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ABSTRACT: Rechargeable aqueous zinc-ion batteries (ZIBs) are regarded as an
ideal choice for next-generation energy-storage devices. Nevertheless, the ZIB
performance is still far from satisfactory due to the lack of suitable cathode
materials. In this work, we demonstrated excellent zinc-ion-storage behavior in
proton-type birnessite Hy osMnO,-0.7H,O nanobelts for the first time using a well-
designed H;,sMnO,-0.7H,O/MWCNT composite membrane. Interestingly, our
H,4sMnO,-0.7H,0 nanobelts with a very high aspect ratio (~30) facilitate the
formation of abundant macropores of 0.5—5.0 ym size inside the as-constructed
membrane, which provides an effective pathway for liquid electrolyte penetration
during the long-term charge/discharge cycling. The resultant Hy ,sMnO,-0.7H,0/
MWCNT composite membrane delivers a high Zn** diffusion coefficient of ~8.18
X 107" cm?® s7', excellent rate capability, and long-term cyclability over 1000
cycles at 3.0 A g~'. Our study not only reveals HosMnO,-0.7H,0 as a robust
cathode material for aqueous zinc-ion batteries but also demonstrates a
macropore-assisted binder-free strategy to realize next-generation energy-storage devices from layered nanostructures with a high
aspect ratio.
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B INTRODUCTION molecules accommodated in the interlayer space, providing a

. . 2%+ . .
Metallic Zn has been considered as an ideal anode material for natural two-dimensional tunnel for Zn™" insertion and

high-performance energy storage owing to its high abundance e}%traction.lz’m Comp affiil 6t0 hollandite manganese oxides
and low cost, high theoretical capacity (820 mA h-g™'), low with a tunnel structure, there are far fewer reports on the
electrochemical potential (—0.762 V vs the standard hydrogen Zn ion battery performance using birnessite as the cathodle.
electrode), and low toxicity.' ™" More intriguingly, a highly Most recently, some Mn-based birnessites such as §-MnO,,"”
reversible Zn>" storage can be easily realized in a Zn//cathode K*-based K, 3;MngOy'" and Cu**-based Bi-5-MnO,"” have
battery system using an aqueous, nonflammable electrolyte, been developed as novel cathode materials for ZIBs. Despite
which remarkably improves the battery safety and environ- being an important birnessite, proton-type HgogMnO,-
mental friendliness.”® These prominent advantages have 0.7H,0”° has never been studied as a ZIB cathode till date.
directly driven rapid developments in rechargeable zinc-ion It should be interesting to obtain a fundamental understanding
batteries (ZIBs) recently. Unfortunately, the surface-charge of the intrinsic zinc-ion-storage mechanism in layered
density of divalent Zn?* is twice more than that of Li*, leading H,,0sMn0,-0.7H,0 to enrich the birnessite-type manganese
to much stronger electrostatic interactions between Zn*" and oxides as advanced ZIB cathode materials.

the lattice framework of the electrode materials and sluggish On the other hand, the traditional cathode for aqueous ZIBs

diffusion kinetics.” Therefore, the development of ZIBs is still
hindered by the lack of suitable cathode materials possessing
sufficient specific-energy density and long-term cycle life.
The key component of the ZIB cathode is the active material
for Zn-ion storage and transport. Manganese-based oxides,
including @-MnO,,”> B-MnO,,* y-MnO,,” and spinel-type
MnO,,'"”"" have been considered as very promising candidates
for the active material in rechargeable ZIBs. Especially,
birnessite-type manganese oxides consist of layered stacking
of edge-sharing [MnOg] octahedra along the c-axis, with water

is often fabricated by mixing active materials with polymer
binders and conductive carbon additives and then coating the
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slurry onto current collectors.””** The introduction of a

polymer binder not only severely blocks the transport of Zn
ions at the current collector/active material interface but also
results in the cracking and exfoliation of active materials during
deformation.””™** In recent years, the rational design of
binder-free and current collector-free cathodes for aqueous
ZIBs has attracted great attention. However, most of the
binder-free cathodes thus far are densely packed thin films
constructed from the ordered stacking of two-dimensional
nanostructures.”® If one can introduce abundant micrometer-
sized macropores into these freestanding thin films, enhanced
battery performance would be realized owing to the efficient
permeation of the liquid electrolyte and accommodation of the
electrode volumetric changes during the charge/discharge
cycle. Unfortunately, to the best of our knowledge, this merit
has rarely been achieved and still remains a challenge.
Herein, we demonstrated excellent zinc-ion-storage behavior
in a binder-free Hj,sMnO,-0.7H,0 membrane for the first
time through a macropore-assisted strategy. Long Hg¢sMnO,-
0.7H,O nanobelts with a high aspect ratio (~30) were
employed as ideal building blocks to construct flexible
membranes by a vacuum-assisted filtration strategy, with the
controllable addition of conductive multiwalled carbon nano-
tubes (MWCNTSs) (Scheme 1). Interestingly, the self-stacking

Scheme 1. Schematic Illustration of the Fabrication Process
of Macroporous, Freestanding H; (sMnO,:0.7H,0/
MWCNT Membrane
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process of these H,sMnO,-0.7H,0 nanobelts and CNTs
generally resulted in an interconnected 0.5—5.0 ym macro-
porous architecture in the hybrid membrane, which provides
an effective pathway for the rapid penetration of the liquid
electrolyte and can be well maintained during the long-term
charge/discharge cycling. The resultant HoMnO,-0.7H,0/
MWCNT macroporous membrane cathode delivered a high
Zn*" diffusion coefficient of ~8.18 X 107** cm? s7!, excellent
rate capability, and stable cyclability over 1000 cycles at 3.0 A
g~!, which are remarkably superior to those of conventional
Mn-based compounds.

