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Graphene Scroll-Coated a-MnO, Nanowires as High-
Performance Cathode Materials for Aqueous Zn-lon Battery

Buke Wu, Guobin Zhang, Mengyu Yan,* Tengfei Xiong, Pan He, Liang He, Xu Xu,

and Ligiang Mai*

The development of manganese dioxide as the cathode for aqueous Zn-ion
battery (ZIB) is limited by the rapid capacity fading and material dissolution.
Here, a highly reversible aqueous ZIB using graphene scroll-coated a-MnO, as
the cathode is proposed. The graphene scroll is uniformly coated on the MnO,
nanowire with an average width of 5 nm, which increases the electrical conduc-
tivity of the MnO, nanowire and relieves the dissolution of the cathode material
during cycling. An energy density of 406.6 Wh kg™' (382.2mAhg')at03Ag™
can be reached, which is the highest specific energy value among all the
cathode materials for aqueous Zn-ion battery so far, and good long-term cycling
stability with 94% capacity retention after 3000 cycles at 3 A g™ are achieved.
Meanwhile, a two-step intercalation mechanism that Zn ions first insert into
the layers and then the tunnels of MnO, framework is proved by in situ X-ray
diffraction, galvanostatic intermittent titration technique, and X-ray photoelec-
tron spectroscopy characterizations. The graphene scroll-coated metallic oxide

and long cycling life. However, the poten-
tial safety problems, pollution concerns,
high cost, and limited lithium resources
are still the critical challenges.l?l Recently,
aqueous Zn-ion battery (ZIB) becomes
a hot research area. On the one hand, Zn
metal has a remarkable theoretical capacity
(819 mA h g!) and is easy to obtain, trans-
port, and store.’l On the other hand, com-
pared with organic electrolytes, aqueous
electrolytes are much safer and cheaper.
Despite many merits of ZIB, it is still dif
ficult to find proper cathode material as the
host for storage of Zn ions. Previous studies
focused on the Prussian blue, but it delivered
a relatively low capacity of 50 mA h g 1.5
Vanadium-based materials, such as V,05,[°

strategy can also bring intensive interests for other energy storage systems.

1. Introduction

With the outbreak of the industrial revolution nowadays, the
energy industry is facing unprecedented challenges of devel-
oping high-performance energy storage system with long life,
low cost, and environmental friendliness demanded by the
human society.'! Throughout the entire energy storage technol-
ogies, lithium ion batteries have dominated the global energy
storage market for a long time due to their high energy density
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Zn,,5V,0s,7! and VS, are another series
of potential candidates as cathode material
for aqueous ZIB due to their considerable
capacity and good cycling stability, but still limited by low oper-
ating voltage.

Manganese dioxide shows both decent theoretical capacity and
considerable theoretical voltage versus Zn, but its development is
hindered by the rapid capacity fading, caused by the dissolution of
MnO, in the electrolyte, as well as the irreversible byproducts.’}
Alkaline electrolytes and mild electrolytes containing Zn?**
are commonly used in Zn/MnO, cells.'% Recently Liu and
co-workers presented an aqueous electrolyte with MnSO, addi-
tive which could prevent the dissolution of Mn?* from Mn?" dis-
proportion and reduce the accumulation of the byproducts from
both cathode and anode. As a result, the cycling performance of
the aqueous Zn/MnO, battery was greatly improved.(!!

Some other methods are also applied to improve the elec-
trochemical performances of aqueous Zn/MnO, battery. For
example, carbon-based materials, especially graphene, are
widely used to improve the electrical conductivity of MnO,
cathode materials.'l For instance, Hu et al. successfully assem-
bled single nanowire device based on MnO, and reduced gra-
phene oxide (rGO), and the electrical conductivity of MnO,
nanowire (MNW) was greatly improved.'?"! But the reaction
mechanism of MnO, cathode and Zn anode is still unclear.
Some researchers demonstrated that the insertion products
like Zn,Mn,0,*l ZnMn,0,,*% and Zn-buserite formed by
insertion/extraction of Zn ions into/from MnO, framework.[¥]
However, the conversion reaction between MnO, and MnOOH
was also discussed in recent studies. So, a more comprehensive
reaction mechanism remains to be revealed in this system.['!]
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Herein, we demonstrate a highly reversible aqueous ZIB using
0-MnO,/graphene scrolls (MGS) as the cathode material. The
rGO scrolls reduce the dissolution of the MnO, during cycling.
The cathode delivers a prominent capacity (362.2 mA h g!
at a current density of 0.3 A g), long-term cyclability
(87.4 mA h g! after 800 cycles at an extremely high current den-
sity of 7 A g1, 145.3 mA h g at 3 A g}), and superior rate capa-
bility compared with bare MNW. Moreover, the electrochemical
reaction mechanism of MGS electrode is further investigated
and a two-step intercalation mechanism is elucidated and proved
by in situ X-ray diffraction (XRD), galvanostatic intermittent
titration technique (GITT), and X-ray photoelectron spectroscopy
(XPS) characterizations.

