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Rechargeable aqueous Zinc-ion batteries belong to a hot research topic on energy storage due to its high safety
and low cost. However, its practical application is still remarkably limited by the fact that cathode capacity is
much lower than that of zinc anode, leading to unsatisfactory energy density far away from the commercial
standard. In this context, we have proposed an inorganic oxide/organic quinone coupling strategy to prepare
MnO,@PDAAQ composite cathode. Significantly enhanced performance superior to most of conventional
cathode materials was identified in this MnO,@PDAAQ with an impressive high capacity of 414 mAh g~! and
energy density of 537.9 Wh kg . We clarified such a coupling from MnO, and quinone results in multiple energy
storage mechanisms including Zn?>*/H* co-insertion in MnO, and two-electron dissolution/deposition mecha-
nism of Mn*"/Mn?* redox reaction in this composite. The proposed inorganic oxide/organic quinone coupling

strategy opens up a new route for the electrode design of high-performance aqueous batteries.

1. Introduction

Compared with the commercial lithium-ion batteries (LIBs), water-
based rechargeable batteries have been emerged as very promising en-
ergy storage systems due to the high safety, low cost and much higher
jonic conductivity (~ 1 S cm™!) in aqueous electrolyte. Especially,
aqueous Zn-ion batteries (ZIBs) has been considered as the most
appealing alternative owing to its high volumetric capacity (5855 mAh
em ™2 versus 2061 mAh em ™ for Li), eco-friendliness and abundance of
the zinc [1-4].

The main bottleneck of ZIBs development is on the lack of high-
performance cathode materials. In general, the as-developed cathode
materials can be classified as four types including Prussian blue ana-
logues, V-based oxides, Mn-based oxides and organic compounds
[5-11]. Among these materials, Prussian blue analogues and V-based
oxides always deliver inferior specific capacity (< 60 mAh g~1) and low
voltage plateau (0.7 V vs. Zn/Zn?"), respectively. Mn-based oxides
deliver the best overall electrochemical performance on both capacity
and working voltage [12,13]. Unfortunately, the capacity of Mn-based
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cathodes is still much lower than that of zinc anode, leading to the
limited energy density of ZIBs that is still far away from the commercial
standard. Therefore, enhancing the capacity of Mn-based cathode is the
dominated route to break though the current bottleneck of aqueous ZIBs,
and it is still highly challenging.

Most recently, many efforts have been reported in the field of
coupling inorganic and organic materials to be applied as the cathode
materials of AZIBs [7,14-16]. Generally, the selected organic species
(mostly conducting polymers, e.g., PANI [7,14] and PEDOT [15]) can
function as immobile pillars to enlarge the interlamellar spacing and
enhance the electronic conductivity while they are polymerized in the
interlayers. As the novel ZIBs cathode materials, organic quinone com-
pounds (such as C4Q [17], PQ-A [18], PDBS [19] and TABQ [20]) with
excellent structural diversity and potential resource sustainability has
been paid more attention. The large intermolecular adjustable space and
interaction forces (such as van der Waals forces, n-n forces, etc.) of
quinone compounds provide an elastic substrate for reversible inser-
tion/extraction of Zn?" and promote the cationic diffusion process in
electrolyte [21-24]. Motivation by these merits, we consider whether
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one can couple Mn-based oxides and organic quinone compounds
together to produce novel inorganic oxide/organic composited cathode
or not. However, such a consideration has never been reported up to
date due to the lack of appropriate synthetic strategy.

