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1. Introduction

In recent years, many researchers are paying
attention to the zinc ion battery (ZIB) for practical
large-scale energy storage applications [1-4], because
of abundant Zn source, low-cost, eco-friendly, etc.
Zinc metal has low potential (-0.76 V vs. SHE), which
is very suitable for the application of the anode in
aqueous batteries. In addition, the high theoretical
capacity (820 mA h g') of Zn would be also good
candidate for the lithium ion battery [1]. However, the
poor cycle life and the inferior discharge performance
usually hinder the ZIBs practical application [5],
which is mainly caused by the growth of zinc dendrites
during the charging-discharging process. Therefore, it
is the important issue to solve the dendrite formation
for ZIBs. Many researchers have proposed several
methods to solve formation of Zn dendrite, such as
modifying  electrolyte  formulation, additives,
protective layer [6-13]. The additive used to inhibit the
Zn dendrite is expensive and not cheap. Most of these
protective layer approaches are still needed many
steps to synthesis. Furthermore, the design of novel
nanostructured anodes (e.g., 3D Zn oxide) were also
developed to suppress the Zn dendrite growth [14-16].
However, the dendrite formation is still occurred
during the cycling process and limits the ZIBs
practical application. Therefore, the Zn dendrite
suppression is still challenge for the practical
applications of ZIBs.

Herein, the nano TiO; particles incorporated into
Zn coatings (Zn/TiO,) were applied on the Zn anode

Researchers are paying more attention to Zinc ion battery (ZIB) because of the
environment-friendly and low cost. However, the dendrite growth during cycling of
Zn anode is still limited its long-term stability. Therefore, we report the
electrodeposition of nano TiO; into Zn coatings and apply this composite coating for
the anode materials of ZIBs. The Zn coatings and Zn/TiO, composite coatings in the
electrolyte have been deposited on the stainless-steel foil and applied as the battery
electrode. The plating/stripping testing in the symmetric cell demonstrate that the
incorporation of TiO; into Zn coatings can decrease the overpotential between plating
and stripping curves. In addition, nano flower MnO; as the cathode was synthesized
by using hydrothermal method. The galvanostatic charge-discharge tests reveal that
the Zn/TiO,//MnO, aqueous batteries exhibit the higher rate ability and cycle
performance than those of Zn//MnO, batteries.

by co-electrodeposition method. The effect of TiO on
the microstructure was observed by scanning electron
microscope (SEM). The symmetric Zn//Zn and
Zn/Ti0y//Zn/TiO; cells were performed to evaluate
the plating-stripping behavior. Furthermore, the full
cells of Zn/MnO, and Zn/TiO»/MnO, were
fabricated to exam the battery performance for ZIBs.

2. Experimental

The Zn and Zn/TiO; coatings were fabricated by
using facile electrodeposition method as shown in
Figurel. The 500 ml beaker was used for the
electroplating bath. Two-electrode cell with stainless
steel foil (50*50mm, thickness 20 um) as cathode and
carbon steel plate as anode was applied for this work.
The distance between two electrodes was 40 mm. The
mixture solution of 125 gL' of ZnSO47H,0O
(CARLOERBA), 125 g-L"! of Na,SO4 (CARLOERBA),
and 20 gL' of boric acid (CARLOERBA) was
applied for the pure Zn coatings. The Zn/TiO, coatings
were prepared in the Zn coatings electrolyte with 10
g'L! of TiO, nanoparticles (25 nm, P25, Degussa)
suspension. Before deposition, the stainless steel was
etched in 14% HCI (CARLOERBA) and cleaned in
the acetone and DI water with sonication. Both Zn and
Zn/TiO; coatings were synthesized at the current
density of 0.02 A cm? for 1h.

The MnO, was synthesized by using a hydrothermal
method [17]. In brief, the 1.98 g of KMnO4
(CARLOERBA) was dissolved in 60 mL DI water
(solution A), 0.336 g of MnSO4-H,O (CARLOERBA)
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was dissolved in another 20 mL DI water (solution B).
Then, the solution B was slowly added to the solution
A, and stirred for 30 min. The obtained mixture was
added into a 100 mL Teflon hydrothermal reactor and
heated to 160 °C for 24 h in an oil bath. The final
products were collected and washed, then dried at
80°C for overnight.

Power supply

Figure 1. The electrodeposition setup.

Carbon steel Sample

The as-deposited coatings were studied by
scanning electron microscope (SEM) on Hitachi
S4800 to observe the surface morphology, and the
phase was analyzed by X-ray diffraction (XRD)
Rigaku D/MAX-Rb with Cu Ko radiation. The
symmetric and full cells were assembled in a coin cells
(CR2032) to test the plating/stripping and charging/
discharging performance. The Zn and Zn/TiO;
electrodes were punched with diameter of 14 mm. To
exam the plating and stripping behavior, the Zn//Zn
and Zn/Ti0,//Zn/TiO; cells were fabricated with glass
fiber as separator, and the mixture solution of 2 M
ZnSO47H,0 and 0.1 M MnSO4 was applied as
electrolyte. The galvanostatic charge-discharge
(GCD) cycling was carried out in the Neware
(Shenzhen, China) battery system. The testing
parameters are the constant current density of 0.5 mA
cm? for 30 min during each charge and discharge step.

