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Unravelling H*/Zn?* Synergistic Intercalation in a Novel
Phase of Manganese Oxide for High-Performance Aqueous

Rechargeable Battery

Qinghe Zhao, Xin Chen, Zigi Wang, Luyi Yang, Runzhi Qin, Jinlong Yang, Yongli Song,
Shouxiang Ding, Mouyi Weng, Weiyuan Huang, Jiajie Liu, Wenguang Zhao, Guoyu Qian,

Kai Yang, Yanhui Cui, Haibiao Chen, and Feng Pan*

Aqueous Zn-MnO, batteries using mild electrolyte show great potential in
large-scale energy storage (LSES) application, due to high safety and low
cost. However, structure collapse of manganese oxides upon cycling caused
by the conversion mechanism (e.g., from tunnel to layer structures for

0~, B, and y-phases) is one of the most urgent issues plaguing its practical
applications. Herein, to avoid the phase conversion issue and enhance
battery performance, a structurally robust novel phase of manganese oxide
MnO,Hg.16(H20)0.27 (MON) nanosheet with thickness of =2.5 nm is designed
and synthesized as a promising cathode material, in which a nanosheet
structure combined with a novel H*/Zn?* synergistic intercalation mechanism
is demonstrated and evidenced. Accordingly, a high-performance Zn/MON
cell is achieved, showing a high energy density of ~228.5 Wh kg~', impressive
cyclability with capacity retention of 96% at 0.5 C after 300 cycles, as well as
exhibiting rate performance of 115.1 mAh g at current rate of 10 C. To the
best current knowledge, this H*/Zn?* synergistic intercalation mechanism is
first reported in an aqueous battery system, which opens a new opportunity
for development of high-performance aqueous Zn ion batteries for LSES.

of inactive by-products,!'> usually results
in rapid capacity fading and then its prac-
tical application is restricted.

Reaction mechanism of MnO, in neu-
tral or mild acid electrolytes remains
controversial. Different reaction mecha-
nisms, intercalation or conversion, have
been reported for MnO, with various
crystal structures (o, B-, ¥, &, A, &, or
amorphous). MnO, with tunnel struc-
tures, such as o' B- [l and 2MnO,,°!
usually show a conversion mechanism,
in which a tunnel structure of MnO, can
transform into a layered structure upon
H* and/or Zn?' insertion. After long-
term cycle, some inactive by-products
(e.g., woodruffite ZnMn;0,13)) with low
electrochemical activity will form, leading
to a serious capacity fading. A single
Zn’* intercalation mechanism has been
revealed for layered 6-MnO,,'"17] spinel-

Rechargeable aqueous Zn-based batteries are attractive for
large-scale energy storage (LSES), due to their low cost, high
safety, and eco-friendliness, as well as high ionic conductivity
of the aqueous electrolyte.l'?l Among the most studied cathode
materials, such as Prussian blue analogues®#* and vanadium-
based oxides,>®l manganese oxides are more promising for
practical use of aqueous Zn ion batteries, attributing to both the
high operating cell voltage and considerable capacity delivery.”#!
However, the structure collapse of MnO, (o-, -, ¥, etc.) upon
cycling, due to a combined effect of Mn?* dissolution,!® phase
conversion,>!% collapse of layered structure,!12l and formation
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type ZnMn,0,,131% and Mn;0,,221 and
despite of excellent cyclability, their revers-
ible capacity is much lower than that of the o+, -, and ¥ MnO,.
The amorphous MnO,?223 obtained from electrodeposition
shows an impressive electrochemistry, however, it is not clear
whether it follows intercalation or conversion mechanism
during discharge. Moreover, its practical use is restricted by the
low loading of active material. Meanwhile, compared with Zn?*,
the monovalent H* with smaller ion radius shows high ion dif-
fusion kinetics, and thus the utilization of H" insertion is vital
to improve the rate performance of Zn-MnO, battery.?*?°] By
tuning nanostructure of MnO, cathode, H* and Zn?' syner-
gistic intercalation mechanism can be obtained, which is the
key to improve the electrochemical performance of Zn-MnO,
battery, including capacity, cycling stability, and rate capability.
Herein, a novel phase of manganese oxide nanosheet (MON,
thickness of =2.5 nm) was synthesized as a cathode for aqueous
Zn battery (Figure 1a). The 1 x 1 tunnels of MON act as struc-
turally robust hosts for the H*/Zn?* synergistic intercalation/
extraction upon cycling. A H*/Zn?* synergistic intercalation
mechanism is obtained and evidenced, and MON cathode
presents an excellent cycling stability (capacity retention of
96% at 0.5 C after 300 cycles), compared with f-MnO, based
on a conversion mechanism (Figure 1b; Figure S1, Supporting
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Figure 1. Zn/MON battery chemistry. a) Schematic illustration of the rechargeable aqueous Zn/MON cell using 1 M ZnSO,4 + 0.2 m MnSO, electrolyte.
b) Comparison of the cycling performance of Zn/MON and Zn/-MnO, cells at current density of 0.5 C (1 C =308 mAh g7').