B RESULTS AND DISCUSSION

Freestanding Hg¢3Mn0,-0.7H,0/MWCNT Hybrid
Membrane. The H;ysMnO,-0.7H,0 sample was prepared
from the K;33Mn0O,:0.5H,0 birnessite precursor by the same
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ion-exchange method as previously reported.”” The corre-
sponding X-ray diffraction (XRD) pattern confirms the high
purity with sharp (001) diffraction peaks (Figure la),
indicating a basic d-spacing of 7.3 A for the layered crystal.
All the diffraction peaks match well with the one reported by
Liu et al. and could be readily indexed as a primitive hexagonal
cell (a = b = 0.2843 nm; ¢ = 0.7311 nm).*° Thus, the structural
and compositional data of our sample are comparable to those
reported for the proton-type birnessite. Figure 1b schematically
illustrates the in-plane crystal structure of HyysMnO,-0.7H,0O
birnessite. Based on previous studies,””*° the layered
H,0sMnO,-0.7H,0 crystal was obtained by the deintercalation
of K* ions in the K;;3MnO,-0.5H,0 precursor, and the
protons (H;0" form) just stay in the interlayer gallery through
weak interactions between the lattice oxygen atoms of the
[MnOg] polyhedron.”” Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) observations
show a typical belt-like morphology with a width of 0.3—1.0
pum and a length over 10 ym (Figure 1b), suggesting a very
high aspect ratio (length/width) of 10—30. The corresponding
selected-area electron diffraction (SAED) pattern obtained for
an individual nanobelt exhibits sharp, hexagonally arranged
diffraction spots, which are attributable to the in-plane (ab
plane) reflections of birnessite™® (Figure 1c). The high-
resolution TEM (HRTEM) image exhibits resolved 1.4 and
2.5 A spacings of the lattice fringes, agreeing well with the
expected separation of the (110) and (100) planes,
respectively (Figure 1d). The negatively charged surface of
the nanobelts was demonstrated by zeta potential measure-
ments (—30.5 mV, Figure S1).

Benefiting from their high aspect ratio and intrinsic
flexibility, the as-prepared H,sMnO,-0.7H,0 nanobelts are
found to be easily self-woven into a flexible, freestanding
membrane during the vacuum-assisted filtration of this
suspension. Considering that layered birnessite generally
suffers from low electronic conductivity, which significantly
hinders the electron transport when it is used as a battery
electrode, we tried to incorporate conductive MWCNTs into
this membrane. Accordingly, a stable colloidal suspension was
readily prepared through homogeneously mixing HgosMnO,-
0.7H,0 nanobelt aqueous suspension (4.25 mg mL™') and
MWCNT suspension in N-methylpyrrolidone (NMP, 0.5 mg
mL™") at a volume ratio of 1:2, followed by an ultrasonic
treatment. Then, the H;cMnO,-0.7H,0 nanobelts and
MWCNTs were self-woven together to produce a freestanding
membrane during vacuum-assisted filtration (Scheme 1). The
optimal content of MWCNTs in the composite membrane is
estimated as ~20 wt %. The lower mass ratio of conductive
MWCNTs than this threshold value gives rise to a membrane
sample with a high electric resistance”” (Figure 2). A too high
mass ratio of MWCNTSs generally causes cracks in the
membrane and drastically damages their mechanical proper-
ties. The as-obtained membrane exhibits excellent flexibility
and can be easily rolled up by hand (Figure S2). The XRD
pattern of the composite membrane presents the characteristic
peaks of HpsMnO,-0.7H,0, which are in good agreement
with that of the powder sample, except for the additional peak
at 20 = 24.5° due to the MWCNT diffraction peak (Figure 3a,
inset shows 10 times magnified XRD patterns from 30—70°
and a highly flexible picture). More importantly, from the top-
view and cross-sectional SEM images, it is observed that our
composite membrane is rich with numerous macropores of
0.5—S5 um size (Figure 3b—d). This further confirmed that the
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Figure 1. (a) Powder XRD pattern and (b) top view of layered Hy ;sMnO,-0.7H,0O birnessite along the c-axis. (c) Typical SEM, (d) TEM, and (e)
HRTEM images of the as-prepared HsMnO,-0.7H,0 nanobelts. Inset in (d) shows the corresponding SAED pattern obtained from an individual

nanobelt.
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Figure 2. (a—f) Electric resistance measurement of the Hy4MnO,-
0.7H,0/MWCNT composite membrane with various MWCNT
contents from 0 to 30 wt %. As the content of MWCNTs is increased
up to a high value of 30%, the membrane breaks into many small
pieces, resulting in the drastic increase of resistance.

