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ABSTRACT Aqueous Zn-ion batteries (AZIBs) are one of the
promising battery technologies for the green energy storage
and electric vehicles. As one attractive cathode material for
AZIBs, a-MnO, materials exhibit superior electrochemical
properties. However, their long-term reversibility is still in
great suspense. Considering the decisive effect of the structure
and morphology on the a-MnO, materials, hierarchical a-
MnO, materials would be promising to improve the cycle
performance of AZIB. Here, we synthesized the a-MnO,
urchin-like microspheres (AUM) via a self-assembled method.
The porous microspheres composed of one-dimensional a-
MnO, nanofibers with high crystallinity, which improved the
surface area and active sites for Zn’" intercalation. The AUM-
based AZIB realized a high initial capacity of 308.0 mA h g,
and the highest energy density was 396.7 W h kg™'. The ki-
netics investigation confirmed the high capacitive contribu-
tion and fast ion diffusion of the AUM. Ex-situ XRD
measurement further verified the synergistic insertion/ex-
traction of H" and Zn®" ions during the charge/discharge
process. The superiority of the AUM guaranteed good elec-
trochemical performance and reversible phase evolution, and
this application would promote the follow-up research on the
advanced AZIB.

Keywords: aqueous Zn-ion batteries, a-MnO, urchin-like mi-
crospheres, fast ion diffusion coefficients, reversible phase evo-
lution, synergistic H'-Zn"" insertion/extraction

INTRODUCTION

Aqueous Zn-ion batteries (AZIBs) are one of the pro-
mising technologies for the green energy storage and
electric vehicles. Typically, AZIBs consist of an inter-
calation-type cathode, a zinc metal anode and a

Zn’*-based aqueous electrolyte, which demonstrate at-
tractive  features of large theoretical capacity
(820mA h g ' and 5855 mA h cm ), wide working po-
tential window (0-2 V), reversible plating/stripping of
Zn, high safety, environmental friendliness, low cost and
facile manufacturing process [1-4]. Since Kang’s group
[5] developed the first prototype of AZIB in 2012, various
manganese oxide materials have been intensively studied,
such as MnO, a-MnO,, f-MnO,, y-MnO,, §-MnO,, A-
MnO,, Mn,0;, Mn;0, and Mn,0, [6-9]. Among them,
the a-MnO,-based AZIBs exhibit the highest specific
capacity of more than 380 mA h g ', long-term reversi-
bility and extraordinary rate capability, which benefit
from their 2x2 tunnel structure with corner-sharing
double MnOg octahedra chains [10]. However, further
commercialization of the a-MnQO,-based AZIBs is still
restricted by the irreversible structural transformation
and the dissolution of Mn”" ions in the electrolyte during
cycling.

Up to date, many efforts have been made to improve
the cycle stability of the a-MnO, materials, including
adding MnSO, into the electrolyte and protecting the
surface of a-MnO, [11]. For example, Lian et al. [12]
introduced the gradient Ti doping on the surface of the a-
MnO, nanowires, and achieved the Zn/MnQO, batteries
with excellent high-rate capability and ultralong cycling
stability. Other similar studies like the a-MnO,@C [13]
and a-MnO,@In,0; [14] also improved the cycling sta-
bility and rate performance of the a-MnO,-based AZIBs.
The aforementioned studies mainly focused on the pro-
tection of the a-MnO, nanowires itself, which was high-
cost and low-efficiency in the scale-up application.
Therefore, it is highly desirable to develop more practical
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method that can realize high-performance and long-
durable a-MnO,-based AZIBs. Current research of the a-
MnO, materials reveals that their electrochemical prop-
erties lie on the crystalline structure, morphology, and
particle size of the a-MnO, [7]. Especially, the bulk
structure with porous morphology can improve the
electrical conductivity, specific surface area and inside
pores of the active materials [15-19]. Thus, the fabrica-
tion of a-MnO, materials with hierarchical morphology is
driving the interest of researchers [20,21]. The a-MnO,
materials with hierarchical structures are ideal cathode
materials to improve the cycle stability of the AZIBs.

