMn,Oy4 aqueous full-cell and reported a
gravimetric capacity of 105 mAh g~ after 25 cycles at 1C rate [24]. Oh et al. investigated
the interfacial degradation of the LCO electrode under various pH conditions using surface
and bulk X-ray spectroscopy [26].

Various synthesis routes have been reported for the preparation of nanocrystalline
Li;TiO3 and LiCoO;. Due to the possible material mixing at the molecular level, the wet-
chemistry is the most popular synthesis associated with post-annealing treatment to obtain
well-crystallized Li;TiO3 and LiCoO, phases [27]. In another hand, the hydrothermal
method using low-cost setup has many advantages such as preparation of large variety
of oxides and simple synthesis procedure [28]. Furthermore, the ability to precipitate
crystallized powders directly from solution regulates the growth rate with uniform nucle-
ation, which affect the morphology, size, and aggregation control. Expensive surfactants or
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template are not necessary in hydrothermal synthesis, which appears to be suitable for the
production of large-scale specimens with highly nanostructured crystallinity [29].

In the present work, we take the option of coupling Li;TiO3 and LiCoO, and test the
kinetics of a Li;TiO3/ /LiCoO, aqueous-type full-cell. Nanocrystalline LTO and LCO pow-
ders are prepared by a simple hydrothermal synthesis. While several reports demonstrate
the electrochemical performance of full cells including the spinel Li;T501, anode, there is
no study (to best of the Authors’ knowledge) showing the features of a Li;TiO3/ /LiCoO,
aqueous full-cell, so far. The structural and electrochemical properties are investigated
using analytical methods such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), electrochemical impedance spectroscopy (EIS), and long-life cycling experiments in
half-cells (using Pt metal as negative electrode) as well as in LTO/ /LCO full-cell.

2. Results and Discussion
2.1. Structural and Elemental Analyses

The long- and short-range structural properties of LTO and LCO were investigated by
XRD and Raman spectroscopy, respectively (Figure 1a—d). In Figure 1a, the XRD pattern of
LTO exhibits a predominant (002) orientation at 26 = 18.48° along with other characteristic
planes of (101), (131), (133), (204), (006), (312), and (062) corresponding to the monoclinic
structure of the 3-Li; TiO3 ordered phase with C2/c space group (JCPDS card No. 33-0831).
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Figure 1. X-ray diffraction patterns of Li; TiO3 (a) and LiCoO, nanoparticles (b) recorded with the
X-ray source CuKa (A = 1.5406 A) filtered by Ni film at a scan speed of 0.03 degree per second. Raman
spectra of Li;TiO3 (c), and LiCoO, (d) nanoparticles recorded with a 532 nm laser excitation line.

The Li-Ti-O framework is formed during the hydrothermal synthesis reaction; it is
characterized by the basal lattice plane (133), suggesting the correct ordering of lithium
and titanium ions in the LiTi; slab of the monoclinic structure. In the Li; TiO3 crystal, Li,
Ti, and O atoms are arranged in the sequence Lijtersiab(Li1 /3Ti2/3)s1abO2, in which Ti ions
occupy 2/3 of other 4e¢ sites (Wyckoff notation) and Li ions occupy 1/3 of 4e sites [30]. The
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elementary unit volume (V = abc sinf for a monoclinic lattice) is 429.1 A3. These results
are in good agreement with the results of the literature [31]. The XRD pattern of LCO
powders (Figure 1b) exhibits the characteristic high-intensity peak located at 26 = 18.39°
corresponding to the (003) reflection accompanied with other reflections indexed as (101),
(006), (102), (104), (005), (107), (108), (110), and (113), which are the typical patterns of the
high-temperature HT-LCO phase with the a-NaFeO, rock-salt structure (JCPDS card No.
50-0653) [32].

The crystallite size L. of as-prepared samples was estimated using the Debye—Scherrer

formula [33]:
KA

¢~ Bcosf’

where § is the full-width at half-maximum (FWHM expressed in radians), A is the wave-
length of X-ray radiation (0.15406 nm), 6 the Bragg angle, and K is a dimensionless shape
factor (K = 0.94 for spherical-like particle). The crystallite size L. was calculated by con-
sidering the (002) reflection line for LTO and (003) reflection line for LCO. The estimated
crystallite size is 32 £ 2 and 50 £ 2 nm for LTO and LCO powders, respectively.