Information). The Zn/MON battery also shows high energy
density as well as superior rate performance. Based on the
superior battery performance, the proposed Zn/MON battery is
a promising system for LSES.

The MON was prepared by a simple one-step hydrothermal
reaction process (Figure S2, Supporting Information). The
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crystal structure of MON is characterized by X-ray diffraction
(XRD) (Figure 2a), indicating good crystallinity of MON. All
peaks are indexed to a monoclinic crystal phase of manganite
(PDF # 41-1379), and no other peaks of impurities can be
detected. The new phase of manganite belongs to the P2,/c
(14) space group with 1 x 1 tunnel structure. Scanning electron
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Figure 2. Material characterization of the as-prepared MON material. a) XRD pattern, b) SEM morphology, c) AFM image; d) TEM image, and
e) schematic illustration of polyhedral models of MON. Inset in (d) shows HR-TEM image and diffraction pattern of (100) plane.
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Figure 3. Electrochemical and structural evolution of MON in Zn/MON cell. a) Cyclic voltammograms of MON electrode at a scan rate of 0.2 mV s~
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from 0.95 to 1.85 V. b) Typical charge/discharge curves for the initial two cycles at 0.1 C in 1 m ZnSO, + 0.2 M MnSO, aqueous electrolyte. ¢) XRD
patterns of MON electrode at selected states from point 1to 12 in (b) during the 1st and 2nd cycles. The electrodes are immersed in a distilled acetic
acid to remove the Zn,SO,(OH)g(H,0)s on electrode surface before XRD tests.

microscopy (SEM) image of MON shows a hierarchical struc-
ture with nanosheets arranging perpendicularly from the core,
with a diameter of =300 nm (Figure 2b). The nanocrystal and
mesoporous feature of MON can provide abundant electro-
chemical interfaces and reduces the ion diffusion distance, ena-
bling fast electrochemical kinetics, which is further supported
by an obvious hysteresis loop in the nitrogen adsorption—
desorption isotherms, along with a surface area of =120 m? g!
and a pore size centered at =3.5 nm (Figure S3, Supporting
Information). To measure the thickness of the nanosheet,
atomic force microscopy (AFM) was conducted. The average
thickness of as-prepared MON measured from height profile
of AFM image (Figure 2c; Figure S4, Supporting Information)
is =2.5 nm. The chemical formula of MON was also demon-
strated as MnO,H, 14(H,0)¢,7, based on a combined analysis
from XPS results (Figure S5, Supporting Information), thermo-
gravimetric analysis results (Figure S6, Supporting Informa-
tion), and an inverse titration measurement (Inverse titration
measurement section in the Supporting Information).