Here, we synthesized the a-MnO, urchin-like micro-
spheres (AUMs) via a self-assembled hydrothermal
method, which were used as the cathode materials of
AZIBs. The urchin-like microspheres were constructed by
one-dimensional (1D) a-MnO, nanofibers, which im-
proved the surface area and active sites for Zn”" insertion/
extraction. The AUM-based AZIBs achieved a high initial
capacity of 3080mAhg ', and still maintained at
243.6 mA hg ' after 200 cycles. The long cycle capacity
retention was 170.2 mA h g ' with a high Coulombic ef-
ficiency of 100% after 1000 cycles at 1000 mA g . The
highest energy density was 396.7 W hkg ' at the power
density of 129 W kg . Based on the electrochemical and
kinetics investigation, the AUM cathode showed a high
capacitive contribution, as well as the fast ion diffusion
coefficients during the charge/discharge process. The fast
ion kinetics of the AUM cathode enabled the reversible
phase evolution along with the synergistic insertion/ex-
traction of H' and Zn®" ions during the long-term cy-
cling. This report of the AUMs would promote the
follow-up research on the advanced cathode materials for
AZ]Bs.

EXPERIMENTAL SECTION

Synthesis of the AUM

The AUMs were synthesized via a self-assembled method,
including a chemical precipitation reaction followed with
a hydrothermal treatment. Firstly, solution A was pre-
pared by mixing 1.5 mmol MnSO,-H,0 and 1 mL con-
centrated H,SO, in 40 mL deionized water, and kept at
60°C. Secondly, 1.0 mmol KMnO, was dissolved in 10 mL
deionized water to form solution B. Then, solution B was
added dropwise into solution A with constant stirring,
and the MnO, precipitation was formed immediately.
After that, the mixture containing the MnO, templates
was transferred to a Teflon-lined autoclave, and under-
went a hydrothermal treatment set at 120°C for 10 h. At
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last, the resulted AUM were collected, washed thoroughly
with deionized water, and dried in an oven at 80°C.

Material characterization

The Smartlab SE instrument (Rigaku, Japan) was used to
test the powder X-ray diffraction (XRD) patterns of the
AUM powder. The scanning electron microscopy (SEM)
images were obtained from a field-emission microscope
(Quattro S, Thermo Fisher Scientific, USA). The trans-
mission electron microscopy (TEM) and high resolution
TEM (HRTEM) morphologies were observed by a field-
emission JEM-2100 microscope (JEOL, Japan). X-ray
photoelectron spectroscopy (XPS) was investigated on the
K-Alpha instrument (Thermo Fisher Scientific, USA).
Raman spectra were obtained from a home-built micro-
scope with a 533 nm laser. The Brunauer-Emmett-Teller
(BET) surface area and pore size distribution were ob-
tained by a TriStarI13020 V1. 03 (Micromeritics Instru-
ment Corp.).

Electrochemical measurements

The ZIBs were assembled into CR2025 coin-type cells. To
fabricate the cathode, a slurry was prepared by mixing the
AUM powders, acetylene black and polyvinylidene di-
fluoride (PVDF) with a mass ratio of 80:10:10 in N-me-
thyl-2-pyrrolidone (NMP). Then the slurry was coated on
a stainless-steel foil with a mass loading of
1.0-1.5 mg cm ~. The prepared cathode film was dried in
an oven at 120°C for 12 h. The glass fiber membrane was
used as the separator, a Zn foil as the anode, and an
aqueous solution of 2mol L™ ZnSO, with 0.1 mol L™
MnSO, as the electrolyte. Cyclic voltammetry (CV) tests
with different scanning rates of 0.1-3.0 mV s ', galvano-
static charge-discharge (GCD) curves at various current
densities of 100-3000 mA g ' and electrochemical im-
pedance spectroscopy (EIS) measurements in the fre-
quency ranging from 0.01 to 10° Hz were conducted on
an electrochemical workstation (CHI660D, Shanghai
Chenhua Instruments Co., Ltd.). A CT2001A instrument
(Wuhan LAND electronics Co., Ltd) was used to obtain
the cycle and rate performances of the ZIBs. The diffusion
coefficients of Zn’* ions were analyzed by the galvano-
static intermittent titration technique (GITT) on the Zive
Spl workstation (ZIVELAB, Korea).