pure H;(MnO,-:0.7H,0 membrane without MWCNT
addition shows a similar macroporous cross-section as that of
the composite one (Figure S3). Accordingly, we consider that
the large number of macropores should have originated from
the disordered stacking of our H;yMnO,-0.7H,0O nanobelts
with a very high aspect ratio and intrinsic flexibility. Note that
the surface of the H;ysMnO,-0.7H,O/MWCNT hybrid
membrane is evidently rough and porous than that of the
pure H 0;sMnO,-0.7H,0 one, indicating that the introduction
of MWCNTs facilitates the formation of a porous surface due
to the remarkable morphology/size difference between the
H, 0sMnO,-0.7H,0O nanobelts and MWCNTs. In addition, the
cross-sectional energy-dispersive spectral composition maps
shown in Figure 3f—h demonstrate the almost uniform
distribution of MWCNTSs without apparent agglomeration.
This result indicates a very dense contract between the
Hj0sMnO,-0.7H,0 nanobelts and MWCNTs in the hybrid
architecture, which can provide efficient pathways for electron
transport through the HysMnO,-0.7H,0 nanobelt/ MWCNT
interface.
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X-ray photoelectron spectroscopy (XPS) characterization
was further conducted to confirm the C, Mn, and O valence
states of the hybrid membrane surface (Figure S4). One can
see that the high-resolution C 1s spectrum (Figure 3i) can be
fitted into three groups of spin—orbit peaks, corresponding to
C—C (2844 eV), C—O (2856 eV), and C=0 (2884
eV),”* ™ respectively. For the Mn 2p spectrum (Figure 3j),
four groups of spin—orbit resolved peaks can be well-fitted,
corresponding to Mn** (2p, 5, 653.8 eV), Mn*" (2p,,, 652.6
eV),”’ Mn* (2p;, 643.5 eV), and Mn* (2p;, 642.5
eV),>** respectively, suggesting a molar ratio of ~11.5:1 for
Mn*/Mn* in the sample. Thus, the Mn valence state in this
membrane is 3.92, which agrees well with the reported
literature.”® In addition, three peaks can be resolved from the
convoluted O 1s spectrum corresponding to O—Mn (529.2
eV), —OH (531.6 eV), and H-O—H (532.9 eV) (Figure
3k).** The mechanical properties of the HyosMnO,-0.7H,0/
MWCNT membrane with a maximum tensile force of 2.54 N
and an elongation at break of 1.6% are comparable with the
results of our previous work (Figure $5).2¢ Thermogravimetric
analysis (TGA) was utilized to further evaluate the thermal
stability of the H;,sMnO,-0.7H,0/MWCNT membrane
(Figure S6). The mass loss ratio of 12.0% at the temperature
range of 30—300 °C and 29.1% (300—900 °C) should be
ascribed to the removal of coordinated water and MWCNT in
our hybrid membrane, respectively, which is consistent with
the reported proton-type birnessite.”’

Electrochemical Properties and Mechanism. Benefit-
ing from the merits of efficient Zn ion diffusion and the
accommodation of volumetric changes of electrodes during the
charge/discharge cycle, we consider that our macroporous,
binder-free and current collector-free membrane is very
promising for ZIB electrode application. Subsequently, the
as-constructed HgosMnO,:0.7H,0/MWCNT membrane was
punched into discs (® = 1S mm; the mass loading ~2.0 mg
cm™?) and assembled into typical coin-type cells using a zinc
foil anode, a glass fiber (GF) separator, and a 2 M ZnSO,/0.2
M MnSO, aqueous electrolyte. The cyclic voltammetry (CV)
curves of H;(sMnO,-0.7H,O/MWCNT cathodes at various
scan rates demonstrate the typical electron transfer process
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Figure 3. (a) XRD pattern of the Hy4MnO,-0.7H,0/MWCNT hybrid membrane. (b) Top-view image, (c) cross-sectional SEM image, and (d)
enlarged SEM images to show a large number of macropores inside the membrane and also on the membrane surface. (e) Typical cross-sectional
SEM images of the H;0sMnO,-0.7H,0/MWCNT membrane and the corresponding elemental mapping of (f) C, (g) Mn, and (h) O elements. (i—
k) C 1s, Mn 2p, and Ols XPS spectra of the hybrid membrane, respectively.

between 1.0 and 1.9 V (vs Zn/Zn*) (Figure 4a). A pair of
cathodic peaks at around 1.37 and 1.25 V are properly related
to the stepwise intercalation of H' and Zn*' into the
H, (sMnO,:0.7H,0O lattice, respectively. The consequent
anodic peaks at 1.56 and 1.62 V can be ascribed to the
extraction of H* and Zn*, according to previous reports,
respectively.’”*° The linear fit of relationship between the
logarithm (log) peak current and log scan rate indicates that
the slopes of the anodic and cathodic peaks are 0.74 (peak 1),
0.66 (peak 2), 0.63 (peak 3), and 0.69 (peak 4), respectively
(Figure 4b). This result demonstrates that the charge/
discharge process of the HjysMnO,-0.7H,0/MWCNT mem-
brane electrode is affected by both ion diffusion and capacitive-
controlled capacity, and the former plays the dominant role.
Further quantitative analysis is utilized to separate the diffusion
and capacitive-controlled capacity. The contribution of the
capacitor current (green region) is separated from the total
current, that is, 34.7, 40.9, 45.2, 49.6, and 51.2% at various scan
rate ranges from 0.1 to 1.0 mV s~ (Figure 4c, d), further
suggesting that the battery-type effect plays a major role in the
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capacity contribution during the various scan rates. The second
to fourth cycle galvanostatic discharge—charge (GDC) voltage
profiles of the membrane cathode are shown in Figure 4b. One
can see that there are two voltage plateaus at around 1.4 and
1.3V, corresponding to the H* and Zn** intercalation process,
respectively, which is well consistent with the abovementioned
CV curves. A similar phenomenon has also been reported
previously based on various MnO, cathodes.”**’