The nanocrystal structure of MON is further investigated by
high-resolution transmission electron microscopy (HR-TEM)
(Figure 2d), which shows a well-resolved lattice fringes, with
lattice spacing of 0.264 and 0.241 nm, corresponding to the dyp,
and dg, interlayer spacing, respectively, and the diffraction pat-
tern from fast Fourier transform (FFT) images is also consistent
with that of HR-TEM results. Based on the XRD and HR-TEM
results, the 1 X 1 tunneled nanostructure of MON is shown in
Figure 2e. It can be seen that the (100) plane of MON is the
exposed surface, and (020) and (002) interlayers with angle
value of 90° are presented on the exposed (100) plane surface
as shown in the HR-TEM result (Figure 1d). For MON, MnOg
octahedras are assembled into edge-sharing chains, which
then form a 1 x 1 tunneled framework structure by connecting
corners. The 1 x 1 tunnels on the crystallographic (101) plane of
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MON act as H" and Zn?" insertion/extraction channels, which
will be discussed in detail later. The nanostructure of f-MnO, is
shown in Figure S7 in the Supporting Information. Compared
with 8-MnO,, MON presents an obviously larger exposed area
for 1 x 1 tunnels, which results in different reaction mecha-
nisms and battery performance of MON and -MnO,.

Figure 3a shows the cyclic voltammograms (CVs) of MON in
aqueous 1 M ZnSO, + 0.2 M MnSOy electrolyte, from which two
peaks at 1.361 and 1.211 V versus Zn/Zn?" are observed during
the 1st cathodic sweeping. In the following two cycles, the CV
curves with nearly overlapped two cathodic peaks located at
1.375 and 1.231 V are observed. The difference in CV profiles
between the 1st and subsequent two cycles is mainly due to
the activation process. Additionally, both CV profiles for the 1st
and subsequent two cycles present similar two discharge peaks,
which is much different from that of 3-MnO, (Figure S8, Sup-
porting Information), suggesting an intercalation mechanism
for MON cathode. Figure 3b shows the galvanostatic charge/
discharge curves of MON at 0.1 C, and both the 1st and 2nd
discharge curves present two discharge plateaus, in line with
the CV results in Figure 3a. Notably, the reversible discharge
capacity in 2nd cycle reaches =275 mAh g™!, which is one of the
highest utilization reported with nearly =90% of the theoretical
capacity of MnO, (=308 mAh g for 1 e transfer of MnO,,
Table S1, Supporting Information).

To investigate the structural evolution of MON during the
discharge/charge process, ex situ XRD patterns (Figure S9,
Supporting Information) were obtained at the selected states
from points 1 to 12 (marked in Figure 3b). Large amount of
Zn,SO,4(OH)¢(H,0)s (PDF#39-0688) is observed for discharged
electrodes at points of 2, 3, 8, and 9, suggesting a H" interca-
lation upon discharge, which is consistent with the previously
reported results.?%l The formation of Zn,SO,(OH)s(H,0)s is
also evidenced by SEM and TEM results (Figures S10 and S11,
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Figure 4. Microstructural and compositional analysis of the discharged MON cathode at point 7 and 9 in Figure 3b. TEM and HRTEM images of
MON at a) point 7 and d) 9. HRTEM and FFT images of MON at b) point 7 and e) 9. STEM—EDS mappings for elements of Mn, Zn, and S for MON

electrodes at (c) point 7 and f) 9.

Supporting Information). Besides, to make the structural evolu-
tion of MON more clear, all electrodes are immersed in a dis-
tilled acetic acid to remove the Zn,SO4(OH)4(H,0)s on electrode
surface, and the obtained XRD patterns are shown in Figure 3c.
Only the characteristic peaks of MON can be observed, which is
obviously different from that of previously reported species (e.g.,
spinel ZnMn,04,"?) MnOOH,*! and tunneled y-Zn,MnO,,!1%
and Zn-buserite phasel)). The peaks of (100) and (11-1) planes
of MON show obvious shift toward smaller angles upon dis-
charging, and then shift back upon charging, indicating a
reversible lattice expansion and contraction process. Thus, an
intercalation mechanism is confirmed for MON, which is ben-
eficial to its cyclability. We also investigated the phase evolution
of B-MnO, (Figure S1, Supporting Information), where a phase
transition from B-MnO, to spinel-type ZnMn,0, during dis-
charge as well as the accumulation of ZnMn,0, can be observed
(Figure S12, Supporting Information), suggesting a conversion
mechanism, which contributes to the capacity fading of f-MnO,
cathode after long-term cycle.