RESULTS AND DISCUSSION

The AUMs were fabricated via a self-assembled method,
which consisted of two steps of a chemical precipitation
and a hydrothermal reaction. At the first step, a redox
reaction between MnSO, and KMnQO, occurred in the
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H,SO, solution, and the sphere-like MnO, templates
precipitated immediately. As shown in Fig. S1, the MnO,,
agglomerates were 0.5-2 um in dimension, and abundant
nanoplates overgrew on the porous surface. XRD pattern
(Fig. S2) revealed the relatively low crystallinity of the
MnO, composites, and the broad peaks matched with the
a-MnO, (JCPDS # 44-0141). In the second step, the
MnO, templates were transferred to the autoclave to
undergo a hydrothermal reaction at 120°C for 10 h. As a
result, the MnO, templates further crystalized and turned
into nanofibers, meanwhile the nanofibers self-assembled
into the urchin-like morphology. As shown in Fig. 1, the
as-prepared AUM samples were 4-10 um in dimension,
and these interweaved a-MnO, nanofibers showed two
kinds of morphology due to the varied sizes of the MnO,,
templates. The bigger AUMs were urchin-like micro-
spheres with hollow cavity (Fig. 1a-c), while the smaller
AUMs were radiating agglomerates of the a-MnO, na-
nofibers (Fig. 1d-g). Such porous morphology could
enlarge the specific surface area and inside pores of the
active materials [22,23], and thus promote the insertion/
extraction of Zn®" ions from the electrolyte.

Further material characterizations were taken to in-

vestigate the AUM samples. Fig. 1h shows the crystal
orientation of the a-MnQO, nanofibers, which are the
(211) plane in length and the (310) plane in width. The
SAED images in Fig. 1i revealed the diffraction spots of
(310), (400), (420), (521) and (710) planes, and the cor-
responding XRD diffraction peaks (Fig. 2a) matched well
with the tetragonal a-MnO, (JCPDS # 44-0141). Raman
spectrum also identified the v; and v, vibrations of the
Mn-O bonds [19,24,25], located at 576.0 and 644.4 cmfl,
respectively (Fig. 2b). XPS data were further collected to
analyze the elemental oxidation states in the AUM sam-
ples. The Mn 2p core level spectrum was deconvoluted
into the Mn>* and Mn"" peaks, and the calculated con-
tents of Mn’* and Mn"" in the AUMs were 16.2% and
83.8%, respectively (Fig. 2c). The co-existence of Mn’*
and Mn"" atoms on the surface of the AUMs revealed
high reaction activity of the a-MnO, nanowires. The high
oxidation state of Mn was further confirmed by the large
energy separation of Mn 3s spectral splitting (Fig. 2d),
which originated from the exchange coupling between the
3s hole and the 3d electrons in Mn atom. Moreover, the
splitting peak centered at 92 eV might be caused by the
3d’ configuration of Mn®" ions [26]. In Fig. 2e, the O 1s

Figure 1 (a-f) SEM images of the as-prepared AUMs. (g) TEM, (h) HRTEM and (i) selected area electron diffraction (SAED) images of the a-MnO,

nanofibers from the AUM samples.
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Figure 2 (a) XRD pattern, (b) Raman spectrum, (c) Mn 2p, (d) Mn 3s and (e) O 1s core-level XPS spectra and (f) nitrogen adsorption-desorption
isotherms of the AUM samples, and the inset is the Barrett-Joyner-Halenda (BJH) pore-size distributions.

spectrum revealed the high contents of Mn-O-H bonds
and H-O-H bonds, which were the evidence of the ad-
sorbed water existing in the crystal structure [27,28].
Considering the synergistic insertion/extraction of H'
and Zn’" ions into the a-MnO,, the adsorbed water would
contribute to the electrochemical performances of the
AUM-based AZIBs [29]. As shown in Fig. 2f and Fig. S3,
the BET surface area of the AUMs was calculated to be
127.7m” g ', which was much higher than that of the
independent a-MnO, nanowires (37.8 m’g '). The high
surface area and mesoporous structure of the AUMs
provide the superior potential as the cathode materials for
the ZIBs.