Our previous work developed a series of manganese oxide nanodots
as the promising prospective cathode candidates ZIBs [25]. Herein, we
initially tried to realize the coupling inorganic MnO, and poly(1, 5-dia-
minoanthraquinone) (denoted as MnO,@PDAAQ) through an interfa-
cial polymerization method as cathode material for aqueous ZIBs.
Ultrafine 4-6 nm MnO- nanocrystals were successfully wrapped in the
organic PDAAQ matrix forming a mosaic structure. Surprisingly, an
impressive high capacity of 414 mAh g1 has been achieved in this novel
MnO,/PDAAQ composite, superior to most of conventional cathode
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materials. We revealed the storage mechanism of our MnOy/PDAAQ
cathode combines two main categories including Zn?*/H" co-insertion
in MnOs, and dissolution/deposition mechanism of Mn*t/Mn?* redox
reaction, thus resulting in much improved battery performances. As a
proof-of-concept, when assembled in a full-cell with Zn anode, our
MnOy/PDAAQ cathode exhibits a superior energy density of 537.9 Wh
kg~! with long-term cycling life exceeds 2000 cycles with coulombic
efficiency of 97%.

2. Results and discussion

Fig. la schematically illustrates our interfacial polymerization
strategy for the synthesis of MnO;@PDAAQ composites. In this
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Fig. 1. (a) Schematic illustration of the preparation process. (b) Powder XRD pattern and (c) its optical photograph. (d) FTIR spectra. (e) High-resolution Mn 2p XPS
spectra. (f, g) HRTEM images and (h) the corresponding SAED image. (i) Elemental mapping of Mn, N and O. (j, k) BF-STEM images.
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synthesis, oxidizing agent (aqueous 3 g pL™' KMnO4 solution) was
slowly dropped into the organic phase (DMF-containing diamino-
anthraquinone monomer). Subsequently, PDAAQ was synthesized by
the chemical oxidation polymerization and KMnO4 was reduced to
MnO, simultaneously. Powder X-Ray diffraction (XRD) pattern and
Fourier transform infrared (FT-IR) spectra (Fig. 1b and d) confirm the
successful formation of MnO;@PDAAQ composites with black powder
sample (Fig. 1c). Although XRD pattern exhibits rather broad peaks with
poor crystallinity, the enlarged one from 30° to 70° clearly shows two
diffraction peaks at 36.5 and 65.8°, which well matches the (006) and
(119) planes of layered birnessite phase (JCPDS:18-0802), respectively.
FT-IR spectra in Fig. 1d depicts clear fingerprint peaks of PDAAQ in the
composite [26-28]. Furthermore, the characteristic peak around 510
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c¢m ! can be ascribed to the Mn-O vibrations of [MnOg] octahedra [15].
Similar results are also observed in the Raman spectrum (Fig. S1). The
symmetric stretching vibration (Mn-O) of MnOg groups and the (Mn-O)
stretching vibration in the basal plane of [MnOg] sheet can be respec-
tively detected at 640 and 570 cm~ ! [29]. We further identify the
PDAAQ content of approximately 23 wt % by thermogravimetric anal-
ysis (TGA) measurement (Fig. S2). Additionally, X-ray photoelectron
spectra (XPS) further confirms the valence state of Mn in the composite.
As depicted in Fig. 1e, the characteristic peak located at 642.3 and 654.0
eV are attributed to Mn 2p3,5 and Mn 2p; /2, respectively. The spin-orbit
splitting of 11.7 eV matches well with the typical MnO; spectra in the
previous work [30]. Furthermore, the average oxidation state of MnOs is
calculated to be +4 through the relationship between the valence state
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Fig. 2. (a) GCD profile of MnO,@PDAAQ, MnO, and PDAAQ cathodes in 2 M ZnSO,, /0.2 M MnSO, electrolyte at 0.2 A g~ after activation process. (b) CV curve at
0.2 mV s~ 1. (¢) Nyquist plots at 1.5 V (inset illustrates equivalent circuit served for fitting EIS spectra). (d) Cycle performance in 2 M ZnS0,4/0.2 M MnSO, at 0.2 A
g~ L. (e) A fully-charged pouch cell of two batteries in series can easily light up the red LED.
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and the Mn 3s peak splitting energy as reported previously (Fig. S3)
[31].