10 pm
15kU %1, 000 .

To exam the ZIBs properties of the Zn//MnO, and
Zn/Ti02//MnO;, cells, galvanostatic charge-discharge
(GCD) method was used at various current density of
50, 100, 200, 500, 1000 mA g! in the voltage window
0f 0.6-1.7 V. The cathode was prepared by 70 wt.% of
MnQO,, 20 wt.% of acetylene back, and 10 wt.%
polyvinylidene (PVDF) in the N-methyl-2-
pyrrolidone solvent. The slurry was cast onto a
graphite paper, then dried at 80°C for 12 h under
vacuum. The full cells were assembled with Zn and
Zn/TiO; coatings as anode, MnO; cathode and glass
fiber separator.

3. Results and discussion

The Zn and Zn/TiO, coatings can be successfully
deposited. Figure 2 shows the SEM images of Zn
coatings and Zn/TiO, coatings. The morphology
differences of pure Zn coatings and the Zn coatings
with incorporation of TiO, nanoparticles can be
clearly observed in the Figure 2(a-d). The Zn coating
(Figure 2(a)) exhibits large granular, big gap, and
coarse surface, the large magnification image (Figure
2(b)) further reveals that the sharp needles grow on the
surface of granular. The gray spots in the SEM images
(Figure 2(c, d)) indicate that the TiO, particles could
be inserted into the Zn coatings with the suspension of
TiO; nanoparticles in the electrolyte of Zn coatings.
Furthermore, the introduced TiO, nanoparticles can
also make the Zn coatings smooth and compact,
inhibit the formation of sharp needles. The suspension
of nanoparticles in the electrolyte can lead to the
increasing in the number of crystal nucleation, slow
the growth of crystalline grain and reduce the grain
size. Therefore, the incorporation of TiO;
nanoparticles can significantly fine the granular size,
obtain the smooth surface, and generate the compact
morphology (Figure 2).

10 pm
{1, 886 -

Figure 2. SEM images of Zn coatings (a, b) and Zn-TiO2 composite coatings (c, d).
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The magnified observation of Zn/TiO, coatings
(Figure 2(d)) shows the compact, smooth, and small
granular size of Zn coatings. During the co-
electrodeposition, the TiO; nanoparticles would be
adsorbed onto the surface of Zn coatings, which will
reduce the coating surface area and provide higher
current density in comparison with pure Zn
electrodeposition. The higher current density can
contribute to the large cathode over-potential, which
can increase the crystalline nucleus formation
probability [18]. Therefore, the introduced TiO,
nanoparticles could decrease the grain size of
deposition, resulting the small granular size, smooth
surface and compact coatings.

The XRD was also applied to confirm the deposits
of Zn and Zn/TiO; coatings as shown in Figure 3. Both
diffraction patterns can be indexed to the Zn (JCPDS
No. 99-0090), and TiO, (JCPDS No. 99-0110) can be
also detected in the Zn-TiO; coatings. Thus, both SEM
and XRD can demonstrate that the Zn and Zn/TiO,
coatings can be successfully deposited by using
electrodeposition method.
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Figure 3. XRD patterns of Zn and Zn-TiO; coatings.

Zn plating/stripping performances of Zn//Zn and
Zn/Ti0,//Zn/Ti0; electrodes were performed by GCD
method in a symmetric 2032 cell. At current density of
0.5 mA cm?, the plating/stripping processes of Zn//Zn
and Zn/TiO,//Zn/TiO; are shown in Figure 4. The
results demonstrate that both Zn//Zn and Zn/TiO//
Zn/TiO; can operate steadily over 500 cycles without
the short circuit. However, the incorporation of TiO,
nanoparticles can reduce the overpotential between
plating and stripping curves (Figure 4(a, b)). During
the cycling, the Zn/TiO,//Zn/TiO; cells can show
much more flat voltage plateau than those of Zn//Zn
cells, while the overpotential between plating and
stripping of Zn//Zn cells slightly increases.

According to the characterized results, the
schematic of the plating/stripping can be proposed as
shown in Figure 5. Without the TiO, nanoparticles, the
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gaps around the granular boundaries and sharp needle
can be observed on the surface of Zn coatings (Figure
5(a)), while the compact and smooth surface can be
obtained for the Zn/TiO, coatings (Figure 5(b)).
During the plating/stripping process, Zn will be
stripped and dissolved into the electrolyte, then plated
back onto the Zn electrode. The Zn dendrite is
generated during the dissolved Zn cations coating
back onto Zn electrode with the applied current.
Because the Zn coatings have many defects such as
sharp edges, coarse surface, and big gaps around the
granular boundaries, the distribution of current will be
not uniform on the coarse surface of Zn coatings. The
sharp points with high current area tend to deposit
faster and much coarse than other flat area, resulting
in the dendrite formation on the Zn coatings electrode
(Figure 5(c)). While the Zn/TiO, coatings exhibit a
compact and smooth surface, the current distribution
would be uniform and then can keep flat surface
during the cycle process (Figure 5(d)). To confirm this
proposed mechanism, the morphology of electrode
after plating/stripping was observed by using SEM
(Figure 5(e,f)). For the Zn electrode, the dendrite can
be clearly seen (Figure 5(e)), while the Zn/TiO,
electrode still exhibit the smooth and compact surface.
The results further demonstrate that the addition of
TiO, can effectively suppress the formation of
dendrite during plating/stripping. This can make the
Zn/TiO; as the potential anode materials for ZIBs.