2. Results and Discussion

The schematic of synthesis process of MGS is shown in Figure 1.
Briefly, MnSO,-H,0 and KMnO, were dissolved in deionized
(DI) water to obtain the manganese oxide precursor with uni-
form grain size. Reduced graphene oxide suspension was then
added, and after ultrasonication and stirring, the manganese
oxide precursor was attached to the surface of rGO sheets by
the hydrogen bonds between MnOg octahedrons and functional
groups on the surface of rGO sheets.'”] Then the suspension
was sealed into a Teflon-lined autoclave for hydrothermal reac-
tion. According to previous study,'® the pH value is an impor-
tant issue in controlling the phase of the MnO,. When the pH
value of reaction solution changed to 2, the MnO,~ oxidation
ability is increased in the acidic condition, and the K* becomes
the support of the 2 x 2 tunnel structure, because of the large
size of K* cation with the effective hydrated radius of 137 pm,
which leads to the creation of a-MnO, successfully. From scan-
ning electron microscopy (SEM) images of the samples from
different hydrothermal time, the particles gradually grow into
nanowires with rGO sheets coating, then MGS forms after
hydrothermal reaction for 12 h.

The crystal structures of the prepared MNW and MGS
were characterized by XRD (Figure 2a). All characteristic
peaks match well with the standard card of a-MnO, (JCPDS
No. 44-0141). The Raman spectra of MNW and MGS in the range
of 400-800 cm™! are shown in Figure S1 (Supporting Informa-
tion). The peaks located at 564 and 644 cm™ are observed,
corresponding to stretching modes of MnOg octahedrons.!!”]
The SEM and transmission electron microscope (TEM) images
(Figure 2b,d) show the uniform morphology of MGS with a
diameter ranging from 50 to 200 nm and length up to 0.5-3 pm.
TEM/energy-dispersive X-ray spectroscopy (EDS) line scan
(Figure 2c) result further confirms the coating of rGO. Mn
and O elements are mostly distributed in the center of nanowire,
while C element is distributed on the edge of the nanowire.
From the thermogravimentric (TG) results in Figure S2
(Supporting Information), we figure out that the total carbon
content in MGS is 3.6%. From the edge of nanowire (Figure 2e),
we can find that the thicker nanowire is actually aggregated by
several single nanowires. On the edge of MGS, multilayer rGO
with thickness of 5 nm is clearly observed (Figure 2f), and the
lattice spacings of 0.23 and 0.48 nm are found to match well
with (330) and (200) crystal planes of o-MnO,, respectively.
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In order to investigate the electrochemical performance
of the MGS, CR2016 coin-type cells were assembled, and 2 m
ZnSO, and 0.2 M MnSO, mixture solution was chosen as the
electrolyte. Figure S3a (Supporting Information) shows the
capacities of MNW and MGS with different content of rGO
additive (weight percentages of 0.9%, 1.8%, 2.7%, and 3.6%)
at the current density of 0.3 A g! within the voltage range of
1.00-1.85 V. The capacity increases significantly with the
increasing content of rGO and remains almost unchanged for
MGS-3.6% (with rGO content of 3.6%). The result shows that
rGO can vastly improve the capacity of MNW as the cathode
material of aqueous ZIB, and the optimum rGO content is
3.6%. Therefore, in this work, MGS with 3.6% graphene addi-
tive (MGS-3.6%) was chosen as the experimental group, and the
MNW was chosen for comparison. Figure S3b (Supporting Infor-
mation) shows the cyclic voltammogram (CV) curves of MNW
and MGS. The CV curve of MNW has two pairs of reduction/
oxidation peaks located at 1.27/1.39 and 1.55/1.60 V, and MGS’s
peaks located at 1.25/1.38 and 1.55/1.61 V, indicating a similar
redox behavior. Therefore, the rGO coating does not signifi-