The electrochemical properties of the AUM-based ZIBs
were exhibited in Fig. 3. The coin-type ZIBs were as-
sembled by the AUM cathode, the Zn foil anode and
2mol L™ ZnSO, with 0.1 mol L' MnSO, as the electro-
lyte. As shown in Fig. S4, the a-MnO, nanowires on the
AUMs were fully filled with the carbon black and main-
tained the microsphere structure. Such hierarchical
structure could improve the electrical conductivity and
electrochemical activity of the cathode materials, and
accelerate the insertion/extraction of Zn’* ions in the a-
MnO, crystal. In Fig. 3a, the first five cycles of the AUM
cathode were tested at 0.1 mV sfl, and the reversible
cathodic and anodic peaks were located at 1.39, 1.30, 1.56,
1.60 V, respectively. Fig. 3b, ¢ show the rate performance
and the corresponding GCD curves at different current
densities of 100-3000 mA g '. The AUM-based batteries
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achieved a high initial discharge capacity of
308.0mAhg ' at 100 mA g ', and maintained at 257.6,
228.2,180.0, 142.8 and 121.6 mA h g_1 at 300, 500, 1000,
2000 and 3000 mA g ', respectively. After the rate tests,
the battery capacity recovered to 2953mAhg ' at
100 mA g ' with the Coulombic efficiency of 99.3%.
Moreover, the highest energy density (based on the
cathode active mass) of the AUM-based batteries was
396.6 Whkg ' at a power density of 128.8 W kg ', and
the largest power density was 3813.6 W kg ' at an energy
density of 154.6 W hkg . As illustrated in Fig. 3d and
Table S1, the performance of the AUM cathode was very
competitive compared with many reported a-MnO, ma-
terials and other cathode materials of AZIBs, including a-
MnO, nanowires [29], a-MnO,@TiO, [12], a-MnO,@C
nanoparticles [13], a-MnO, nanorods/CNTs composites
(30], p-MnO, [31], Mn,Os@ppy [32], MnO,@Ti,C,T,
[33], ZnMn,O @graphene [34], ZnMn,0,@PEDOT [35],
Nay.,MnO, [36], Na,MnO, [37], V,0s [38], V50,,-6H,0
[28], Li,V,05nH,0 [39] and FeHCF [40]. As for the long
cycle performance, the AUM-based batteries achieved the
reversible capacities of 243.6 mAhg ' after 200 cycles
(100mAg') and 1702mAhg ' after 1000 cycles
(1000 mA g '), as well as the high Coulombic efficiencies
of 99.2% and 99.9%, respectively (Fig. 3e, f). SEM images
in Fig. S5 and XRD results in Fig. S6 also verified the
cycle stability of the AUM cathode after long-term
charging/discharging application. Such attractive rate
performance and cycle properties verified the superiority
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Figure 3 (a) CV curves of the AUM cathode tested at 0.1 mV s . (b) Rate performance and (c) GCD tests at different current densities of
100-3000 mA g71 of the AUM-based batteries. (d) Ragone plots of the AUM-based batteries compared with other cathode materials. Cycle perfor-

mance of the AUM-based batteries at (¢) 100 mA g71 and (f) 1000 mA g .

of the AUMSs as the cathode materials for the AZIBs.
The charge storage mechanism of the AUM-based ZIBs
was further investigated via the kinetics measurements in
Figs 4 and 5. Based on i, = av’, the peak current i, in the
CV curves (Fig. 4a) meets a logarithmic relationship with
the scanning rate v, and the value b is determined by the
fitted slop of the log(i,.)-log(v) plots (Fig. 4b). The re-
sulting value b of the C-peak 1, C-peak2, D-peak 3 and D-
peak 4 were 0.71, 0.86, 0.79 and 0.58, respectively. These
values over 0.5 indicated the charge storage process was
capacity-controlled rather than diffusion-controlled
[24,25]. The calculated percentages of capacitive con-
tribution increased from 55.1% to 79.5% with the scan-
ning rates improving from 0.1 to 1.0 mV's ' (Fig. 4c).
Such high capacitive contribution can be attributed to the
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improved electrical conductivity and electrochemical ac-
tivity due to the porous surface and hollow structure of
the AUM cathode (Fig. S4), which could accelerate the
insertion/extraction of Zn’" ions in the a-MnO, crystals.