Figure 1c,d present the RS spectra of Li; TiO3 and LiCoO, nanopowders, respectively,
collected in the 100-1000 cm ! spectral range. The RS spectrum of LTO (Figure 1c) displays
the typical fingerprints of the monoclinic Li; TiO3 phase, in which the existence of Li* ions
in different co-ordinations is characterized by the stretching modes of Li-O bonds in LiOg
and LiOy4 polyhedra at 411 and 283 cm ™!, respectively. The strongest band at 658 cm ™!
is attributed to the Ti-O stretching vibration of TiOg octahedra. The peak at 290 cm ™! is
assigned to the O-Li-O bending mode, while the O-Ti-O bending vibration is recorded
at 212 ecm~! [34]. However, the characteristic peaks at 144 cm~! (anatase TiO,) and at
451/615 cm ™! (rutile TiOy) respectively, do not exist confirming the phase purity of Li TiOs.
The RS spectrum of the HT-LiCoO; phase (Figure 1d) shows the two well-defined Eg and
Ajg vibrational modes of the a-NaFeO,-type structure (R-3m symmetry) located at 488

M

and 598 cm ™!, respectively. The E; mode is attributed to the asymmetric bending mode
of O-Co-0, i.e., the vibration of oxygen atom in ab-plane, while the A;; mode is assigned
to the symmetric stretching mode of Co-0O, i.e., the oxygen atoms vibration along the
c-axis [35]. These results strongly evidenced that the hydrothermally synthesized LTO and
LCO nanopowders are phase-pure electrode materials suitable for further electrochemical
performance.

Elemental composition and valence-state analyses of the as-prepared Li;TiO3 and
LiCoO, nanopowders are characterized by X-ray photoelectron spectroscopy as reported
in Figure 2a-h. The survey XPS spectrum of LTO shown in Figure 2a evidences the high
chemical purity of the material by the presence of Li, Ti(IV), and O peaks. Figure 2b-d
shows the high-resolution scan of the O 1s, Ti 2p, and Li 1s spectra, respectively. In Figure 2c,
the Ti 2p spectrum exhibits the typical doublet of the spin-orbit splitting Ti 2p3,, and Ti
2p1 /> with binding energy at about 458.26 and 464. 08 eV respectively, which matches well
with literature data [36,37]. A good agreement is obtained between experimental and fitted
spectra using only one deconvolution peak revealing the unique valence state 4+ of Ti ions
in LipTiO3. Moreover, the splitting between the binding energies of 2p;,, and 2p; /, core
levels of 5.82 eV is in good agreement with the standard response of Li, TiO3 [38]. No trace
of Ti3* ions are evidenced by the fitting (Figure 2c) in the limit of XPS detection (tenths of a
percent), which indicate the good stoichiometry of Li, TiO3. Figure 2b shows the intense
peak of the O 1s core level at binding energy of 529.49 eV related to the Ti-O bonding in
LTO with an additional weak peak at ~531.22 eV associated to adsorbed species such as
LiOH or Li;O [39]. The presence of Li is confirmed by the peak of the Li 1s photoelectrons
at binding energy of 54.57 eV shown in Figure 2d [40].
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Figure 2. XPS analysis of Li;TiO3 (a—d) and LiCoO, (e-h). XPS survey spectrum of (a) Li,TiO3,
high-resolution XPS spectra of (b) O 1s, (c) Ti 2p, and (d) Li 1s. XPS survey spectrum of (e) LiCoO5,
high-resolution XPS spectra of individual elements: (f) O 1s, (g) Co 2p, and (h) Li 1s.

Figure 2e shows the wide-scan spectrum of LCO, which exhibits the characteristic XPS
features of Co (IIl), O, and Li elements. The spectrum of the Co 2p photoelectrons shown in
Figure 2f exhibits the main lines characteristics of 2p3,, and 2p; /» core levels at the binding
energy of 779.23 and 793.53 eV with an intensity ratio of 2.25 due to the spin-orbit coupling
and the corresponding satellite peaks at 799.91 and 786.22 eV (ascribed as S; and S,). The
main lines together with a satellite peak (shake-up) in the XPS spectrum of Co 2p can be
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deconvoluted using a single component indicating the excellent stoichiometry of LiCoO,,
in which all Co ions are in the unique 3+ oxidation state. The binding energies and the
intensity ratio of the 2ps,,/2p, /2 components of 2.25 matches well with reported values
for low-spin Co?* oxidation state in LiCoO, crystal [41]. It can be noticed that the binding
energy separation of the 2p3/» and 2p; s, core level of about 14.3 eV corroborates well with
the features of LiCoO, nanopowders [42]. The satellite with its corresponding position is
strongly dependent on the valence state and the environment of the metallic ion. Figure 2g
depicts the strong O 1s core peak of the XPS spectrum of LiCoO, at binding energy of
528.72 eV that is assigned to oxygen atoms of the crystalline network. The characteristic
peak at low binding energy of 56.55 eV evidences the existence of Li in the compound
shown in Figure 2h. Apart from the survey XPS spectrum of LTO and LCO, the C1s peak
located at 284.72 eV for LTO and 283.90 eV for LCO is attributed to spurious amounts of
surface carbon (C=C) [43]. Thus, the presence of mixed oxidation states in both Li;TiO3 and
LiCoO; is excluded reflecting well-crystallized materials. By XPS characterization, within
the detection limit of probing the interface within 8-10 nm collected by XPS, the valence
states are revealed to be 3+ and 4+ for Co and Tij, respectively.