cantly influence the mechanism of redox reactions in a-MnO,
cathode. Except adding Mn?* into the electrolyte to inhibit disso-
lution of Mn?* from Mn3* disproportionation into the electrolyte
during cycling, we believe that rGO is another effective strategy
to improve the stability of MnO, as the cathode material. This
is confirmed by an inductively coupled plasma (ICP) analysis
of the Mn and Zn element concentration in a 2 M ZnSO,
electrolyte solution (Figure 3a). The concentration of the dis-
solved Mn element decreases during the discharge process
after the rGO coating, which proves that MGS is more stable
than MNW as the cathode for aqueous ZIB. The Nyquist plots
(Figure S4, Supporting Information) demonstrate that rGO
improves the charge transfer kinetics of MnO, as the cathode
material for aqueous ZIB. The fitting result shows that the
charge transfer resistance (R.) of MGS (175.6 Q) is lower than
that of MNW (355.5 Q) before cycling. Meanwhile, in terms of
the rate performance, MGS cathode delivers the capacities of
301.2, 282.6, 250.2, 226.6, and 165.7 mA h g at discharge-
charge rate of 0.1, 0.3, 0.5, 1.0, and 3.0 A g7', respectively,
while MNW delivers the capacities of 242.3, 176.4, 151.5, 104.3,
and 58.9 mA h g! at the same current densities (Figure 3b).
MGS also shows a high reversibility in aspect of cycling perfor-
mance. After activation at a current density of 0.1 A g! for ten
cycles, the capacity can reach 382.2 mA h g (406.6 Wh kg™
at 0.3 A g7!, which is the highest specific energy value among
all the cathode materials for aqueous Zn-ion battery so far, and
remains 362.6 mA h g! after 100 cycles with capacity retention
0f 95%. At 1.0 A g1, the capacity can still achieve 239.8 mAh g!
after 100 cycles (Figure 3c). Long-term cycling performance is
also an important parameter for batteries. At an extremely high
current density of 7 A g7 (Figure 3d), MGS also shows good
stability and considerable capacity which remains 87.4 mA h g™
after 800 cycles. Furthermore, at a lower current density of
3 A g! (inset of Figure 3d), MGS cathode shows an excellent
capacity of 145.3 mA h g~! with a high capacity retention of 94%
after 3000 cycles. Figure 3e shows the charge and discharge
curves of MGS at various current densities. The discharge
curve is divided into two platforms with the turning point at
1.30 V. The capacities from the discharge platform I (DP I,
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Figure 1. Schematic illustration of the formation of the MGS.

within the voltage range of 1.30-1.85 V) and discharge platform
II (DP II, within the voltage range of 1.00-1.30 V) are calculated
separately in Figure S5b (Supporting Information). With rGO
coating, the capacity of DP I does not decreases dramatically
as the current density increases, which is 146.4, 150.5, 147.1,
147.0, and 126.1 mA h g! at 0.1, 0.3, 0.5, 1.0, and 3.0 A g7},
respectively. While those of MNW decrease sharply at the
same current densities, which are 151.7, 121.3, 110.2, 76.2,
and 48.2 mA h g}, respectively (Figure S5a, Supporting Infor-
mation). Besides, both capacities of DP II of MGS and MNW
decrease more evidently than those of DP I as the current den-
sity increases. Ragone plots (specific energy vs specific power)
by comparing the Zn/MGS system to reported o-MnO,,!!
Todorokite-typy MnO,,'81 B-MnO,,*! VS, 8] and Zn, 5V,05"!
cathodes for aqueous ZIBs (Figure 3f; Table S1, Supporting
Information). High specific energy and specific power
(406.6 Wh kg™ at 135W kg%; 381.5 Wh kg! at 405 W kg%
338.1 Wh kg! at 675 W kg™}; 305.9 Wh kg! at 1350 W kg;
2237 Wh kg at 4050 W kg, and 109.2 Wh kg at
9450 W kg™!) can be simultaneously achieved, which is prom-
ising for energy storage applications.

