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Rechargeable aqueous batteries are one of the most promising large-scale energy storage devices because
of their environment-friendly properties and high safety advantages without using flammable and
poisonous organic liquid electrolyte. In addition, rechargeable Zn-MnO, batteries have great potential
due to their low-cost resources as well as high energy density. However, dendritic growth of the zinc
anode hinders the exertion of cycling stability and rate capacity in an aqueous Zn-MnO, battery system.
Here we use an electrochemical deposition method to in situ form a three-dimensional (3D) zinc anode
on carbon fibers (CFs). This 3D Zn@CFs framework has lower charge transfer resistance with larger
electroactive areas. Batteries based on the 3D zinc framework anode and «-MnO, nanowire cathode
present enhanced rate capacity and long cycling stability, which is promising for utilization in other zinc
anode based aqueous batteries as an effective way to solve dendrite formation.

1. Introduction

Lithium ion batteries have been widely used as portable energy
storage devices with high energy density and long cycle
stability."® However, the growing concerns about high costs,
poor safety and earth-limited element resources of Li-ion
batteries have revived Li-free aqueous batteries, especially in
large-scale energy storage systems.** Among them, battery
reactions based on reversible insertion of Na*, K, Mg*" and
Zn** and hybrid ions in mild aqueous electrolyte have been
considered as promising alternatives, because of their high
safety, material abundance, non-flammability and environ-
mentally friendly properties.>'® In an aqueous system, the
narrow voltage window of water (1.23 V vs. SHE) restricts the
options of electrode material, especially for the anode mate-
rials. Among these, rechargeable aqueous Zn/MnO, batteries
are considered as one of the most attractive alternatives which
have been extensively studied for several years.****

Zn and Mn elements are all earth abundant with affordable
prices and can be largely utilized in an aqueous energy storage
system. Zn metal anode has an appropriate voltage potential
(-0.76  V wvs. SHE) and a high theoretical capacity
(825 mA h g™ ").** In the meantime, MnO, with a-, B- or amor-
phous phases is easily fabricated and the whole system is
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environment friendly.'*"” However, poor cycle life and the
growth of Zn dendrites’®?® hinder the development and
commercialization of rechargeable Zn-MnO, batteries. Primary
Zn dendrites can puncture the diaphragm, causing short
circuits. Lots of approaches have been proposed to optimize
these problems such as adding additives in the electrolyte to
modify the deposition behavior,”** coating a new protective
layer on the surface of Zn metal*®** or using Zn-alloy**?* to
improve conductivity and anti-corrosion property. Unfortu-
nately, most of the improvements are either expensive or hard
to maintain a long lifespan during cell cycling.

Here, a composited Zn anode is introduced by constant
voltage (—1.4 V vs. SHE) electrodepositing zinc on three-
dimensional (3D) carbon fibers (CFs) to solve dendrite growth

Charge I | Discharge
e | | e
o
9 Y o
()
Mn2* In O Zn?*
o L = v
Zn@CFs “ $ l 9 (* ) 9 ° alpha-MnO,
Anode Ny . Cathode
| ] L J
S 2-
I SO,
3D Carbon fiber

Stainless Steel Mesh

Substrate Current Collector
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issues in a Zn-MnO, battery system during cycling. The
Zn@CFs core-shell structure provides zinc anode with larger
electrochemical reaction area®® and can withstand the inside
strain and stress during Zn plating or stripping process. By
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combining this 3D dendrite-free Zn anode with the a-MnO,
nanofiber cathode, an aqueous full cell (Fig. 1) with excellent
electrochemical performance is fabricated with ultra-stable
cycling performance and no dendrite growth was found even
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Fig. 2 Characterizations of Zn@CFs composite anode. (a) XRD patterns of Zn@CFs and pristine carbon fiber substrate. (b) XPS spectrum of the
as-prepared Zn@CFs anode. (c and d) SEM images of pristine carbon fiber substrate and Zn@CFs anode, the image inside (d) is a cross-view of
Zn@CFs anode. (e and f) Mapping image and EDS test of the as-prepared Zn@CFs anode, Zn element was marked in red (e).
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after 140 cycles at a cycling current density of 308 mA cm 2. This
study also provides insights to reconcile the demands for both
dendrite-free structure modification engineering and good
cycling stability faced in the practical use of the aqueous
rechargeable Zn/MnO, energy storage system.**

2. Experimental
2.1 Material synthesis

Preparation of the 3D flexible Zn@CFs anode: as schematically
shown in Fig. s1,f the electrodeposition process was carried
out in a three-electrode glass cell consists of a hydrophilic
carbon clothes (350 pum thick, Shanghai Hesen, 99%) as
working electrode, a Pt foil (Alfa, 99%) as counter electrode,
a SCE as the reference electrode.*® The electrodeposition
voltage was under —1.4 V (vs. SCE) for 0.5 h. The a-MnO,
nanofibers cathode was synthesized through a hydrothermal
method.*® Briefly, 0.003 M MnSO,-H,O0, 2 ml 0.5 M H,SO, and
20 ml 0.1 M KMnO, were in order added to 90 ml deionized
water and then transferred to a Teflon-lined autoclave and
heated at 120 °C for 12 h. The mass load of the cathode
material was about 2 mg cm™ > and the deposition amount of
Zn was about 7.85 mA h cm ™2 (see ESI, Fig. s2 and s3t). Then,
the as-prepared electrodes and the Whatman glass fiber
separator were used to fabricate a Zn-MnO, battery.