Scanning electron microscopy (SEM) observation of our MnO,@P-
DAAQ composite shows a loose, spongiform morphology by the aggre-
gation of numerous tiny nanoparticles (Fig. S4). Such a loose
morphology gives rise to rather porous structure with a very high spe-
cific surface area of 234.9 m? g~! (pore volume: 0.933 cm® g1) evident
by N3 absorption-desorption isotherm (Fig. S5). Note the surface area of
MnO;@PDAAQ composite is remarkably higher than that of pristine
MnO; nanoparticles (13.5 m? g’l) with drastic agglomeration [32],
which generally facilitates the electron transfer at the electro-
de/electrolyte interface to promote electrochemical kinetics for battery
applications. High-resolution transmission electron microscopy
(HRTEM) observation further indicates continuous network structure
constructed by the cross-linked polymer chains (Fig. 1f). Especially,
ultrafine 4-6 nm MnO, nanocrystals can be easily distinguish in the
high-resolution TEM image (Fig. 1g). It seems that the organic PDAAQ
matrix is inlaid with the ultrafine MnO5 nanocrystals forming a mosaic
structure, which should be ascribed to the spacing confinement effect of
PDAAQ macromolecules during the polymerization process. As a com-
parison, the morphology of pure MnO; prepared via a similar method
without shows large-sized particles caused by the severe aggregation (>
1 pm, Fig. S6). The corresponding selected-area electron diffraction
(SAED) pattern (Fig. 1h) exhibits a set of well-resolved birnessite
diffraction rings, suggesting the polycrystalline nature of MnO,
sub-phase in the composites. Elemental mapping images (Fig. 1i) illus-
trated a homogeneous distribution of Mn, N and O elements. We further
carried out bright-field scanning transmission electron microscope
(BF-STEM) characterization to identify the crystallographic information
of these ultrafine MnO» nanocrystals. As shown in Fig. 1j, k, the atomic
arrays marked by rectangle clearly indicate [MnOg] octahedron in
which Mn atoms are coordinated by six adjacent lattice oxygen atoms,
confirming layered birnessite structure of manganese oxide in the
composite. This result is well consistent with the XRD characterization
as shown in Fig. 1b. Furthermore, the PDAAQ matrix with amorphous
structure can be clearly observed around MnO; nanocrystals in the
BF-STEM images [33].

Having successfully prepared the highly uniform MnO,@PDAAQ
composite, it was paired against zinc foil using 2 M ZnSO4/0.2 M MnSO4
aqueous electrolyte to evaluate electrochemical properties. Fig. 2a
compares the galvanostatic charge/discharge (GCD) profiles of the
MnO;@PDAAQ composite, MnO, and PDAAQ cathode after the acti-
vation process (discussed below). Intriguingly, we observed an apparent
enhancement on capacity of our MnO,@PDAAQ compared with the
pristine MnO, (305 mAh-g~1) and PDAAQ cathode (51 mAh-g1). CV
curve in Fig. 2b indicates the onset of electrochemical activity starts just
below 1.6 V, and there are two capacity regions that should be respec-
tively assigned to MnO; (1.6—0.8 V) and PDAAQ (0.8—0.2 V) contri-
bution, which is well consistent with the charge and discharge plateaus
observed in the GCD profile of MnO,@PDAAQ cathode. The electro-
chemical impedance spectroscopy (EIS) measurements in Fig. 2c¢ de-
livers much smaller contact resistance as well as charge-transfer
resistance of MnO3;@PDAAQ cathode than those of pristine MnO, (see
Table S1), indicating the faster electrochemical reaction kinetics of the
MnO,@PDAAQ composite. As shown in Fig. 2d, MnO,@PDAAQ cath-
ode delivered better cycling stability than that of pure MnO, cathode in
2 M ZnS04/0.2 M MnSO4 hybrid electrolyte. The initial capacity of
MnO,@PDAAQ sample is 303 mAh-g~}, and a gradual capacity rise in
the first 20 cycles was observed, which should be ascribed to the mass
increase of active MnO, originating from the deposition of Mn?* in
MnSO4 during this activation process (Fig. S7) [34,35]. MnO2@PDAAQ
cathode delivers a high specific capacity of 414 mAh g~! based on the
mass of MnO,@PDAAQ after activation (Figs. S8 and S9), and it main-
tained with a high capacity-retention of about 96% in the subsequent
100 cycles. Note that such a capacity of 414 mAh g~! is much higher
than most of the as-reported zinc-ion battery cathode materials up to
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date [7,9,15,17-20,36-53]. Long-term cycling lifespan of our
MnO2@PDAAQ sample is further confirmed at a high current density of
3.0 A g~! with a stable capacity of ~100 mAh g~! and coulombic effi-
ciency of 97% after 2200 cycles (Fig. S10). Fig. S11 depicts its
rate-capability at various current densities from 0.2 to 3.0 A g~'. The
reversible capacity is 372.9, 342.6, 306.2, 200.4 and 110.4mAh g ' ata
current density of 0.2, 0.5, 1, 2 and 3 A g™}, respectively. While the
current density was set back to 0.2 A g7}, the capacity delivers satis-
factory reversibility and quickly raised to the capacity of 404.1 mAh g~ *.
This excellent performance inspires us to further assemble a soft package
of two batteries in series to verify its practical application in flexible and
wearable device. As shown in Fig. 2e, the as-constructed pouch cell can
be wound around the hand and light up a red LED indicator easily.