We further compare the electrochemical performance
difference between the binder-free membrane cathode and
the binder-rich powder form. Note that the H;yMnO,:
0.7H,O powder cannot be directly obtained by the conven-
tional filtration process due to its self-woven behavior, and
other methods such as solvent evaporation generally leads to
drastic agglomeration of the nanobelts. However, we found
that the HgosMnO,-0.7H,0 powder sample can be easily
prepared by a freeze-drying route. Then, a binder-rich
H0sMnO,-0.7H,0/PVDEF counterpart electrode was fabri-
cated by mixing HjcsMnO,-0.7H,0 powder and poly-
(vinylidene fluoride) (PVDF) binder/carbon conductive
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ACS Appl. Energy Mater. 2021, 4, 4138—4149


https://pubs.acs.org/doi/10.1021/acsaem.1c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c00464?fig=fig3&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c00464?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Energy Materials www.acsaem.org

(a) b 0.1 mv s L
J—" s Cc
80 2mv s < 041 (b) ( )6
z §{===05mvs" E" ) —-4
o 0.8 MV 57" = <
E 4—tomvse § 0.6 £
£ 2 304 2
[ [ @
Eo x Eo
3 S 0.2 3
Q-2 o « Peak1b=074 | O ,
4 h=tP o Peak 2 b=0.66
8’°-° 4 Peak 3 b=0.63
% ) =0 v Peak 4 b=0.69 4 05mVs’
10 12 14 16 18 20 10 08 -06 04 -02 00 10 12 14 16 18 20
Potential (V) Log (sweep rate, mVs ™) Potential (V)
- 2.0
B - I Diffusion contribution (e) il (f)z'u
s Il Capacitor contribution — — gnd
5 1001 1.8 — 18 =,
= P —4 — th
—4
3 80 %1.& %1.5
= o o
5 o S1.4 E14
: g - S
8 40 1.2 Region | Region Il > 12 Region | Region I
S 20/ Hi Zo* H* Zn
% 1.0 TR L 1.0 inseration inseration
01 0.2 0.5 0.8 0 50 100 150 200 250, 300 0 50 100 150 200 250, 300
Scan rate (mVI/s) Specific capacity (mAh g™') Specific capacity (mAh g ™)
<400 ~ 7_200 e =
:’l 350 18 S 1003 g) SAY Tom— e R i :\;
> S
ano o2 1 . lgp 2150- oo &
%. W& ” E %.wo -MW—W 5
8 200 gl 5o 2 8 =
8 150 % 3.0 40 ‘5 g h 40 ©
© 100{ @Ag" s— £ o0 50- (h) Membrane sample -g
= P 20 O & Freeze-dried Powder sample 20 5
S 50 Membrane sample 56 S 3 ——— 5
o o o »
o |Freeze-dried Powder sample®m 0o © % 0 v . . e . 0 8
@ "% 20 40 60 80 0 200 400 600 800 1000
Cycle number Cycle number
i 001
(i) & (002) 1000 cycle
A 2 700 cycle
-
] A 500 cycle
m‘ A
N
Q ‘\ A 300 cycle
7]
c
g A 100 cycle
n A 1 cycle
T T T T
10 20 30 40 50 60
20 (degree)

Figure 4. (a) CV profile of the H0sMn0O,-0.7H,0/MWCNT membrane cathode at various scan rates. (b) Logarithmic dependence of peak
current density and scan rate of the Hy 0sMnO,-0.7H,O/MWCNT membrane-based ZIB in the CV test. (c) CV profile scanned at 0.5 mV s™! and
the corresponding pseudocapacitive contribution (green-colored area). (d) Pseudocapacitive contribution (green region) to the total current at
different sweep rates. The second to fourth cycle GDC profiles of the (e) HyosMnO,-0.7H,0/MWCNT membrane and (f) HysMnO,-0.7H,0/
PVDF powder cathode. (g) Rate capability for the Hy4sMnO,-0.7H,0/MWCNT membrane and HysMnO,-0.7H,0/PVDF powder cathode at
various current densities, ranging from 0.2 to 7 A g™, respectively. (h) Cycle performance and the corresponding Coulombic efficiency of the
Hy0sMnO,-0.7H,0/MWCNT membrane and the Hy sMnO,-0.7H,0/PVDF powder cathode in the range 1—1.9 V at 3.0 A g™, respectively. (i)
XRD patterns of the Hy4sMnO,-0.7H,0/MWCNT membrane after different GDC cycles at the charge voltage of 1.9 V. (j) Top view, (k) cross-
sectional SEM image, and (1) enlarged cross-sectional SEM image of the H;sMnO,-0.7H,O/MWCNT cathode undergoing 1000 cycles.
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Figure 5. (a) Comparison of the rate capability of our work and the conventional cathode material of aqueous ZIBs reported recently.**'~** (b)
Ragone plot of our HypsMnO,-0.7H,0/MWCNT membrane cathode and other Mn-based cathodes.