The structural evolution of MON cathode is further inves-
tigated by TEM analysis. Figure 4a,b gives the HRTEM and
corresponding FFT images at the discharge state of point 7 in
Figure 3b, where the lattice fringes can be indexed to (020) and
(002) planes. TEM elemental mapping in Figure 4c shows that
the Zn concentration in MON is barely visible, indicating that
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only H* intercalation occurs in initial discharge state of MON
in the 1st discharge plateau. The microstructure of fully dis-
charged MON (point 9) cathode is shown in Figure 4d,e, where
an obvious lattice expansion of (020) and (002) planes is observed
compared with MON at point 7, and a significant amount of Zn?*
concentration is observed in MON (Figure 4f). Thus, according
to the above XRD and TEM results, both the H and Zn?" inter-
calations contribute to the discharge capacity of Zn/MON cell.
To clarify the H" and Zn?* synergistic intercalation mecha-
nism, further investigation is performed. Figure 5a shows the
discharge curves of MON in different electrolytes. When dis-
charged to 0.4 V, for MON cathode, a single H* intercalation
in MnSO, aqueous electrolyte contributes a capacity of
=167 mAh g!, and a single Zn?" intercalation in ZnSO, non-
aqueous dimethyl sulfoxide (DMSO) electrolyte demonstrates
a capacity of =154 mAh g1, however, both the single H* and
Zn?* intercalations show lower discharge capacity than that
of the H* and Zn?* synergistic intercalation (=305 mAh g7,
ZnSO, + MnSO, aqueous electrolyte). X-ray photoelectron
spectroscopy (XPS) analyses (Figure 5b,c) are further used to
characterize the H* and Zn?" synergistic intercalation mecha-
nism. For Mn 3s spectra in Figure 5b, when the discharge
depth increases, a new Zn 3p peak raises and enhances gradu-
ally at binding energy of =91.4 €V, indicating a successful Zn?"
intercalation during both the 1st and 2nd discharge plateaus. In
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Figure 5. Zn?" and H* cointercalation mechanism. a) The discharge profile of MON cathode at current of 0.1 C in different electrolytes (black: 1 m
ZnSO, + 0.2 M MnSQO, in H,0; red: 0.2 M MnSO, in H,0; blue: 0.25 M MnSO, in DMSO). b,c) XPS spectrums of MON electrodes at discharge states
from points 7 to 9 in Figure 3b. d) CV curves of Zn/MON cells at different scan rates. e) b-value of redox peaks from 1 to 4, according to i = a-vb (i is
current, v is scan rate, a and b are variable values), and b, value indicates the b value of peak n in the CV curves in (a). f) Self-discharge test by resting

for 8 h at fully charged state.

Figure 5¢, the intensity of Mn—-O-H peak increases gradually
with increasing discharge depth, confirming the presence of
H* in the tunnels of MON after discharge process. Besides, the
reduced Mn valence of MON after H" and Zn?* intercalation is
also demonstrated (Figure S13, Supporting Information).