In Figure 3c,d, the discharge capacities increase gradually
during the activation process of first 10 cycles. We attribute this
capacity increase to the gradual activation of electrodes. It has
three meanings here. First, it means that the electrolyte gradually
soaks the cathode material, which is a common phenomenon for
all aqueous battery. Second, based on the very recent study,!'*’]
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Chen group used X-ray absorption spectroscopy and X-ray near
edge absorption structure to reveal the tunnel-structured manga-
nese dioxide polymorphs undergo a phase transition to layered
zinc-buserite during first discharging which allows subsequent
intercalation of zinc cations into the latter structure. This explains
why the first charge-discharge curve has only one discharge
platform, unlike the later curve with two platforms. Last but not
the least, to alleviate the dissolution of Mn?* from Mn** dispro-
portion and reduce the accumulation of the byproducts from
both cathode and anode, MnSO, is added into the electrolyte.[!!
Under high voltage up to 1.85 V, the Mn?* can be deposited on
the surface of the cathode material, which causes the gradual
increasing of the capacity during the first few cycles. The time
of this process depends on the current density of the testing,
and higher current density takes more time to reach the
highest specific capacity than lower current density does.[*]
To confirm this oppinion, rGO was used as the cathode mate-
rial versus Zn anode in a 2M ZnSO, and 0.2 M MnSO, mix-
ture electrolyte to prove the reverdible deposition of Mn?*
in electrolyte. The cycling performance of Zn/rGO cell is
shown in Figure S6a (Supporting Information). After capacity
decreases in the first 800 cycles, it increases from 5.4 mA h g!
at 800th cycle to 51.1 mA h g~! at 5200th cycle. Also, the charge-
discharge curve (Figure S6b, Supporting Information) at 300th
cycle shows a typical capacitance behavior, while the curve
at 5200th cycle has evident discharge platform whose voltage is
close to that of MnO, cathode material for ZIBs. The EDS result
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Figure 2. a) XRD patterns of MGS and MNW. b) SEM image of MGS. c) TEM image and corresponding EDS line scan result of MGS, showing the
scanning route (red line), the element distributions of Mn (yellow line), C (green line), and O (cyan line), respectively. d,e) TEM images and SAED

(inset in (e)) of MGS. f) The HRTEM of MGS.

of the rGO cathode after 5200 cycles is shown in Figure S6c
(Supporting Information). A lot of Mn element deposits on rGO
as the result of electrolyte decomposition. In addition to this,
the TEM image of the MGS after 50 cycles in a 2 M ZnSO,,
0.2 M MnSO,electrolyte under 1 A g! current density (Figure S6d,
Supporting Information) was also provided to confirm the
deposition of Mn?*. We could found that after charging—dis-
charging for 50 cycles, unlike the smooth surface shown in
the Figure 2b,d, there are some small particles attached to the
surface of the MnO, graphene scrolls (as yellow circles shows).