Further analyses of the ion diffusion kinetics were
conducted via the EIS and GITT. Fig. S7 shows the EIS
plots measured at different discharge states of 1.4 and
1.2 V. Based on the Equations (S1 and S2), the calculated
diffusion coefficients of the electrodes at 1.4 and 1.2V
were 4.15 x 10 " and 5.11 x 10 ' cm’s ', respectively
(Fig. 4d). Such one magnitude distinction revealed the
different diffusion kinetics during the discharge process.
As shown in Fig. 5, the D values for the charge and dis-
charge process were in the range of 10 °-10 ' and
10 =10 " cm’®s ', respectively. The fast ion diffusion

July 2020 | Vol.63 No.7



SCIENCE CHINA Materials

ARTICLES

a b
3- 5.

< 2
£ —~ 87
~—
t ! <
o 2
= 2.7
5 o0 £
(&)

-1 -8

”'D-peak 3
2l : — . -9 . . ;
1.0 1.2 1.4 1.6 1.8 -10 -9 -8 7 -6
Potential (V vs. Zn?*/Zn)

c g 180

120 [ Diffusion
— [ Icapacitive 160 -
FCR T 1 —— —
< 23.5% [20.5% 140
c 32.0%| [26:7%| [23- ’ 1
o 80 44.9% 36.5%| a
S 6ol — = 120+
g1 L N
-
€ 40 ol (79.5% 100

73.3%| [76.5%

8 55.1% 63.5% 68.0%

20 1 80

0 . . , . ; : 60 .
01 02 03 05 07 1 8 9 10 1 12 13

Scan rate (mV/s)

w-1 12 (s1 12)

Figure 4 (a) CV curves of the AUM cathode at various scanning rates of 0.1-1 mV s . (b) Linear fitting of the b value derived from the CV curves.

(c) Contents of the capacity-controlled and diffusion-controlled contribution in the charge storage process. (d) Linear fitting of the Z'-w

relationships obtained from the EIS data.

1.8
1.6
1.4
1.2
1.0

1064
1074 "
108 4 -,

10°9, . am==" - =

0 4g10

—— Charge

(cm?s) Potential (V)

+

1"
0 10 20 30 40 50 60 70 80 90 100
Cation extraction state (%)

—1/2

1.8
1.6
1.4
1.2
104,

1074

Discharge

® 00 *,

10°4 .
v10-101
0 4ot

02

cm?/s) Potential (V)

0 10 20 30 40 50 60 70 80 90 100
Cation insertion state (%)
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discharge process.

kinetics further verified the superiority of the AUMs as
the cathode materials for the AZIBs. In addition, a sig-
nificant watershed of the D values appeared at 1.3V for
the discharge process, which was consistent with the EIS
measurement in Fig. 4d. This phenomenon demonstrated
that different ion diffusion behaviors existed in the dis-
charge process.
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Further structural analyses of the AUM cathode during
the charge/discharge process are illustrated in Fig. 6, Fig.
S8 and Table S2. A typical GCD profile (Fig. 6a) of the
AUM-based ZIBs is marked with seven dots (named I-
VI), and the corresponding XRD patterns are illustrated
in Fig. 6b. Table S2 reveals that the diffraction peaks of
the AUMs (I and II) shift to higher angles due to the