The charging/discharging kinetic parameters of MON
cathode (solid diffusion or capacitive adsorption of H* and
Zn?") is identified by analyzing the redox reactions presented
in the CV curves at different scan rates (Figure 5d,e). CV curves
are conducted in 1 M ZnSO,4 and 0.2 M MnSO, electrolyte, and
the addition of MnSOy, is used to suppress the Mn?* dissolution
from MON during discharge. Two pairs of redox peaks denoted
as peak 1, 2, 3, and 4 are observed (Figure 5d), indicating two
charge/discharge redox reactions. The charge storage kinetics
are identified by the relationship between the current value of
peaks (i) and the scanning rates (v): i = a-vb, where a and b
are variable values.?”-2l The value of b is in a range of 0.5 to 1:
when b= 0.5, the solid diffusion of H"/Zn?" dictates the charge/
discharge process; when b = 1, the surface electrochemical
capacitive adsorption of H*/Zn?* is predominant. The depend-
ence curves and corresponding fitting curves between log (i)
and log (v) for the four redox peaks are plotted in Figure Se.
The result indicates that the fitted b value of all peaks are
approaching 0.5 (0.559, 0.512, 0.539, and 0.551 for redox peaks
1 to 4, respectively), indicating a solid diffusion controlled
kinetic of MON during charge/discharge process. The detailed
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separation of diffusion-type and capacitive-type capacities is
shown in Figure S14 in the Supporting Information, which also
confirms the diffusion-controlled kinetic of MON cathode. The
self-discharge curve of MON is also conducted to identify the
H* and Zn?* diffusion controlled kinetics of MON by resting
for 8 h after fully charged to 1.8 V. As a result, Figure 5f shows
a high capacity retention of 95.1% comparing with the original
discharge capacity (275 mAh g™!), and demonstrates the solid
diffusion dominated kinetics of MON.

To further clarify the H" and Zn?" contributions to capacity
delivery of MON, a quantitative chemical analysis is carried
out using a inductively coupled plasma mass spectrometry
(ICP-MS), as shown in Figure 6a. By analyzing the ICP-MS
results, the quantitative H" and Zn?* intercalation during dis-
charge is revealed. For the 1st discharge plateau (1.8-1.3 V),
about 0.255 mol H* and 0.086 mol Zn?* are intercalated into
1 mol MON, and during the 2nd discharge plateau (1.3-1.0 V),
another 0.204 mol H* and 0.142 mol Zn?" are intercalated.
Thus, based on the ICP-MS results, the electrochemical reac-
tion of the Zn/MON battery can be formulated as below

Cathode reaction

MnO, +0.45 H,0 +0.225 Zn? +0.9 e~ — MnO,Ho s Zn 25 +0.45 OH"
1)
0.3ZnS0, +0.45OH — 0.075 Zn, (OH), SO, +0.22550%" (2)
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Figure 6. Quantitative analysis of electrochemical reaction of Zn/MON cell. a) Quantitative Zn?" and H* contribution to capacity delivery according to
ICP results. b) EIS analysis of Zn/MON cells at discharged state of 1.38 and 1.25 V in the 1st and 2nd discharge plateaus. c) Illustration of voltage of
Zn/MON cells from DFT calculations for the 1st and 2nd discharge plateaus.

Anode reaction
0.45Zn —0.45Zn** +0.9¢” 3)

Overall

MnO, +0.45H,0+0.075ZnS0, +0.45Zn <> MnO,Zn ,sHo.s
+0.075Zn, (OH), SO,

()

Taking the total mass of reactants in Equation (4) into
consideration, the Zn/MON battery provides an impressive
energy density of =228.5 Wh kg™! (at 0.1 C), which is about
six times higher than that of the commercialized lead-acid
battery, presenting huge promise in LSES field. Electrochem-
ical impedance spectroscopy (EIS) spectra are also tested and
plotted to demonstrate the H*/Zn?* intercalation behavior
at potential of 1.38 (in 1st discharge plateau) and 1.25 V (in
2nd discharge plateau), respectively (Figure 6b). Both EIS
plots show two Ohm capacitive resistances and a diffusion
tail, representing H* and Zn?* intercalation and diffusion
process. Besides, the resistance in 2nd discharge plateau is
higher than that in the 1st plateau, indicating a gradually
slowed diffusion kinetics of H* and Zn?" as discharge depth
increases. The galvanostatic intermittent titration technique
(GITT, Figure S15, Supporting Information) result also shows
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a larger overpotential in the 2nd discharge plateau compared
with that in the 1st discharge plateau, in line with the EIS
results.