additives as a slurry coating onto current collectors. Although
no evident difference is detected from the GDC voltage
profiles (Figure 4c), these two samples deliver dramatic
differences in rate capability and long-term cyclability. The
H0sMnO,-0.7H,O/MWCNT membrane electrode exhibits
excellent rate capability with specific discharge capacities of
276.3, 263.5, 206.7, 167.2, 123.9, 74.2, and 20.3 mA h g_1 at
current densities of 0.2, 0.5, 1.0, 2.0, 3.0, 5.0, and 7.0 A g_l,
respectively (Figures 4d and S7). When the current density
returns back to 0.2 A g_l, the reversible capacity recovers back
to 277.6 mA h g~'. In contrast, the freeze-dried Hy0sMnO,-
0.7H,0 powder cathode displays rather poor rate capabilities
at various current rates, that is, 273.3, 219.8, 138.5, 80.9, and
37.1 mA h g7/, at the current densities of 0.2, 0.5, 1.0, 2.0, and
3.0, respectively (Figure 4d). In addition, the membrane-based
ZIB delivers an outstanding long-term cyclability with an initial
specific capacity of 124.2 mA h g™ and retained 80.8% of the
initial specific capacity after 1000 GDC cycles at a high rate of
3.0 A g~" with an average Coulombic efficiency around 100%.
However, the freeze-dried H;(sMnO,-0.7H,O counterpart just
shows a very low initial specific capacity of 38.4 mA h g™' and
exhibits 31.4% capacity retention after 1000 GDC cycles,
which is significantly inferior to that of our membrane cathode
sample (Figure 4e). Moreover, similar trends of cycle
performance were also observed at a lower rate of 0.2 A g~'
(Figures S8 and S9). Ex situ XRD characterization was further
used to check the structural stability of our H;ysMnO,:
0.7H,O/MWCNT membrane cathode (Figure 4f). Evidently,
the XRD pattern of the membrane cathode remains unchanged
even after 1000 GDC cycles, and almost no considerable
intensity changes are observed at 500 cycles, demonstrating its
robust phase stability. SEM observations also identify stable
morphology during the long-term charge/discharge cycling
(Figure 4g—i). It is clear that our layered H,sMnO,-0.7H,0O
nanobelts display initial belt-like morphology and high aspect
ratio, undergoing 1000 cycles. More importantly, the macro-
pores inside the HyosMnO,-0.7H,0/MWCNT membrane are
not collapsed during the long cycle process, which should be
the reason for the as-observed excellent long-term cyclability of
the battery. Moreover, the SEM images of the postcycled
electrolyte show the formation of a rough layer on the surface
of the electrodes, which assumes a parasitic reaction that
involves the deposition of Zn(OH),ZnSO,-5H,0.

In general, MnSO, is normally added to compensate for the
partial dissolution of manganese dioxide during the charge
process.”® ™" We further detect the influence of MnSO,
addition on the battery’s long-term cyclability. The assembled
H, 0sMn0O,-0.7H,O/MWCNT//Zn cell without MnSO, in the
electrolyte system exhibits an initial specific capacity of 120.1
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mA h ¢! and 35.1% capacity retention after 1000 cycles
(Figure S10), demonstrating that the presence of MnSO, is
very important for the cycling stability of cells. However, it
should be noteworthy that such a long-term stability was not
observed in the freeze-dried Hj,MnO,-0.7H,O counterpart
without a macroporous structure, even with the addition of
MnSO, (Figure S8). Accordingly, it is rational that the
macroporous structure plays a decisive role in the afore-
mentioned superior cyclability.

Figure Sa compares the rate capability of ZIBs assembled
with our Hj(sMnO,:0.7H,0/MWCNT membrane electrode
and other conventional electrodes reported recently.*'~**
Remarkably, the specific capacity of our sample surpassed
conventional cathode materials at various current densities
from 0.1 to S A g '. Benefiting from the superior rate
capability, the energy densities of our membrane-based ZIBs,
as shown in Ragone plots (Figure Sb), are 368.3 W h'kg™" at
300 Wkg™"' and 160 W h-kg™" at 2150 W-kg™" (based on the
weight of Hy0sMnO,-0.7H,O only). This performance is much
superior to that of the recently reported Mn-based ZIBs,
including a- p-° 6,% y-MnO,’ Mn,0,* Mn,0,**
MgMn204,45 Todorotike-MnO,,"” Na, 9sMnO,,’” and so forth.

Ex situ XRD characterization was performed to understand
the Zn?* storage mechanism and kinetics of our freestanding
Hj 0sMnO,-0.7H,0/MWCNT membrane cathode more
clearly (Figure 6a—c). In detail, the (001) diffraction peak
shifts gradually from 12.1° toward 12.3° during the discharging
process, implying a reduction in the interlayer distance of
Hj0sMnO,-0.7H,0 that is induced by the strong electrostatic
interaction between the MnOg octahedral sheets and the
intercalated zinc ions.”*> Besides, the (001) peaks could
return to their original positions after the following charging
process, reflecting a reversible process of insertion/extraction
of zinc ions without the destruction of H;,MnO,-0.7H,0.
Furthermore, as in the discharging process from A to D, two-
stage discharge plateaus appear clearly. The first stage of
discharge to ~1.3V (consisting region I, green color in Figure
4f) is supposed to be dominated by the insertion of H* (H,O
< H" + OH7; H(,MnO,:0.7H,0 + xH* + xe” <
H 0 08:yMn0,-0.7H,0). With a sustained decrease of H*
concentration, the second discharge platform arises (consisting
region II, red color in Figure 4f), which is mainly caused by the
insertion reaction of Zn** (Hgs,,Mn0,-0.7H,0 + yZn** +
2ye” © ZnH,,Mn0,-0.7H,0 (0 < y < 1)). Meanwhile,
some new obvious peaks at 7.9 and 16.2° and other weak peaks
(highlighted with green stars) are generated from ~1.3 V,
which match well with those of zinc hydroxide sulfate hydrate
3Zn(OH),"ZnS0O,-SH,0, JCPDS 78-0246 (4Zn" + 60H" +
SO,>~ + 5H,0 < 3Zn(OH),-ZnSO,-5H,0).>* The presence
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Figure 6. (a—c) Ex situ XRD pattern of the HysMn0,-0.7H,0/MWCNT membrane cathode at different charge/discharging states. (d) Zn>*
diffusion coefficient analysis based on the measured EIS spectrum at the corresponding points on the discharge platform (inset). (e) Dependence
of Z' and w2 on the low-frequency region according to the EIS tests. (f) GITT profile of the HyosMnO,-0.7H,0/MWCNT battery. (g)
Calculated corresponding ion-diffusion coefficients of our Hj ;sMnO,-0.7H,0/MWCNT membrane cathode at different discharge/charge stages.
(h) Schematic illustration of the fast Zn**-ion transport in porous Hg0sMnO,-0.7H,O/MWCNT frameworks.