1201



ARTICLES

SCIENCE CHINA Materials

700 v
) o e U,LW' MN_/L
M WA
600 - v | \ U .
S VMW\*
= 5001 \W
E 4001 v @ Wwwﬁk
2 n g - -
g 300 I £
% a-MnO.
- 2
© 200 ! I ‘I (| | .|| lll ' I
I Zn,S0,(OH)g-5H,0
100 T BTN [T [ TTE T oT T TR TP T T T [T
MnOOH
0 — . lll.ll.l .Il.ll.l. SR T
1.0 12 14 16 1.8 10 20 30 40 50 60 70 80
c Potential (V) 2Theta (°)
b ;
Mnz - H - o
o &
Discharge MnOOH 2 2
Charge

a-MnO,

Zn MnO,

Figure 6 (a) The GCD curves of the AUM-based ZIBs at 100 mA g '. (b) Ex-situ XRD patterns of the AUM cathodes at different charge/discharge
states. (c) The charge storage mechanism of the AUM cathode during the charge/discharge process.

extraction of Zn”" ions during the charge process, and no
impurity signals appear at the end of the charge process.
When the AUM electrode was discharged to 1.0 V, there
was a distinct difference in the XRD results before and
after the watershed point (1.3 V). As the AUM electrodes
discharged below 1.3V (V and VI), two new phases
emerged in the XRD patterns, which matched with the
MnOOH (JCPDS # 41-1437) and Zn,SO,(OH)e-5H,0
(JCPDS # 39-0688). Recently, a synergic intercalation/
extraction mechanism of the H and Zn’* ions in the
AZIBs was reported, which considered the diffraction
peaks of the MnOOH and Zn,SO,(OH)¢5H,0 phase as a
solid proof [41-43]. In our case, the H'-resulted phase
appeared in the XRD patterns during the charge and
discharge process, which gave a clear scheme of the
structural evolution during the charge/discharge process
(Fig. 6¢). When the AUM cathode was discharging, the
Zn™" ions inserted into the 2x2 tunnel of the a-MnO,
with the accompany of the H" ions, and the MnOOH and

1202

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Zn,SO,(OH)¢5H,0 phase formed due to the pH value
increment of the electrolyte near the cathode. In Fig. S8,
the interplanar spacing of the (310) and (210) planes
increased from 0.310 and 0.241nm to 0.321 and
0.247 nm, respectively, which proved the insertion of
Zn™" ions into the a-MnO,. During the charge period, the
extraction of the H" and Zn™* ions proceeded with the
dissolution of the MnOOH and Zn,SO,(OH),5H,0
phase. As a result, the structural transition of the urchin-
like microspheres was reversible with the synergic inter-
calation/extraction of the H and Zn®" ions during the
charge/discharge process. In addition, the morphology
and structural characterization of the AUM cathode after
cycling (Figs S5, S6) further proved the cycle stability of
this AUM cathode material.

CONCLUSION
In summary, we developed the self-assembled AUMs as
the cathode material for AZIBs. The typical procedure

July 2020 | Vol.63 No.7
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consisted of a chemical precipitation and a hydrothermal
reaction. The resulting AUMs were porous spheres
(5-10 pm in dimension) with two kinds of morphologies
due to the varied sizes of the MnO, templates. The bigger
AUMs were urchin-like microspheres with hollow cavity,
while the smaller AUMs were radiating agglomerates of
the a-MnQO, nanofibers. The assembled AUM-based ZIBs
achieved high initial capacity of 308.0mAhg ', and
maintained at 243.6 mA hg ' after 200 cycles. The long
cycle capacity retention was 1702 mAhg ' with a high
Coulombic efficiency of 100% after 1000 cycles at
1000mA g '. The highest energy density was
396.7 W h kg ' at the power density of 129 W kg '. Such
rate performance and cycle stability verified the super-
iority of the AUM as the cathode material for the AZIBs.
In addition, the electrochemical kinetics investigation
revealed the high capacitive contribution and the fast ion
diffusion coefficients of the AUM cathodes. Ex-situ XRD
measurement further verified the synergistic insertion/
extraction of H' and Zn®" ions during the charge/dis-
charge process, which guaranteed the reversible phase
evolution of the AUM structure. This application of the
AUMs would promote the follow-up research on the
advanced ZIBs.
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