The microstructure, surface morphological features, and elemental composition anal-
ysis of hydrothermal-synthesized Li;TiO3 and LiCoO; nanopowders were investigated
by HRTEM, FE-SEM, and EDX experiments, respectively (Figures 3 and 4). Figure 3a,b
show the low magnification bright field TEM image of Li;TiO3 and LiCoO, nanopowders
obtained the final calcination step, respectively. The low magnification TEM bright field
image displays well-dispersed and near-spherical shaped LTO particles (30-60 nm in size),
while LCO particles exhibit a hexagonal shape (50-80 nm in size). For both materials,
nanoparticles are homogeneously distributed. The corresponding selected area diffraction
pattern (SAED) pattern displays well-crystallized nanopowders, which are presented in
Figure 3c¢,d.

Figure 3. TEM images of (a) Li;TiO3, and (b) LiCoO,. SAED patterns of (c) Li, TiO3 and (d) LiCoO5.
HRTEM images of (e) Li;TiO3, and (f) LiCoO,.
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Figure 4. FE-SEM images of (a) Li;TiO3, and (b) LiCoO,; EDAX pattern of (c¢) Li;TiO3, and
(d) LiCoO5.

The HRTEM images of Li;TiO3 and LiCoO; are shown in Figure 3e.f, in which, the
d-spacing values of 0.47 nm for LTO can be indexed to the respective (002) plane, whereas
fringe width of 0.467 nm indicates the formation of single crystalline LCO. Thus, nanosized
particles for both the anode and cathode materials with quasi monodisperse distribution
favors good electrochemical performances by shortening the diffusion pathways, such as,
high-capacity retention and high rate-capability [39].

FE-SEM images of Li;TiO3 and LiCoO, shown in Figures 4a and 4b, respectively
confirm the size of nanocrystals estimated from Scherrer equation (L. < 100 nm) and display
a homogeneous distribution of both LTO and LCO particles synthesized by hydrothermal
method. No obvious aggregation was observed for both LTO and LCO nanopowders.

Note that the TEM and FE-SEM images shown in Figures 3 and 4 belong to the
final product, i.e., after calcination at 800 °C for LTO and 600 °C for LCO. Before high-
temperature sintering, the nanoparticles of both LTO and LCO were slightly agglomerated
after the first step of heat treatment at 60 °C. The sintering temperature for both electrode
materials was chosen to obtain almost the same particles size (around 50 nm). Thus, the
heating rate was carefully controlled to obtain such a particle size characteristic. The choice
of particle sizes in the 30-80 nm range was made for two reasons: (i) below 20 nm the
material has large specific surface area but low tap density, which reflects in low volumetric
energy density, and (ii) for bigger particle size than 80 nm, the ionic transport process is
less and the wetting surface with the electrolyte is reduced [44]. For example, the influence
of the LTO particle size on the diffusion coefficient of Li ions has been investigated by
Kavan et al. [45]. Studies of thin film LTO electrodes prepared with a particle size between
9nm and 1 um show that optimum performance was achieved with a specific surface area of
100 m? g~1, which corresponds to a particle size of approximately 20 nm.

The EDX spectra of the nanopowders, presented in Figure 4c,d, display majorly the
set of two elements (Ti, O) and (Co, O) which are fingerprints of Li;TiO3 and LiCoO5,
respectively. It is noteworthy that the lithium cannot be detected in the present spectrum
because of its low energy characteristic radiation [46]. The elemental composition analysis
gives the evidence that LTO contains Ti and O in the ratio 45.5:54.5 at.% (accuracy of
£0.5 at.%) and provides an elemental Co/O ratio of 35.5:64.5 at.% in LCO. These data
confirm results obtained by XRD and Raman analyses showing the good stoichiometry of
both LTO and LCO electrode materials.
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2.2. Brunauer—Emmett—Teller (BET) Analysis

The specific surface area (SSA) and pore size distribution of Li;TiO3 and LiCoO,
samples were characterized via N, adsorption—desorption isotherms. The N, adsorption—
desorption isotherm was conducted at 77 K in liquid nitrogen. Figure 5a,b demonstrate the
characteristic of the type-IV isotherm curve for both LTO and LCO with a distinct hysteresis
loop of type H3 in the relative pressure (P/Py) range from 0.7 to 1.0 and 0.8 to 1.0 under
the IUPAC classification, which can be induced by the capillary condensation taking place
within the abundant mesopores in the material. The BET specific surface area of the LTO
and LCO samples was calculated to be 22.35 and 35.74 m? g~ ! respectively. Furthermore,
the mesoporous nature of both samples was characterized by Barrette—Joyner-Halenda
(BJH) pore size distribution and data shown in Figure 5c,d. The BJH method demonstrated
that the LTO and LCO samples had a porous nature with a narrow distribution centered
at 17 and 25 nm and a wide distribution centered around 50 and 30 nm, respectively. The
calculated average pore diameter of LTO and LCO is 17.5 nm, 15.6 nm and pore volume
of 0.167, and 0.0981 cm® g~!, respectively. The mesoporous feature, large surface area,
and sufficient pore volume of both LTO and LCO samples support the conclusion that the
nanoscale particles not only shorten the diffusion paths for lithium ions but also allowed larger
buffering space to compensate the volume expansion during the charge-discharge reaction.
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Figure 5. (a,b) Nj adsorption—-desorption isotherms and (c,d) the corresponding BJH pore size
distribution of Li;TiO3 and LiCoO;, respectively.