XPS, ex situ XRD, small angle X-ray diffraction (SAXD), in
situ XRD, and GITT were applied to further explore the elec-
trochemical mechanism of Zn/MGS battery. Figure S7a (Sup-
porting Information) shows the XPS results of Zn 2p core level
of insertion, extraction, and original states of MGS. The inten-
sity of insertion state is higher than those of original and extrac-
tion states, which confirms the insertion/extraction of Zn?" into
MnO, framework.'! Figure S7b-d (Supporting Information)
show the 3s core level of initial, extraction, and insertion states
of Mn element. The splitting of Mn 3s peak becomes wider
when the valence of Mn in the oxide decreases because of fewer
unpaired electrons in the 3d level.l'’7#>20] Figure 4a shows the
ex situ XRD results of MGS collected at different discharge
states (at the current density of 0.2 A g™!). The results indi-
cate that during the process of DP I, XRD pattern III (1.85 V),
IV (1.40 V), and V (1.30 V) do not change obviously at 26
range of 10°-80°. However, the SAXD (Figure 4c) results show
a diffraction peak at 8.7°, the typical diffraction peak of (001)
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crystallographic plane of buserite. Buserite is suggested to
have extra water layers along the center of MnO, tunnels with
an interplanar spacing around 11 A.2!) According to extended
X-ray absorption fine structure performed by Chen group,!*"
the 2 x 2 MnOg octahedron breaks from the Mn—-Mn corner
to form the layer-type Zn-buserite with extra water layers. The
water layers provide the channels for the insertion and extrac-
tion of Zn?". The intensity of the peak keeps increasing during
DP I. However with more Zn?" inserting into the MnO, frame-
work during DP II, the structure of buserite becomes unstable,
and then the peak shifts to 9.5° with full width at half-max-
imum increasing during the process of DP II, corresponding to
the decrease of the interplanar spacing. During the process of
DP 11, as XRD patterns V (1.30 V), VI (1.20 V), and VII (1.00 V)
show in Figure 4a, new peaks of tunnel-type ZnMn,0, at 32.5°
and 34.2° are observed. Figure 4b shows the detailed information
of MNW and MGS at original and fully discharged states. The
diffraction peaks at 32.5° and 34.5° of both MNW and MGS
are observed, which means that rGO does not influence the
intercalation mechanism of MnO,. In situ XRD (Figure 4d)
was also performed (at the current density of 0.2 A g™!) to
investigate the insertion/extraction mechanism of the cathode
material in the 260 range of 32.5°-34.5°. The peaks located at
32.5° and 34.2° in the first cycle only arise during the process
of DP II, after the completion of DP I. From the GITT result
(Figure 4e; Figure S8, Supporting Information), the diffu-
sion coefficient (D) of MGS can be obtained via the following
equation!??!
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Figure 3. The electrochemical performance of MGS and MNW. a) Element analysis of Zn?* and dissolved Mn?" in a 2 m ZnSO, aqueous electrolyte
during the discharge process of first cycle tested in a two-electrode system. b) Rate performances of MGS and MNW. c) Cycling performances of MGS
at 0.3 and 1 A g™ after an activation process at 0.1 A g”'. d) Long-term cycling performances at 7 and 3 A g”' (inset). ) Charge and discharge curves
of MGS at current densities ranging from 0.1 to 3 A g7'. f) Comparison of the Ragone plot (based on the weight of cathode material) of the MGS cell

with some other known cathode materials for aqueous ZIBs.

Dot [mVa (AL
mt\ MgS AE,

where 7 is the constant current pulse time, mg, Vy, S, and Mg
are the mass, molar volume, electrode—electrolyte interface
area, and molar mass of MnO,, respectively. Based on the GITT
result, the two-step intercalation reactions in MGS cathode and
Zn anode can be summarized as below

In cathode

During DP I

1)

2xe”+MnO, +xZn*' <> Zn,MnO, (0 < x <0.27)

During DP 1II

2(x—0.27)e” +Zny,;MnO, +(x —0.27) Zn*"
¢>7Zn,Mn0, (0.27 < x <0.59)

In anode

Zn-—2e «<>Zn* (4)

From the calculated results, the diffusion coefficient in DP I
is much lager than that of DP II, referring that the insertion
speed of Zn ions in DP I is faster than that of DP II. Therefore,
when the voltage drops to the turning point around 1.30 V,
the sudden change of the insertion speed causes the tempo-
rary accumulation of the reactant. This is reflected in the
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charge-discharge curve (Figure 3e; Figure S5a, Supporting
Information) in which the turning point locates at around
1.30 V, and the voltage first decreases, then increases and
finally decreases. We attribute this sudden change of the inser-
tion speed to different Zn-insertion sites. As Figure 4f shows,
in the process of DP I, Zn ions first insert into the water
layers mentioned above to form Zn-buserite, until no more
Zn ions can be held (process of DP I). Then Zn ions deeply
insert into the 2 x 2 tunnels of a-MnO, (process of DP II).
The volume change and electrostatic interaction in DP II are
more violent than those in DP I, which may cause irrevers-
ible destruction of the crystal structure of MnO, and slow
down the insertion speed of Zn ions. These differences are
also reflected in the rate performances of MGS and MNW
(Figure 3b; Figure S5a,b, Supporting Information), in which
both capacities of DP II of MGS and MNW decrease faster
than those of DP I. The rate capacity is greatly improved after
coating of rGO on the MNW, which can stabilize the struc-
ture and improve the electrical conductivity of MnO, as the
cathode material for aqueous ZIB. Besides, rGO can also pro-
vide extra adsorption sites for Zn ions, enhancing the adsorp-
tion ability of the cathode material.