2.2 Materials characterizations

The scanning electron microscopy images and corresponding
Energy Dispersive Spectrometer (EDS) and mapping images
were obtained by JEOL 6701F. X-ray photoelectron spectroscopy
(XPS) and X-ray diffraction (XRD) patterns were recorded by the
ESCALab 250Xi spectrometer and Rigaku D/max-2500 diffrac-
tometer, respectively. The High Resolution Transmission Elec-
tron Microscopy (HRTEM) images were examined on the JEM
2100F at an accelerating voltage of 200 kV. The Brunauer-
Emmett-Teller (BET) surface area was measured by nitrogen
adsorption-desorption using a Quantachrome Autosorb-IQ MP.
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2.3 Electrochemical characterization

Zn@CFs plating or stripping test was conducted by assembling
a symmetric battery based on Zn foil as the counter/reference
electrode, Zn@CFs as the working electrode. As a contrast
experiment, the same amount of Zn (7.85 mA h cm %) was
deposited on a 2D stainless steel current collector as work elec-
trode and then assembled in the same way to testify the superior
cycling stability of this 3D composite structure, this control
sample was named as Zn@SS. The cycling stability was measured
at a current of 1 mA cm ™2 for 1 h between each plating or strip-
ping stage. CR2032-type coin full cell was assembled with
Zn@CFs anode, glass fiber separator and o-MnO, nanowire
cathode. The electrolyte used in this work was a mixture of 2 M
ZnSO, and 0.1 M MnSO, in H,O solution at a pH of 5-6. The
capacity evaluation of the full cell was based on the load of
cathode mass. Active materials (¢-MnO, nanowire) : conductive
additive (Super P) : polytetrafluoroethylene (PTFE) were mixed in
arate of 7 : 2 : 1 to form a slurry with ethanol solution and rolled
onto the stainless-steel current collector to make a cathode elec-
trode. Cyclic voltammetry (CV) was performed by a Princeton
electrochemical work station (ParSTAT MC). Galvanostatic tests
were measured by using LAND cycler (Kingnuo Electronic Co.,
China) at room temperature.

=3
b=
el

tage (V)
o

.05.
100 Time(h) 120

1

Zn@CFs

I

100 150

Time (h)

Fig. 4 Voltage profile of Zn@CFs|Zn symmetric cell (black line) and
Zn@SS|Zn symmetric cell (blue line) in plating/stripping process.
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Fig. 3 N, adsorption/desorption isotherms of (a) pristine carbon fiber substrate and (b) the as-prepared Zn@CFs composite anode.
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3. Results and discussion
3.1 Zn@CFs composite anode characterization

To characterize the structure of the obtained electrodes, XRD
tests were performed. The patterns (Fig. 2a) of the as-prepared
Zn@CFs showed that all the main peaks match with metal
zinc's base peak (JCPSD: 04-0831). After deposition, carbon fibers'
peaks were weakened or disappeared which indicate that
a uniform deposition layer on the surface of 3D carbon fiber
framework was achieved. Also, XPS spectrum (Fig. 2b) shows that
two peaks at 1021.75 eV (Zn 2P, ;) and 1044.7 eV (Zn 2P;;,) were
detected which were attributed to the signal of pure Zn metal. The
morphology changes before and after deposition process were
observed by SEM. Before deposition, the surface of carbon fiber
was smooth and flat (Fig. 2c), after constant voltage deposition,
a uniform Zn metal layer with a rough surface (Fig. 2d) was in situ
coated on the carbon fibers. The thickness of compactly depos-
ited Zn metal layer was about 2 pm (Fig. 2d, inner image). The
mapping image (Fig. 2e) of deposited zinc was marked in red
which showed that a large-scale uniform deposition of Zn on the
carbon-fiber substrate. The EDS result (Fig. 2f) was well-indexed
with XRD and XPS results that the one and only peak of Zn
(100%) was detected on the surface of Zn@CFs.
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The BET isotherms of N, adsorption and desorption were
conducted at 77 K before and after Zn deposition (Fig. 3a and b).
Compared with one dimensional commercialized Zn plate with
a negligible active area (1.12 x 10~® m? g~ '), the determined
specific surface area of pristine 3D carbon fiber framework was
121.2 m” g~ " which provide dramatically enlarged electroactive
area that can lower charge transfer resistance. After deposition,
the determined specific surface area of as-prepared Zn@CFs
was slightly decreased to 91.3 m? g~ * but still much higher than
commercialized Zn plate. The unique composite anode design
combined high electroactive area with high conductive skel-
eton, which lay the foundation for an effective electrochemical
performance.