Fig. 3a depicts the comparison of specific capacity vs. average
discharge voltage. Clearly, the overall performance on capacity and
working voltage of our MnO2@PDAAQ cathode exceeds most of con-
ventional cathode materials including Mn-based compounds, V-based
compounds, phosphates, sulfides, organics and Prussian blue analogues
[7,9,15,17-20,36-53]. Benefited from this ultrahigh specific capacity, a
prominent energy density of 537.9 Wh kg~! (calculated based on the
mass of MnO;@PDAAQ) at a power density of 272.8 W kg’1 has been
achieved, which is also much superior to conventional AZIBs cathodes
including VOPO4 [46], V307-nH20 [47], a-MnO» [48], §-MnO; [49],
ZnMnj g¢O4 [50], ZnHCF [51] and CuHCF [52] (Fig. 3b).

We have achieved satisfactory specific capacity and energy density in
our MnO2@PDAAQ composite. To gain the deep insights on the energy
storage mechanism, ex-situ XRD was employed to investigate the
composition change of MnO2@PDAAQ composite cathode during the
charge and discharge processes, which were carefully rinsed with
deionized water to remove the electrolyte. Fig. 4a exhibits the XRD
pattern of selected points in the GCD curve for ex situ analysis in the 10th
cycle. The typical diffraction peaks assigned to Zn4SO4(OH)g-nH20
(ZHS, JCPDS: 44-0673 and 39-0689) could be observed from C to E point
during the discharging process. In addition, the XRD diffraction peaks
assigned to the MnOOH phase could also be found in the fully discharged
cathode (E point) as shown in Fig. 4b. According to the previous reports,
the insertion mechanism of H" are usually accompanied by the forma-
tion of ZHS and MnOOH [54]. Furthermore, the insertion mechanism of
Zn" is confirmed by the appearance of the ZnMn,O4 phase at E point
and the element mapping result (Fig. S12).

However, the theoretical capacity of MnO, based on the insertion
mechanism is just 308 mAh g, which is much lower than the capacity
of our MnO,@PDAAQ. The reason was further investigated by the ex-situ
XPS and X-ray absorption near edge structure (XANES) characteriza-
tions, which confirmed a typical Mn**/Mn?" dissolution/deposition
mechanism during the charge-discharge process. Fig. 4c shows the
normalized Mn K-edge XANES spectra of MnO;@PDAAQ sample at
various discharge/charge states (20th cycle) as marked in Fig. 4d.
Commercial MnO; and MnyOs3 are used as reference samples. The edge
gradually shifts toward higher energy during the discharging process
(from A’ to C’ point), indicating a slight increase of the average Mn
oxidation state in the cathode. Such an illogical variation trend of Mn
valence has also been reported in previous work on MnO,@V5CTx and
MnO, @N-C cathodes for AZIBs [34,55]. The reasonable explanation for
this phenomenon could be the Mn3+ (MnOOH) disproportionate trans-
formation into Mn** (Zn,MnOy, Fig. 4b), leaving Mn?" dissolved into
the electrolyte (e.g. Mn®"—Mn*" + dissolved Mn?**). Moreover, the
signal intensity of Mn K-edge at E’ point is extremely weak below the
detection limit (Fig. S13), suggesting the dissolution of most Mn
component in the cathode after full discharging. The occurrence of Mn?*
dissolution during the discharging process is also confirmed by Fourier
transformed Mn K-edge extended X-ray absorption fine structure
(EXAFS) data. One can see the intensity of Mn-Mnegge Fourier transforms
peak (~1.8 [o\) of C’ point is much lower than that of B’ point (~2.5 /0\,
Fig. S14) [56]. At full charged H’ point, the K edge position almost
returns to the initial A’ point. Furthermore, the interatomic distance of
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Fig. 3. (a) Performance comparison on specific capacities and average discharge voltage between our work and previously reported cathodes for ZIBs [7,9,15,17-20,