2.3. Electrochemical Properties of Half-Cells

Electrochemical tests for both Pt/ /Li;TiO3 and Pt/ /LiCoO; aqueous half-cells were
performed by CV, GCD, and EIS experiments and by long-life cycling. Results are presented
in Figure 6a-h. CV curves carried out at sweep rate of 1 mV s~! in the potential range
0.0-1.0 V for LTO and 0.2-1.0 V for LCO are shown in Figures 6a and 6e, respectively. A
set of well-defined cathodic and anodic peaks was recorded for both electrodes. For LTO,
the CV peaks at 0.29 and 0.65 V correspond to the Ti** /Ti3* redox reaction, while the set
recorded at 0.52 and 0.61 V for LCO is due to the Co**/Co%* redox reaction. It has been
reported that during discharge, the number of Li* ions inserted into the interstitial sites
of the Lip,,TiO3 framework does not exceed x = 0.5, which implies a partial reduction of
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Ti** to Ti3* state [47]. Similarly, during anodic sweep, the oxidation peak of Li;.yCoOs is
located at 0.61 V implying the Li* ion extraction from the rhombohedral lattice. The peak
separation AE, = 0.36 V for LTO is much larger than that of 0.09 mV for LCO indicating the
slow kinetics in the monoclinic LTO nanostructure compared with the high Li* ion mobility
in the layered rhombohedral lattice of LCO. These results match well with earlier reports
for bulk materials [48,49].
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Figure 6. Electrochemical properties of (a—d) Li; TiO3/ /Pt half-cell and (e-h) LiCoO, / /Pt half-cell
in the potential range 0.0-0.1 V. (a,e) Cyclic voltammetry curves recorded at scan rate range of
1 mV s~1. (b,f) Galvanostatic charge-discharge (GCD) curves cycled at current rate of 0.5 C.
(c,g) Electrochemical impedance spectrum (1st and after 50th cycle) with equivalent circuit (In-
set). (d,h) Cyclability measured at current rate of 0.5 C for LTO (d) in the potential range 0.0-1.0 V vs.
Ag/AgCl and for LCO (h) in the potential range 0.2-1.0 V vs. Ag/AgCl.
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Figure 6f shows the GCD curves of LTO and LCO electrodes in the cutoff 0.0-1.0 V and
0.2-1.0 V vs. Ag/AgCl, respectively. The aqueous half-cells were charged and discharged
at a current rate of 0.5C (1C = 150 mA g~ ') at 25 °C. The S-shaped discharge—charge curve
indicates the formation of a non-stoichiometric single phase for Liy,,TiO3 (Figure 6b) and
the appearance of the pseudo-plateau at the potential of 0.6-0.7 V for LCO (Figure 6f)
infer the semiconductor-metal phase transition during the delithiation process [50]. This
GCD curve matches well with voltage profile of microsized LCO powders reported by
Wang et al. [23]. Lithiation of the monoclinic LTO electrode occurs with a lithium uptake of
x 2 0.5 corresponding to the specific capacity of 122 mAh g~ [47]. With an average particle
size of ~32 nm, the nanosized LTO can exhibit better electrochemical properties than that
of bulky material due to the shortening of the ion diffusion pathways. During lithiation,
Li, TiO3 shows good electronic conductivity on the nanoparticle surface because the mixed
Ti** /Ti%* valence state and an average discharge potential lower than that of LiyTi5O1, [51].
GCD results show that the Pt/ /Li, TiO3 and Pt/ /LiCoO, aqueous cells deliver an initial
specific discharge capacity of 133 and 142 mAh g~ !, respectively, at a current rate of 0.5C.
The electrochemical redox reactions occurring in half-cell can be expressed by:

Li, Ti** O3 + xLi* + xe~ 2 Lip, Ti* ) + O3, )

LiCoO; = Lij_xCoO, + xLi* + xe . 3)