To exam the practical application of our strategy,
the full ZIBs prototype was assembled. In this work,
the Zn//MnO, and Zn/TiO2//MnO, 2032-coin cells
were fabricated using a MnO, as cathode materials.
The MnO; can be synthesized by using hydrothermal
method, which can be determined by XRD and SEM
(Figure 6). XRD patterns (Figure 6(a)) of the
synthesized MnO, can match well with the MnO,
(JCPDS No. 00-050-0866). SEM was also carried out
to study the morphology of the synthesized MnO; as
shown in Figure 6(b), which demonstrates that the
nanoflower cluster microstructures MnO, can be
obtained. The nanoflower cluster with diameter of
~400 nm can be constructed by the nanosheet with the
thickness~5 nm. The obtained nanoflower cluster with
many pores among the nanosheets can improve the
contact area between the electrode materials and
electrolyte and result the fast ion transfer in the
charge/discharge process [19].

GCD measurements were charged/discharged in
the electrolyte (mixture solution of 2 M ZnSO4 and 0.1
M MnSOs) to evaluate the full cell performance at
different current densities (Figure 7). To suppress the
dissolution of Mn?* from the cathode, MnSO4 additive
was also added in the electrolyte [20]. The GCD
results show that the charge/discharge efficiency of
Zn/Ti02//MnO; cells rapidly rise to ~100%, and it can
keep almost constant at all current densities. While the
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charge/discharge efficiency of Zn//MnO, cells can
only reach up to ~98% for various current densities.
The Zn/Ti0,//MnO, ZIBs can obtain capacities of
168,131, 115,78, 49 mAh-g™! under current density of
50, 100, 200, 500, and 1000 mA-g’, respectively
(Figure 7(a)). In comparison, the Zn//MnO; batteries
only provide capacities of 110, 89, 67, 38, 15 mAh-g"!
under current density of 50, 100, 200, 500, and 1000
mA-g’!, respectively (Figure 7(b)). In comparison
with the pure Zn anode, the GCD results demonstrate
that the induced TiO; nanoparticles can significantly
improve the capacities about 52%, 47%, 72%, 105%,
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and 227% at current density of 50, 100, 200, 500, and
1000 mA-g!, respectively. The rate capability of
Zn/Ti0,//MnO; is significantly higher than those of
Zn//MnQO, batteries, as shown in Figure 7(a,b).
Moreover, when the rate switched back to 200 mA-g’!,
the capacity 100 mAh-g' can be recovered.

The cycle stability was also examined as shown in
Figure 7(c,d), after 50 charging and discharging
cycles, the capacity retention is about 83% for the
Zn/TiO,2//MnO; batteries (Figure 7(c)), while the
capacity retention is only 62% for the Zn/MnO2
batteries (Figure 7(d)).
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0.00 4
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T T T 1
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Timeh)
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Figure 4. Plating/stripping performance of Zn//Zn and Zn-TiO,//Zn-TiO, symmetric cells at a current density of

0.5 mA cm™.
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Figure 5. The schematic of as-deposited Zn (a) and Zn-TiO» (b) and after plating/stripping of Zn (c) and Zn-TiO,

(d).
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Figure 6. XRD pattern of synthesized MnO, (a) and SEM image (b).
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Figure 7. Rate capability at different current densities and Coulombic efficiency for Zn-TiO,//MnO; (a) and
Zn//MnO; (b). Cycle capability and Coulombic efficiency for Zn-TiO»//MnO; (a) and Zn//MnO, for 50 cycles.

4. Conclusions

In this work, one facile electrodeposition method
of synthesizing inexpensive Zn/TiO; composite
coatings has been introduced. The incorporation of
TiO; into Zn coatings can improve the plating/
stripping performance of symmetric Zn//Zn cells,
which can decrease the overpotential between plating
and stripping curves. In addition, the nano flower
MnO, was synthesized by using hydrothermal method
and applied as the cathode, the Zn/TiO»/MnO,
aqueous batteries were constructed for the first time.

J. Met. Mater. Miner. 29(4). 2019

In comparison with Zn//MnO; batteries, Zn/TiO//
MnO; aqueous exhibit high specific capacity, high rate
ability, and better cycle performance. This novel and
facile design could be possible applied for the future
practical applications, and thus further studies are
needed.
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