The H* and Zn?* synergistic intercalation mechanism of
MON is also demonstrated by calculating the thermodynamics
of discharged MON using density functional theory (DFT)
method. In this work, for MON cathode, =0.255 mol H* and
=0.086 mol Zn?" are intercalated into 1 mol MON in the 1st
discharge plateau, and another =0.204 mol H* and =0.142 mol
Zn?* are intercalated in the 2nd discharge plateau. To simplify
the calculation, voltage of the 1st discharge plateau is deter-
mined by potential difference between MnO,/MnO,H, ,5Zng;
and Zn/Zn?* redox reactions, while for the 2nd discharge pla-
teau, the cell voltage is attributed to the potential difference
between MnO,H ,5Zng;/MnO,H, 45Zng, and Zn/Zn?* redox
reactions. Detailed calculation processes and results are demon-
strated in Figures S16, S17, and DFT calculations section in the
Supporting Information. An average cell voltage value of 1.44
and 1.29 V are obtained for the 1st and 2nd discharge plateaus,
respectively (Figure 5c), which is consistent with the experi-
mental discharge profiles, and demonstrates the veracity of H*/
Zn?* synergistic intercalation mechanism.

The electrochemical performance of Zn/MON recharge-
able battery is characterized by a typical 2032 coin-type cell
consisting of a MON cathode (active loading = 2.5 mg cm™),
zinc metal anode, and a home-made mesoporous Silica-PTFE
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Figure 7. Battery performance of the Zn/MON cell. a,b) Rate performance and charge/discharge profiles of the cell at current densities varying from
0.1 Cto 10 C (1 C =308 mA g7). ¢) Cycling performance in terms of specific capacity (blue) and the corresponding Coulombic efficiency (red) at a

current density of 6 C.

(MS-PTFE) separator absorbed with aqueous electrolyte
(1M ZnSO4 + 0.2 M MnSO,) (Figures S18 and S19, Supporting
Information). The home-made MS-PTFE separator is tough
enough to depress the zinc dendrite growth, and thus guaran-
tees a long-term cycle test for a Zn/MON battery. Figure 7a,b
presents the rate performance of Zn/MON cell from cur-
rent of 0.1 C to 10 C. Discharge capacities of 275.6, 235.8,
201.1, 178.6, 153.6, 133.5, 125.7, 121.2, and 115.1 mAh g!
are recorded at 0.1 C, 0.33 C,05C,1C,2C,4C,6C, 8C,
and 10 C, respectively. The superior discharge capacity of
115.1 mAh g at 10 C, with a middle discharge voltage of
1.36 V, can be hardly achieved by other MnO, analogue
cathodes (Table S2, Supporting Information). In addition,
after cycling back to 0.1 C, an average discharge capacity of
273.3 mAh g! can be well recovered, which is equivalent to
99.2% of the initial average capacity (275.6 mAh g!), showing
an excellent structure stability of MON cathode against H* and
Zn?" intercalation/extraction. Besides, with the increasing dis-
charge rate, the voltage and capacity drops in both the 1st and
2nd discharge plateaus, which is different from the result from
Wang's group?¥ (with increasing current rate, capacity and
voltage remains unchanged in the 1st discharge plateau, while
drops obvious in the 2nd discharge plateau for a electrodepos-
ited MnO,), demonstrating a H"/Zn?" synergistic intercalation
in both the 1st and 2nd discharge plateaus. The superior rate
property of MON can be further demonstrated by XPS results
in Figure 8a,b, which show that H* intercalation dominates the
discharge capacity of MON at high rate of 10 C, rather than
Zn?* intercalation. The diffusion kinetic of H* is much higher
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than that of Zn?', due to the relative smaller ion radius and
lower electrostatic interaction,?” thus the H* intercalation ben-
efits a lot to the high rate performance of MON.