EIS measurements were carried out to study the kinetics of Li* ions in electrode
materials. The EIS of the Li;TiO3 and LiCoO, electrodes (first cycle and after 50th cycle)
were tested in the frequency range from 1 Hz to 1 MHz under full load. The corresponding
Nyquist plots are shown in Figures 6¢ and 6g, respectively Nyquist plot is composed
of a depressed semicircle and an inclined line in the high- and low-frequency region,
respectively. At high frequency, the electrode/electrolyte resistance (R;) is obtained by the
intercept of the Z’ axis. The diameter of the depressed semicircle at medium frequency
region is attributed to the charge transfer resistance (Rct) corresponding to the solid-state
diffusion of Li* ions in the bulk of the active material, while the constant phase angle
element (CPE) includes the double layer capacitance [51]. The Rs and R values deduced
from data of Figure 6¢,g are 25 and 17 (2 and 110 and 73 ) for LTO and LCO electrodes,
respectively. At the 50th cycle, the charge transfer resistance value of the LTO and LCO
electrodes increased to 90 and 309 (), respectively. The increment in the R values of
both electrodes after cycling could be due to the formation of a resistive layer on the
electrode surface over long-time cycling. The unchanged slope in the low-frequency range
(Warburg contribution) after 50 cycles indicates an unaffected Li-ion diffusion process. The
solution resistance of the electrode in both LTO and LCO electrodes cases have marginally
(£1-2 Q) changed. The inclined line (~45°) in low-frequency region attributed to the
Warburg impedance contribution indicates a solid-state diffusion-controlled of Li* ions in
both electrode frameworks [52]. The cyclability of electrodes was investigated. Figure 6d,h
display the specific discharge capacity vs. cycle number. Both materials exhibit an excellent
stability over 50 cycles carried out at 0.5 C rate. The Li;TiO3 anode has a retention of
ca. 94% and a Coulombic efficiency of 98.25%, while the LiCoO, cathode retains 95% of
its initial capacity and a Coulombic efficiency of 99.89%. Thus, the energy density of the
aqueous-type half-cell calculated by integration of the GCD curve is 60 and 100 Wh kg !
for LTO and LCO, respectively.

2.4. Electrochemical Properties of the LTO/LCO Full-Cell

The performance of the Li;TiO3 anode coupled with a LiCoO, cathode has been tested
in a full-cell assembly using a 1 mol L~ saturated Li,SO4 aqueous solution as electrolyte
and an Ag/AgCl reference electrode. The LTO//LCO full-cell was cycled between 0.0 and
1.0 V at various current rates in the range from 0.5 to 5 C rate. Results obtained at 25 °C
are shown in Figure 7. As the overall performance of a Li-ion cell is majorly determined
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by the mass loading (m4, mc) of the electrodes, a ma /mc ratio of 1.1:1.0 was fixed for the
LTO/ /LCO full-cell.
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Figure 7. Electrochemical properties of a Li;TiO3//LiCoO, full cell with 1 mol L~ saturated
Li;SOy4 aqueous solution as electrolyte and Ag/AgCl reference electrode. (a) Cyclic voltammetry
curves. (b) Galvanostatic charge—discharge profiles carried out at various current rates from 0.5-5 C,
(c) Electrochemical impedance spectrum. (d) Cycling performance at current rate of 0.5 C in the
voltage range between 0.0 and 1.0 V.

Figure 7a shows the cyclic voltammogram of the LTO//LCO full-cell recorded at
a scan rate of 1 mV s~!. During anodic sweep, the well pronounced oxidation peak
occurring at 0.51 V is attributed to the simultaneous extraction of Li* ion from the LCO
cathode and insertion into LTO, in which Li ions occupy the LiTi; interlayer then in
plane of Li(1), Li(2) and forming Ti** and O?~ site vacancies with charge compensation
of Ti** /Ti3* [48]. During cathodic sweep, the reduction reaction at 0.36 V is assigned to
the reversible deinsertion of Li* ions from LTO and the intercalation in the vacant sites
of the layered LCO structure [53]. From the shape of the voltammogram, the close CV
peak values to those of LTO and the voltage separation AE, = 0.15 V, we can infer that the
LTO anode material is the limiting element from the view-point of Li* ion kinetics [54].
Similar trends were observed for complete Li-ion batteries with spinel Lis Ti5O1, anode [55].
In Liy TisO4,/ /LiFePOy4 and LiyTisOq2/ /LiCoO; full cells, the anode is the predominant
electrode for both thermodynamics and kinetics.