3. Conclusion

In summary, aqueous Zn/MGS battery is designed and con-
structed in this work. The rGO reduces the dissolution of
cathode material and greatly improves the electrical conductivity

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Ex situ XRD patterns of MGS collected at various states. b) XRD patterns of MNW and MGS at the initial state and discharge state. c) SAXD

pattern of MGS in 2 6 range of 5°-20° collected at various states. d) In situ XRD pattern with 2 6 range of 32.5°-34.5°. e) GITT curve and diffusivity
versus state of charge and discharge. f) Schematic illustration of the two-step intercalation mechanism of MGS cathode.

and capacity of MnO, as the cathode material for aqueous ZIB,
delivering a high capacity of 362.2 mA h g (406.6 Wh kg™
at the current density of 0.3 A g! after 100 cycles. Besides,
the battery also exhibits considerable long-term cycling sta-
bility (a specific capacity of 145.3 mA h g is attained at
3 A g'!, with high retention of 94% after 3000 cycles) and
good rate performance compared with bare MNW. In addi-
tion, a two-step intercalation mechanism that Zn ions first
insert into the layers and then the tunnels of MnO, frame-
work, is elucidated and proved by in situ XRD, GITT, and

Small 2018, 1703850

20 (degree) Voltage (V) versus Zn

.é
>

¢ Zn ions coordinate with

1703850 (6 of 8)

I
Te s

water molecular

I - : Water molecular
'y a

XPS characterizations. We believe the graphene scroll-coated
0-MNW cathode will bring intensive interests and great poten-
tial for aqueous ZIB.

4. Experimental Section

Synthesis of MNW and MGS: In a typical synthesis of pure MNW,
3 mmol MnSO4-H,0 and 2 mL 0.5 mol L™ H,SO, were dissolved in
60 mL DI water and stirred for 10 min. Then, 20 mL 0.1 mol L™
KMnO, was dropwise added to the solution. Afterward, the mixture
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was vigorously stirred at room temperature for 1 h, followed by
ultrasonication for 30 min before the mixture was sealed into a
100 mL Teflon-lined autoclave for 12 h at 120 °C. Finally, the obtained
product was collected by centrifugation after cooling, and washed
with DI water for three times, then dried using a freezing dryer.
MGS-0.9%, 1.8%, 2.7%, and 3.6% employed the same procedure
described above, with the addition of 1, 2, 3, and 4 mL 2 mg mL™' rGO
dispersion by a Hummer's method after the KMnO, was added,
respectively.

Material ~ Characterizations: The prepared samples were
characterized by powder X-ray diffraction (XRD, D8 Discover
X-ray diffractometer with Cu Ko radiation, A = 1.5406 A). The
SAXD test was performed on Rifagu MiniFlex 600. The structures
and morphologies were characterized by transmission electron
microscope (TEM, JEOL JEM-2100F STEM/EDS microscope) and
field-emission scanning electron microscopy (FESEM, JSM-7100F).
The element contents were determined by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) on a PLASMA 300
apparatus, and its accuracy is 0.1%. EDS measurement was
performed using an Oxford EDS IE250. XPS characterization was
conducted on Thermo Scientific Escalab 250Xi. Raman spectra were
obtained using a Renishaw INVIA. TG analysis was conducted on
a Netzsch STA449F3 simultaneous thermal analyzer to explore the
carbon content in samples.

In situ XRD experiments during an electrochemical test of batteries
were performed on a D8 Discover X-ray diffractometer equipped with
a nonmonochromated Cu Kot X-ray source. The samples were scanned
over the 20 ranging from 25° to 45°.

Electrochemical Characterizations: The MNW and MGS electrodes
were prepared by mixing MNW or MGS (70 wt%), acetylene black
(Super-P, 20 wt%), and polytetrafluoroethylene (10 wt%). Then the
ground slurry was tableted and cut into ®10 mm electrodes. Zinc
foil and glass fiber membrane were used as the anode and separator,
respectively, and 2 m zinc sulfate with 0.2 v manganese sulfate additive
solution was employed as the electrolyte. A CR2016-type coin cell
was assembled in air to evaluate the electrochemical performance
with a LAND battery testing system (CT2001A). CVs, electrochemical
impedance spectroscopy, and galvanostatic intermittent titration
technique result were measured on a CHI760E electrochemical
workstation.
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