Zn®@CFs plating or stripping test was conducted by assem-
bling a symmetric battery based on Zn foil as the counter/
reference electrode, Zn@CFs as working electrode. As
a contrast experiment, the same amount of Zn (7.85 mA h cm™?)
was deposited on a 2D stainless steel current collector (Zn@sSS)
as work electrode and then assemble in the same way to testify
the superior cycling stability of this 3D composite structure. The
cycling stability was measured at a current of 1 mAcm > for 1 h
between each plating or stripping stage. The galvanostatic
plating/stripping of Zn@CFs anode (Fig. 4) showed that an

Fig. 5 Characterizations of a-MnO, nanowire cathode. (a) XRD patterns of the as-prepared a-MnO,, (b) SEM image, (c) TEM image and (d)

magnified TEM image.
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ultra-low potential fluctuation (less than 30 mV) exhibit which
prove the superior electrochemical stability of this novel
designed 3D framework. However, without the use 3D conduc-
tive framework, a symmetric battery based on 2D stainless steel
substrate show huge unsteadiness and drastic fluctuations
during plating/stripping process.

3.2 o-MnO, nanowire cathode characterization

The crystalline phase of as-prepared o-MnO, nanowire was
shown in (Fig. 5a) which fully complexed with the base peak
o-MnO, (JCPDS: 44-0141). The length of the a-MnO, nanowire
was a few micrometres which was observed by SEM (Fig. 5b).
TEM image of a-MnO, nanofibers was shown in Fig. 5c with
a homogeneous one-dimensional (1D) nanofibre structure and
a diameter of 20 nm, lattice fringes along the (220) planes was
shown in Fig. 5d, which revealed that the as-prepared «-MnO,
was highly crystalline.?*

3.3 Zn@CFs anode|a-MnO,, cathode full cell
characterization

To further ascertain the superiority in liberating the electro-
chemical property and cycling stability of this Zn@CFs anode,
a full aqueous battery with a-MnO, nanofiber cathode in a mild
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aqueous electrolyte was assembled. The capacity evaluation of
the full cell was based on the load of cathode mass and the
theoretical capacity of o-MnO, was 308 mA h g~ (1C). The
operational voltage window of the system was evaluated by
voltammetry at 0.5 mV s~ in Fig. 6a, which two pairs of redox
peaks are consistent with the two plateaux in the charge/
discharge curves in Fig. 6b. Decent capacities of 275.2, 248.2,
182.0 mA h g~" were delivered for the full cells at different
current rates of 1/3C, 1C and 2C, respectively. Even at a high rate
of 5C, a discharge capacity of 119.3 mA h g~ was obtained,
which showed an excellent rate capability of this system. For the
long-term cycling performance (Fig. 6¢) at a rate of 1C, the
initial discharge capacity was 239.4 mA h g~' and after 140
cycles, the corresponding capacity retention was 86.8%. This
high-rate performance could be ascribed to the stabilization
and excellent kinetics 3D anode framework design with lower
charge transfer resistance and larger electroactive areas. The
comparison of the electrical performance of the as-obtained
Zn@CFs/MnO, aqueous battery with previous reported Zn**
ion aqueous battery systems was listed on Table S1.7

The morphology changes of a commercialized zinc plate anode
before and after cycling test were shown in (Fig. s4a and b¥).
During the cycling process, Zn dendrite was formed because of
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Fig. 6 (a) CV scanning profile at 0.5 mV s~*

performances of Zn@CFs|a-MnO, full cell at 1C rate.
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(b) galvanostatic discharging/charging profiles at 1/3, 1, 2, 5C rate, respectively. (c) Cycling
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uneven deposition and increasing irreversible side-reactions
during the charging-discharging processes, which led to battery
failures. This result confirmed that Zn@CFs anode reconciled the
stability with excellent electrical performance. The structure
stability of this 3D framework electrode was tested by comparing
the morphology Zn@CFs before and after cycling test. Through
SEM images (Fig. s4c and dt), it can be seen that even after 140
cycles at 1C, the compact 3D structure remained and Zn still
preferentially deposited on the surface of CFs without any struc-
ture collapse or dendrite growth.

4. Conclusion

In conclusion, we have proposed a novel three-dimensional
structure of zinc anode through constant voltage electrodepo-
sition method on a conductive carbon skeleton, which offers
lower charge transfer resistance and larger electroactive areas in
suppressing zinc dendritic growth. Full batteries based on this
3D Zn®@CFs anode and a-MnO, exhibit an excellent rate capa-
bility and a long-term cycling stability at high rates. This design
strategy will inspire a deep comprehension of integral structure
of Zn-based aqueous battery for other aqueous large-scale
energy storage systems.
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