of 3Zn(OH),-ZnSO,-5SH,0 suggests the availability of
sufficient amount of OH™ groups in the electrolyte, confirming
the reversible H* intercalation reaction.” During the next
charging process (from D to I), the sharp peaks of 3Zn(OH),
ZnSO4SH,0 gradually weaken until they disappear at 1.6 V
(G). Note that the final XRD pattern (I) was well consistent
with the initial one (A). This result demonstrates that the
Zn**-storage mechanism in layered H;sMnO,-0.7H,0 is
followed by a typical intercalation/de-intercalation mechanism
rather than a conversion mechanism.
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Electrochemical impedance spectroscopy (EIS) measure-
ments, including the typical Nyquist spectra tested at first
(Point 1) and second (Point 2) discharge platforms (Figure
6d) and the Z' versus w~'/* plots (Figure 6e), were further
conducted to identify the H* and Zn** diffusion capability at
the discharge platform of our HyysMnO,-0.7H,0/MWCNT
membrane. The calculated platform diffusion coeflicients of H*
and Zn®* can reach up to 8.26 X 107" (the first discharge
platform at 1.37 V) and 8.18 X 107" cm® s™' (the second
platform at 1.25 V), respectively, which is comparable with the
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Table 1. Comparison of DZn2+ at the Discharge Plateau of Various Cathode Materials in ZIBs

cathode material electrolyte DZn2+ at discharge plateau (em? s71) refs
Hy ;sMnO,-0.7H,0/MWCNTs 2 M ZnSO, + 0.2 M MnSO, 8.18 X 1071 This work
a-MnO, 2 M ZnSO, + 024 M MnSO, 7.97 x 1071 "
MnO,/MWCNTSs 2 M ZnSO, + 0.2 M MnSO, 193 x 107 26
PANI-intercalated MnO, 2 M ZnSO, + 0.1 M MnSO, 7.35 x 107 o
B-MnO,@CC 3 M ZnSO, + 0.1 M MnSO, 6.5 x 10716 7
Ti—MnO, NWs 3 M Zn(CF;80;), + 0.1 M Mn(CF;S0;), 5.0 x 107%% 2
MnO, 2 M ZnSO, + 0.1 M MnSO, 1.0 x 1074 8
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Figure 7. (a) Schematic of the sandwich structure of the constructed flexible battery. (b) GDC curves of a single battery and of two batteries
connected in series at 0.2 A/g. (c) Photograph of the as-assembled flexible battery wrapped around the wrist and light up of a red LED indicator.
(d—i) Flexible battery lighting up a red LED indicator at different bending angles.

highest value in the recent reports on 6-MnO, cathode for
ZIBs.”* As a comparative experiment, the freeze-dried
H,¢sMnO,-0.7H,0 powder sample delivers much lower H*
and Zn?* diffusion coefficients of 1.07 X 107'? and 2.35 X
107" cm?® s7', respectively (Figure S11). It is clear that the
apparent diffusion coefficients of H* and Zn** in our
membrane cathode sample are 7.7 and 3.5 times higher than
that of the powder cathode sample, respectively. Moreover, the
galvanostatic intermittent titration technique (GITT) was
further utilized to estimate the ion diffusion coefficient
(DGITT, cm? s™') in our HypMnO,-0.7H,0/MWCNT
membrane cathode (Figure 6f,g),”>*® which displays the H*
and Zn** diffusion coefficients of ~8.3 X 107'% and ~8.1 X
107" cm™ s7! at the two discharge plateaus of 1.9—1.3 and
1.3—1.0 V (discharge region), respectively. The GITT results
are well consistent with the above EIS measurement-tested
diffusion coefficients of H* and Zn*', suggesting a rapid ion
diffusion ability in our HyysMnO,-0.7H,O/MWCNT cathode.
It is noteworthy that the Zn** diffusion ability of our sample is
also much higher than that of the other recently reported
cathode materials (Table 1), further demonstrating the
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intrinsic advantage of the macroporous structure inside the
freestanding cathode toward reversible Zn ion insertion/
extraction. As schematically illustrated in Figure 6h, the as-
observed Zn-ion-diffusion ability should be ascribed to the
following factors: (a) the macroporous structure of the
membrane remarkably alleviates material volume expansion
during charge and discharge and facilitates the penetration of
the liquid electrolyte; (b) CNTs provide a long-range
continuous electrical percolated framework, resulting in the
fast charge diffusion kinetics of the HgMnO,-0.7H,0/
MWCNT membrane cathode; (c) the absence of any organic
polymer as a binder avoids the adsorption between the high
charge density of Zn®>" and the polarizing bonds in the
polymeric binder, resulting in the enhancement of Zn>*
mobility during the charge/discharge processes.