The galvanostatic charge-discharge curves of LTO/ /LCO full-cell recorded at various
current rates from 0.5 to 5C are shown in Figure 7b. The discharge profiles display a voltage
plateau at 0.65 V with the corresponding one at 0.75 V for the charge process. In these
conditions, the full-cell delivers specific discharge capacities in the range 145-115 mAh g !
(based on the mass of the LCO in the positive electrode). It is to be noted that both elec-
trodes are well balanced because the Lip,,TiO3 negative electrode accommodate additional
0.5 Li, whereas it is well-known that the Li;.4CoO; positive electrode is electrochemically
stable in the range 0 < x < 0.5 [32]. Moreover, it is noteworthy that the stable value of the
cell polarization with the increase of the discharge current is attributed to the high ionic
conductivity of Li* ion in both LCO and LTO host lattices. Finally, a comparison of the elec-
trochemical performance of LCO-based aqueous cells with other anodes is given in Table 1,
indicating that the hydrothermally synthesized LCO and LTO electrodes provide excellent
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electrochemical performances. Due to the lower value of the average potential of its anode
material, the LiCoO,/ /Li, TiO3 full-cell exhibits higher energy density than that of the
LiCoO;/ /LisTisOq; full-cell. It can be observed that the charge capacity is slightly lower
than the discharge capacity (GCD curves in Figure 7b). This can be explained in two ways.
(1) At low current rates, diffusion-controlled phenomenon caused asymmetry between
charge and discharge in the full cell. (2) Moreover, if any full cell has a high series resistance
or the electrodes do not have sufficient electronic conductivity then that cell shows less
charging capacity over discharge capacity. In this present study, Li;TiO3//LiCoO, full
cell, the electronic conductivity of anode (LTO) is very low (~10~!1 S cm~1) over electrical
conductivity of LCO (~5 x 1073 S cm™!). The poor electrical conductivity of anode is
the reason for less charging capacity. Note that LCO undergoes a semiconductor-metal
transition after Li extraction, which does not limit the rate capability of the cell.

Table 1. Comparison of the electrochemical performance of various LCO-based aqueous cells.
Number of cycles are given in parentheses.

Averaged Specific Capacit
Cell Electrolyte Cell Voltage P ( ?1 Y Ref.
mAh g—1)
V)
LiCo0O,//AC 1 M Li»SOy solution 0.6 126 @ 6 mA cm 2 [56]
LiCoO,/ /MogSg TFSI in water-in-salt 1.0 60 @ 0.5 C (20) [23]
LiCoO,/ /LisTi5sO1p Li(TFSI)x(BETT); _y salt 2.3 ~40 @ 10 C (200) [13]
LiCoO,/ /LigsMnyOy 1 M LiNO;3 0.8 105@1 C (25) [24]
LiCOO_415Ml’10.435Ni0_1502//C 6M LiNO3 1.0 64 @40 C (1) [57]
LiCoO,/ /LiTiy(PO4)3 1M Li,SOy4 (pH = 10) 0.7 130@1C (1) [18]
LiCoO,/ /LisTisO1p (PTFSI)(¢(TFSI)g.4-1.15H,O 22 ~75@ 0.2 C (100) [14]
LiCoO,//LiV30g saturated LiNO; 1.0 55@ 0.2 mA cm 2 (12) [58]
LiCoO,/ /LiyTiO3 1M Li;SOy4 (pH =~ 9) 0.7 135 @ 0.5 C (50) this work

The Nyquist plots of a full-cell (first cycle and after 50th cycle) are presented in
Figure 7c. This EIS results resemble to that of LTO with an R value of about 100 (2 for
the first cycle, which slightly increases to 113 ) after 50 cycles. The increment in the R
values of both electrodes after 50 cycles could be due to the formation of resistive layer on
the electrode surface over long-time cycling. On the other hand, the Warburg impedance
(straight line in the low-frequency range) does not change notably, which means that the
Li* ion diffusion coefficient remains almost the same over cycling.

Figure 7d presents the cyclability of the LTO//LCO full-cell charged-discharged at
current rate of 0.5 C over 50 cycles. The good electrochemical stability is depicted by the
capacity retention of 94% (decrease of the specific capacity from 145 to 137 mAh g~ ! after
50 cycles) and the Coulombic efficiency (n) of the full-cell (LTO and LCO half-cells) is
calculated using the following expression [59,60]:

n =t 100, @)
te
where t; and f. are the total discharge and total charge, respectively. The Coulombic
efficiency of a full-cell is found to remain almost constant at 99.7% over 50 cycles (Figure 7d).
The small capacity fade is majorly due to fast Li* ion migration in both electrodes. As the
anode and cathode in this cell have a layered-like structure, in which Li* ions move by
hopping from one octahedral Li site to another in the interplane between Co-O slabs of the
LiCoO, framework and by hopping in the direction perpendicular to the LiTi, layers in the
Li[Liy /3Tip /3]O; lattice [48], thus, the LTO and LCO electrodes in the full-cell contribute
equally to the electrochemical process. Hence, the above results demonstrate the good
performance of the LTO-LCO electrode couple in an aqueous electrochemical cell. Such
type of battery without flammable chemistry can boost the development of high-power
LIBs used in various applications.