To evaluate the cyclability of MON cathode, Zn/MON
battery was also galvanostatically cycled for 300 cycles at
0.5 C (Figure 1b), and 2000 cycles at 6 C (Figure 7c). When
cycled at 0.5 C, the reversible capacity sustains 197 mAh g!
with a capacity retention of 96.4% after 300 cycles. Revers-
ible capacity at 6 C rate starts from 163.5 mAh g™!, decreases
quickly to 148.5 mAh g! in 10 cycles, and then decreases
slowly to 131.6 mAh g! within 2000 cycles, with a capacity
retention of 79.0% and a Coulombic efficiency approaching
100%, which is an excellent cyclability for a manganese oxide
cathode in aqueous Zn battery (Table S3, Supporting Infor-
mation). The superior cyclability of MON is mainly attributed
to its robust structure against the H* and Zn?' intercala-
tion/extraction, as evidenced in Figure 8c, which shows only
the pure MON phase for fully charged MON cathodes after
5-300 cycles at rate of 0.5 C. TEM results in Figure S20 in the
Supporting Information also shows a well maintained crys-
talline structure of MON cathode after 100 cycles at 0.5 C,
demonstrating a high structure stability upon cycling, which
is vital for the superior cyclability for MON. Besides, all CV
curves (0.5 mV s7!) within 300 cycles at 0.5 C present two
clear discharge peaks representing two discharge processes
(Figure 8d), which also demonstrates the high cycling sta-
bility of MON cathode.

From the above results, a high-performance aqueous
Zn/MON cell with a superior capacity, rate, and cycling
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Figure 8. a,b) XPS analyses of Mn3s and OTs spectrums for MON cathode at pristine, discharged at 0.1 Cand 10 C. c¢) XRD patterns of MON electrodes

and d) CV curves of Zn/MON cells after different cycles at 0.5 C.

performance is presented, and a novel H*/Zn?" synergistic
intercalation mechanism during discharge is also demon-
strated. The H'/Zn?' cointercalation is vital for the high
capacity of MON (275.6 mAh g! at 0.1 C) since under a single-
ion intercalation mechanism, the capacity release shall reduce
obviously.’1-33] Besides, the intercalation of H* and Zn?* pro-
motes each other thermodynamically. The excellent cyclability
of MON cathode is summarized as follow: first, the H"/Zn?"
intercalation/extraction is highly reversible in the MON with
tough structural stability; second, a novel nanostructure of
MON (=2.5 nm) with large amount of exposed 1 X 1 tunnels
as channels for H* and Zn?" intercalation/extraction benefits a
lot on the cycling performance. The obtained rate performance
of MON cathode is mainly attributed to H* intercalation, which
should be attributed to smaller size and weaker electrostatic
interaction of H* comparing with that of Zn?* to enable a fast
diffusion kinetic in 1 X 1 tunnels of MON.B* The combination
of high reversible capacity, excellent cyclability, and rate prop-
erty of MON cathode with proton and Zn-ion synergistic effects
presents a potentially high-performance aqueous battery elec-
trochemistry for practical applications, which is environmen-
tally friendliness, safe, and low cost. The good understanding
on the fundamental reactions of MON also opens a window
for designing better MnO, cathode materials for rechargeable
Zn-MnO, batteries using mild aqueous electrolytes.
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In conclusion, a high-performance aqueous Zn/MON battery
system is demonstrated based on a H*/Zn?" synergistic interca-
lation mechanism, as evidenced by charge/discharge profiles,
XRD, XPS, ICP-MS, HR-TEM, and DFT analyses. The novel
H* and Zn?* synergistic intercalation mechanism contributes
to the high reversible discharge capacity and energy density
of Zn/MON cell (=275.6 mAh g! at 0.1 C, =228.5 Wh kg}).
The impressive cyclability of Zn/MON cell is presented, with
capacity retention of 96% after 300 cycles at 0.5 C, and 79%
within 2000 cycles at 6 C. Furthermore, Zn/MON cell also
demonstrates an excellent rate performance of (115.1 mAh g!
at 10 C), mainly due to the fast diffusion kinetics of H* interca-
lation. Thus, the presented aqueous Zn/MON cell composing
zinc anode, MON cathode, and mild aqueous electrolyte holds
great potential in LSES applications, attributing to its remark-
able battery performance, low material cost, high safety, as well
as environmental friendliness.