Wearable, Paper-Like Zn//H;0sMn0,:0.7H,0/MWCNT
Battery. Finally, considering the continuous demand for the
flexible wearable devices, our H;;MnO,-0.7H,0/MWCNT
membrane is further assembled into flexible, foldable cells to
broaden its application. As shown in Figure 7a, the paper-thin
ZIB was assembled with the H,,sMnO,-0.7H,0/MWCNT
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cathode and 2 M ZnSO, + 0.2 M MnSO, aqueous solution
electrolyte, a positron emission tomography nonwoven fabric
separator (~80 ym), and a flexible Zn foil anode. Figure 7b
delivers the GDC curves of a single ZIB and two ZIBs
connected in series having a rather steady charge/discharge
platform in the voltage intervals of 1—-1.9 and 2-3.8 V,
respectively. The assembled two-charged ZIBs connected in
series could be easily wrapped around the wrist to light up a
red light-emitting diode (LED) indicator (Figure 7c).
Furthermore, when the battery was bent from 0 to 180° and
then returned to the initial state, the LED was observed to
illuminate continuously (Figure 7d—i), demonstrating its
excellent flexibility and potential for promising applications
in wearable electrics.

B CONCLUSIONS

In conclusion, we demonstrated the excellent zinc-ion-storage
behavior of H,,sMnO,-0.7H,0 birnessite nanobelts for the
first time in a macroporous, freestanding Hy jsMnO,-0.7H,0/
MWCNT membrane. This macroporous membrane cathode
delivers a high Zn*" diffusion coefficient of ~8.18 X 10™'* cm*
s™!, specific capacity of 277.6 mA h g™ at 0.2 A g”', and
excellent cycling stability over 1000 cycles at 3.0 A g~'. The
energy density of the Zn//HgeMnO,-0.7H,0/MWCNT
battery reaches up to 368.3 W h-kg™' at a power density of
300 W-kg™'. Soft-packaged ZIBs assembled with the
membrane cathode show stable electrochemical performance
at different bending states toward flexible wearable electrics
applications. Our study not only revealed that the proton-type
birnessite Hy,sMnO,-0.7H,O is a very promising and robust
cathode material for aqueous ZIBs but also developed a
macropore-assisted binder-free strategy to realize next-
generation energy-storage devices from layered nanostructures
with a high aspect ratio. This strategy can be potentially
applied to robust electrodes of other multivalent metal-ion
(AP, Mg**, Ca’*, etc.) batteries.

B EXPERIMENTAL DETAILS

Synthesis of Hg0sMn0,-0.7H,0 Nanobelts. 6 mmol KMnO,
(GR, Sinopharm chemical reagent Co., Ltd. (SCRC)) was dissolved
in 137.5 mL Milli-Q water (18.2 MQ-cm) to form a solution, and 3
mol KOH (AR, SCRC) was added to this solution in two batches
under vigorous stirring. Then, 20 mL of 0.6 M MnCl, (AR, SCRC)
aqueous solution was quickly introduced into the above mixed
solution and stirred for 2 h to get a uniform precursor solution. This
resulting solution was hydrothermally reacted at 175 °C for 72 h. The
manganese oxide precipitate was rinsed thoroughly with Milli-Q water
to neutral pH, after which 0.25 mol (NH,),S,05 (AR, SCRC) was
dispersed into the neutral solution in a three-necked flask, and the
mixture was stirred under 60 °C for 3 h (repeated three times) and
then filtered and washed by Milli-Q water to get the H,sMnO,-
0.7H,0 aqueous suspension. The ideal reaction mechanism in the
synthesis is expressed as

8K,;3;Mn0,-0.5H,0 + (NH,),S,04 + 2.59H,0
— 8H,,sMn0,-0.7H,0 + K,SO, + (NH,)2SO, + 0.64KOH

Finally, the H;(sMnO,-0.7H,O suspension was freeze-dried under
S bar at —50 °C for 48 h to obtain the H,,sMnO,-0.7H,O powder.

Construction of Hg,Mn0,:0.7H,0/MWCNT Hybrid Mem-
brane. 7.5 mL of the Hy4sMnO,-0.7H,0 aqueous solution (4.25 mg
mL™") was added to 15 mL of carbon nanotube (CNT, Tanfeng
Technology Co., Ltd.) and NMP (AR, SCRC) suspension (0.5 mg
mL™"), which was mechanically ground for 15 min and ultrasonically
treated for another 1 h. After the treatment, a homogeneous
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HysMn0O,:0.7H,0O belts/CNT composite suspension was readily
formed. Then, the H;oMnO,-0.7H,0 nanobelts and CNTs
agglomerated together to generate a porous framework membrane
by the vacuum-assisted filtration method. Finally, the membrane was
washed three times with Milli-Q water and dried naturally in air. It is
noticed that the optimal initial content of CNTs in the composited
H 0sMn0O,-0.7H,0 hybrid membrane is ~20% because a higher mass
ratio of CNTs drastically affected the formation of HgyMnO,-
0.7H,0O while a lower ratio affected the electronic conductivity. The
HysMnO,:0.7H,0/MWCNT membrane was punched into circular
pieces (@ = 15 mm, mass loading ~2.3 mg cm™>) and directly utilized
as a cathode.