Batteries 2022, 8, 149

13 0f 18

2.5. Post-Mortem Analyses of the LTO//LCO Full-Cell

Figure 8a,b show the post-mortem FE-SEM images of LTO and LCO after 50 cycles.
The cycled LTO anode (Figure 8a) displayed cracks with pores and some particulates
were spread on the surface demonstrating the increasing interfacial resistance. The cycled
LCO cathode (Figure 8b) depicted cracks with agglomerated particles. Some areas on the
electrode were seemed to be crashed after cycling, which can be caused by an increase in
the internal temperature. When comparing to LTO, the LCO cracks/crashed area indicates
that after Li*-ion intercalation/deintercalation the structural deformation of LCO is more
due to the formation of internal temperature along with high interfacial resistance over
anode (LTO is a zero-strain material). Figure 8c,d display the XRD patterns of both cycled
anode and cathode. For LTO anode (Figure 8c), it can be seen that after cycling, the peak
position and shape do not change significantly, but the intensity of the peak (002) decreases
from 671 to 420 and the full-width of the half-maximum intensity (FWHM) increases from
0.175 to 0.212 for LTO sample. Whereas the intensity of the peak (003) of LCO in Figure 8d
decreases from 2010 to 500 and the I(pg3)/I(104) decreases from 4.87 to 3.62. The full-width
of the half-maximum intensity (FWHM) increases from 0.170 to 0.271, which reflects the
deterioration of the structure. Note that these slight structural modifications do not seem
to affect the Li* extraction/insertion process any more since the battery capacity fade is
less than 0.1% per cycle. When compared to LCO cathode (see Figure 8d), the intensity
and FWHM have less change to be observed to LTO. It can be concluded that the capacity
fade of the LTO//LCO aqueous full-cell is mainly caused by an increase of the interfacial
resistances rather than a fatigue of electrodes [61].
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Figure 8. Post-mortem analyses of LTO and LCO electrodes. FE-SEM images after 50 cycles of
(a) LipTiO3 and (b) LiCoO;. X-ray diffraction patterns before and after cycling of (c) Li;TiO3 and
(d) LiCoOs,.

3. Materials and Methods
3.1. Synthesis of Li;TiO3

Lithium hydroxide (LiOH-H;O) and titania (anatase TiO;, purity: 99.8%, 25 nm,
Sigma-Aldrich, St. Louis, Missouri, USA) were used as Li and Ti precursors. In a typical
synthesis process, 0.16 mol LiOH-H,O aqueous solution was added to 0.54 mol TiO,
dissolved in deionized (DI); then the total mixture solution was kept at 80 mL. The total
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solution was subjected to stirring for 30 min, then the suspension was placed into a Teflon
lined autoclave (100 mL) and heated at 180 °C for 12 h. The autogenous saturation vapor
pressure of the solution in the autoclave was maintained without agitation during the
hydrothermal reaction. At the end, the precipitate was taken by centrifugation and washed
several times with a mixture of DI water and ethyl alcohol. The as-prepared powder was
dried at 60 °C for 5 h to get the white powder. Thereafter, the final product Li;TiO3 was
obtained after annealing the suspension at 800 °C for 3 h in a horizontal tube furnace under
an air atmosphere. The complete crystalline phase of Li;TiO3 can only be formed at 800 °C,
below this temperature it shows TiO, and Li,O as impurities.

3.2. Synthesis of LiCoO;

The nanocrystalline LiCoO, powder was prepared using cobalt acetate tetrahydrate
[Co(CH3COO0),-4H,0] and lithium nitrate (LiNOj3) as starting materials. The 0.5 mol
Co(CH3COQ),-4H,0 was dissolved in 50 mL deionized (DI) water and 0.5 mol LiNOj3
was subsequently added to the solution and subjected to vigorous stirring for 20 min. The
total mixture of the solution was transferred into a Teflon-lined autoclave (100 mL) and
subjected to heat treatment at 200 °C for 24 h. After the reaction, the precipitation was
separated by centrifugation then filtered, washed with DI water and ethyl alcohol. The
final product was dried at 60 °C for 3 h. Thereafter, the final suspension was annealed
at 600 °C for 3 h in a horizontal tube furnace under an air atmosphere to obtain LiCoO,
as the final product. At lower temperatures, LiCoO; is available in the cubic structure,
which is not electrochemically active and does not support the intercalation-deintercalation
process. At 600 °C, the LCO transformed into the rhombohedral structure, which is a highly
electrochemical active phase, in which accelerated /allowed lithium ions migration occurs
during intercalation/deintercalation processes.