Experimental Section

Synthesis of Samples: The manganite nanosheet in this manuscript
was prepared via a hydrothermal chemical reaction between KMnO,
and acetylene black (AB). Before hydrothermal, AB was treated with
concentrated nitric acid (HNOs) at 60 °C for 12 h, and then filtered
by DI water and ethanol, then followed by drying in a vacuum oven

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOLUWIOD 3A 111D 3{cedl|dde auyy Aq peusenob ake saie O ‘8sn JO Sa|nl 1oy Akeiq1TaUIIUQ AB]IAA UO (SUOTPUOD-PLE-SLLBY WD AB 1M AeIq 1 jBul [UO//:SdNL) SUOTPUOD pUe SWIS 1 8L} 38S * [9202/S0/0T] UO AeiqiT8uluo A8 |IM ‘Usuzusys JO UMo L AISeAIUN AQ SYSrOBTOZ 1IWS/Z00T 0T/I0p/L0d A8 i Ake.q | puljuo//sdny wouy pepeojumod ‘Lt ‘6TOZ '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

of 80 °C overnight. The obtained AB (0.12 g) was added into 20 mL
deionized (DI) water under continuous stirring (solution A). 0.79 g
potassium permanganate (KMnO,) was added into 15 mL DI water
with string (solution B). Then, the solution B was added into solution A
dropwise under string, thus, a homogeneous black suspension formed.
Then, the obtained suspension was transferred to a 50 mL Teflon-lined
stainless-steel autoclave, and treated hydrothermally at 120 °C for 24 h.
The obtained product was filtered, washed thoroughly using water and
alcohol, and dried in vacuum at 80 °C overnight. The -MnO, nanorods
were also synthesized through a simple hydrothermal method, as
comparison. 20 mL (NH,),S,0z (0.1 m) solution was added into 20 mL
MnSO,-H,0 (0.6 m) dropwise under continuous stirring. The obtained
mixture was then transferred into a 50 mL Teflon-lined stainless-steel
autoclave, and maintained at 120 °C for 15 h. The obtained 3-MnO,
was centrifuged, and washed thoroughly using water and absolute ethyl
alcohol, and then dried in vacuum at 80 °C overnight.

Materials Characterizations: XRD (Bruker D8 ADVANCE) using Cu
Ko radiation was used to characterize the crystal structure. SEM (JEOL
JSM-7100F) was used to observe the micro-morphology. AFM imaging
was performed using a Bruker Multimode 8 system with a Nanoscope
V controller and silicon nitride modified scanning probe. The
transmission electron microscopy (TEM, Titan G2 60-300, FEI) was used
to characterize the morphology and selected-area electron diffraction
(SAED) patterns. XPS (ESCALAB 250) was used to explore the electronic
structure and compositional information. Nitrogen adsorption tests at
77 K using a Micromeritics Tristar Il 3020 instrument were applied to
measure the Brunauer—-Emmett-Teller (BET) surface area.

Electrochemical Test: Electrochemical performance was tested
using CR2032 coin-type cells. The cathode was fabricated by blending
MON, AB, and polyvinylidene fluoride (PVDF) in a weight ratio of
8:1:1 with N-methyl-2-pyrrolidone as solvent. The obtained slurry was
pasted onto a Ti foil (=10 um) and vacuum-dried at 80 °C for 12 h.
The loading mass of active material was =2.5 mg cm=2. MS-PTFE
membrane and zinc foil were employed as the separator and anode,
respectively. A1 m ZnSO, + 0.2 Mm MnSO, aqueous solution was used
as electrolyte. The assembled cells were galvanostatically cycled
between 1.0 and 1.8 V using the LAND-CT2001A battery-testing
instrument. EIS and CV were measured on a Chi 660e electrochemical
workstation (CH Instruments Ins). For EIS tests, the AC perturbation
signal was 5 mV and the frequency ranged from 100 kHz to
100 mHz. CV tests were conducted between 0.95 and 1.85 V vs
Zn/Zn?*, with scan rates varied from 0.1, 0.5, 1, 2, 3, and 4 mV s\

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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