Material Characterization. Powder XRD analysis was performed
to investigate the crystal structure (Bruker D8-A2S diffractometer
using Cu Ka radiation (4 = 1.5406 A); scan rate was 2° min™"'). TGA
(30—900 °C, heating rate 10 °C min~), air flow S0 mL min™') was
employed to explore the sample’s thermal behavior. An AUTO tensile
tester (Labthink, XLW (PC)) was utilized to measure the tensile
strength of the HjpsMnO,-0.7H,0/MWCNT membrane. TEM (FEI
TECNAI G? S-TWIN), SAED, and field emission scanning electron
microscopy (FEI Navo Nano SEM 450) were performed to
characterize the sample’s morphology. XPS (PerkinElmer PHI
S000C ESCA, with Mg Ka radiation, standard signal: C 1s peak
284.6 eV) analysis was done to investigate the elemental distribution
and chemical components. A zeta-potential tester (Zetasizer Nano
7590) was used to characterize the surface charge state of the
nanobelts dispersed in solvents. An electric resistance tester (Fluke
87-V/C) was used to characterize the electric resistance of the
HysMnO,:0.7H,O0/MWCNT composite membrane with various
MWCNT contents.

Electrochemical Measurements. A freestanding H;(sMnO,:
0.7H,O/MWCNT membrane was employed as the cathode of coin-
type cells directly. For the powder sample, the cathode was prepared
by mixing the freeze-dried powder:Ketjen black:PVDF (mass ratio =
7:2:1) with NMP. Then, the homogeneous slurry was coated onto
304 stainless-steel foil and dried under vacuum at 80 °C overnight.
Finally, the coated foil was punched into circular pieces (® = 15 mm,
mass loading ~ 2 mg cm™) for the assembly of coin-type cells. The
electrochemical performances of the assembled coin-type Zn//
H 0sMnO,:0.7H,0/MWCNT membrane and Zn//H;;MnO,:
0.7H,0/PVDF powder cells were evaluated with the LAND battery
cycle system (Wuhan LAND Electronics Co., Ltd., China) in the
voltage range of 1—1.9 V at ambient conditions. The high-purity Zn
foils (thickness of 30 ym; Tengfeng Metal Materials Ltd.), Whatman
GF (thickness of 350 um), and 2 M ZnSO, (SCRC, 99.995%)/0.2 M
MnSO, (SCRC, AR) aqueous solution were used as the anode,
separator, and electrolyte, respectively. The cycling performance was
measured at 0.2 and 3.0 A g™, respectively. The rate capability of the
ZIBs was tested in the range from 0.2 to 7 A g~'. GITT test was
performed at 0.1 A g for 30 min, followed by a relaxation period of 1
h. CV (in the voltage range of 1—1.9 V) and EIS (in the frequency
range of 10 mHz—1 MHz) tests were performed on an electro-
chemical workstation (CHI660e). All cells were aged for 12 h prior to
any electrochemical test to ensure that the electrolyte was well
absorbed by the separator and the electrode.

Calculation Methods. The capacity contribution can be clarified
by separating the controlled effects of capacitive and diffusion
capacities. Generally, the capacitive contribution parts can be
distinguished by the following modified equations

I=a’ (1)
— — 1/2

I= Icapacitive + Idiffusion - klv + k21/ (2)
! = Icapacitive + Idiffusian = klvl/2 + kZ

Vl/ 2 ( 3)

where I represents the peak current density; v represents the scan rate;
and k; and k, represent the constant factors of the current
contributions from the pseudocapacitive-controlled and diffusion-
controlled effects, respectively.
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The diffusion coefficients (cm* s™') of the Zn ion and proton at the
discharge platform can be calculated by the following equation
R'T?

24* n*F*C%” (4)
where the constant factors of gas constant (R), the experimental
temperature (T), and the Faraday constant (F) are 8.314 J K™' mol ™",
298 K, and 96,500 C mol™}, respectively. Moreover, the adjustable
factors of surface area of the electrode are represented by A, the
number of electrons transferred per mole of electrode involved in the
reaction by , the concentration of insertion ion in the cathode by C,
and the slope value of the line Z’ versus @~/? by o.

The diffusion coefficient (Dgrr, cm? s7%) for the zinc ion in the
H,0sMnO,:0.7H,0/MWCNT membrane cathode can be calculated
by the following equation

1 (nV)Z(
nt\ A (5)
where the duration time of current pulse is represented by 7 (s), the
mole number of the active material by n, the contacting surface area
by A (cm?), the molar volume by V (cm® mol™), and the molecular
weight by M (g mol™); AE is the voltage change caused by the
current pulse and the galvanostatic charge/discharge.
The energy density (E, W h kg™!) and average power density (P, W
kg™') of our membrane cathode-based ZIBs can be calculated by the
following equations

W
E= / c(v)dv
Va

AEs
AET

2
Dgrrr = ) (t < L*/D)

(6)

7)

where C (mA h g™') is the specific capacity of the battery; V, and V,
are the lower and upper limits of voltage during the discharge
procedure, respectively; and ¢ is the discharge time (h). The values of
E and P were calculated based on the active material HyysMnO,-
0.7H,0O only.

P=E/t
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