3.3. Characterization

The crystal structure of samples was characterized by a powder X-ray diffraction (MPD
for bulk, 3 KW, PANalytical, Philips Korea, Seoul, Korea) equipped with a Cu K« radiation
source (A = 1.5406 A) filtered by Ni film. Diffractograms were collected in the 26 range
10-80° at a scan speed of 0.03 degree per second. The vibrational studies of the prepared
samples were characterized at room temperature by Raman scattering (RS) spectroscopy
using a spectrometer XploRA Plus HORIBA (Horiba Korea Ltd., Gyeonggi-Do, Korea)
equipped with an air-cooled frequency doubled HORIBA Scientific CCD detector and an
Ar-ion laser as an excitation source (532 nm line, power excitation source of 50 mW). RS
spectra were acquired in the range of 50-1000 cm ! with a spectral resolution of ~#1 cm 1.
X-ray photoelectron spectroscopy (XPS) spectra were collected using a K-Alpha-Thermo
Scientific spectrometer equipped with a monochromatized Al Ka X-ray source (1486.68 eV)
with a power of 150 W. Carbon pollutant C 1s with a binding energy of 284.60-284.80 eV was
used as a charge correction of the sample spectrum. The morphology and microstructure
of the samples were observed by a field emission scanning electron microscope (FE-SEM,
Hitachi S-4800, Hitachi Ltd, Tokyo, Japan)) and high-resolution transmission electron
microscope (HRTEM, model TECHNAI G2-30 S-twin D905, FEI Company, Hillsboro, OR,
USA). The compositional analysis was performed on the SEM equipped with Oxford INCA
energy dispersive X-ray spectroscopy (EDX). The specific surface area (SSA) was evaluated
by recording the nitrogen adsorption/desorption isotherms of the as-prepared samples.
Measurements were performed at a temperature of 77 K using a surface analyzer (3 Flex,
Micrometrics, Norcross, GA, USA). The specific surface area and the pore-size values
were calculated using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner—-Halenda
(BJH) methods.

3.4. Electrochemical Measurements

The electrochemical measurements were carried out by a conventional type aque-
ous three-electrode glass cell. The anode (LTO) or cathode (LCO) were working elec-
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trodes, platinum metal strip and Ag/AgCl electrodes were counter and reference elec-
trodes, respectively. The anode and cathode were prepared by a mixture of the active
LTO or LCO material with carbon acetylene black and polyvinylidene fluoride (PVDEF)
binder in the 80:10:10 weight ratio and dispersed in N-methyl-2pyrrolidone (NMP) solu-
tion. Then, the slurry was casted on the Ni foil current collector and dried at 100 °C for
3 h. The active mass loading of each electrode was 1.0~2.0 mg cm 2. The active area of
the working electrode is 1 cm?, equal area to the Pt counter-electrode. The electrolyte
employed in this work was a saturated 1 mol L~ Li,SO,4 aqueous solution. The electro-
chemical performances of the Li;TiO3, LiCoO, half-cells and the Li;TiO3//LiCoO, full-cell
were evaluated with an electrochemical analyzer (CHI 760E, CH Instruments Inc., Austin,
TX, USA). The galvanostatic charge-discharge tests were conducted in the voltage range
0.0-1.0 V for LTO anode half-cell and LTO/ /LCO full-cell, whereas potential cut off was
0.2-1.0 V for the LCO half-cell. The cyclic voltammetry (CV) measurements were carried
out at a scan rate of 1 mV s~! for all cells. The electrochemical impedance spectroscopy (EIS)
analyses were conducted between 1 Hz and 1 MHz with amplitude of 5 mV under 100%
state-of-charge (SOC). The weight ratio of LipTiO3 and LiCoO, in full-cell was carefully
balanced with loading of ~3 mg cm 2. The specific discharge capacity of the full cell was
calculated based on the weight of the limiting electrode. All the electrochemical tests were
conducted at the room temperature (25 °C).

4. Conclusions

In this study, the nanocrystalline Li; TiO3 (monoclinic phase) and LiCoO; (rhombohe-
dral phase) were successfully synthesized by hydrothermal method. The structural and
surface morphological properties show that nanostructured particles of size <100 nm are
homogeneously distributed. BET analyses evidence the high specific surface area (SSA)
of 22 and 35 m? g~! with an average pore diameter of 17.47, 15.57 nm for LTO and LCO
samples, respectively. The mesoporous nature of the sample is useful for the diffusion of
electrolyte ions to improve the kinetics of the material, while the pore diameter prevents
structural instability resulting in exemplary electrochemical performance. The electrochem-
ical properties of LTO and LCO nanopowders were carried out in aqueous half-cell using
saturated Li;SOy lithium salt as electrolyte. LTO anode and LCO cathode deliver specific
capacities of 133 and 142 mAh g~ ! retained at 94 and 95%, and a Coulombic efficiency
of 98.25% and 99.89%, respectively. The Li-ion full-cell assembled using these electrodes
delivered an initial specific capacity of 145 mAh g~! and retained 94% (135 mAh g~!) of
the initial capacity after 50 cycles at 0.5C rate with a Coulombic efficiency of 99.7%. Hence,
the rechargeable lithium battery with the configuration Li; TiO3/1 mol L~! Li;SOy in DI
water /LiCoO, can open the doors for high energy storage in green and safe technology. The
manufacture of such aqueous Li-ion batteries is a promising option for storing electricity
from renewable energies (stationary plant) and powering electric/hybrid vehicles.
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