36-53]. (b) Ragone plots compared to other cathodes of ZIBs [46-52].

Mn-O bond after this discharge/charge cycle shows negligible change in
the EXAFS spectroscopy (Fig. S14), demonstrating excellent structural
reversibility without remarkable changes on coordination geometry of
our MnO>@PDAAQ. Ex-situ XPS spectra in Fig. 4d also elucidates the Mn
oxidation state evolution during this electrochemical process. The in-
tensity of Mn 2p characteristic peaks gradually decreased from A’ to E’
point during the discharge process, and it was hardly distinguished at
fully discharged E’ point. Such a result also provides evidence of Mn
dissolution from the MnO>@PDAAQ cathode into liquid electrolyte. The
high-resolution Mn 2p XPS spectra in Fig. 4e, f provide more detailed
information. At the first discharge platform (A’ to B’) in the GCD profile,
partial Mn*" was converted to Mn®>" intermediate via the H' redox re-
action. After this, the characteristic peaks at 641.2 and 653.3 eV
assigned to Mn?" replace those of Mn>* (643.3 and 654.9 eV) and Mn**
(642.3 and 654.0 eV) from C’ to F’ point. The emergence of Mn?* is also
proved by Mn 3s XPS spectra (Fig. S15), in which the energy separation
of the characteristic peak is ~5.9 eV, corresponding a charge state of
Mn2" in these stages [32,57]. In contrast, the valence state of Mn in the
pure MnO;, cathode was confirmed to be between +3 and +4 at C point
by the high-resolution XPS spectra (Fig. S16). During the subsequence
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charge process, the chemical valence of Mn changes back from +2 to +4
(Fig. 4f), which is in agreement with the above-mentioned XANES
results.

Although pure PDAAQ also hold Zn?" storage ability through a Zn?*-
coordination mechanism reported in previous reports on quinone com-
pounds [17-20,58], the capacity comparison in Fig. 2a identifies that
the capacity of our MnO,@PDAAQ composite is dominated by the
contribution of Mn species rather than PDAAQ. According to the
abovementioned ex situ analyses, it rational that its high capacity should
be attributed to the hybrid mechanisms including Zn**/H* co-insertion
and dissolution/deposition of Mn*"/Mn?" redox reaction, which is
schematically illustrated in Fig. 5 and summarized as following
equations:

Cathode side:

() Zn%*/H* co-insertion mechanism:

MnO, + H" + ¢~ < MnOOH

2MnO, + Zn** +2¢~ & ZnMn, 0,
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Anode side:
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Note that Mn ion dissolution-deposition process corresponds to a
two-electron dissolution/deposition mechanism with a very high theo-
retical capacity of 616 mAh g}, and it generally occurs reversibly in a
strong acidic electrolyte condition, which would result in severe corro-
sion of Zn foil and structural collapse of the battery system [59,60].
Interestingly, our study demonstrates the observation in a mild
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electrolyte environment (2 M ZnSO4/0.2 M MnSOy4, pH =~ 4.6). Although
the real reason is still not clear yet, we speculate that the strong ab-
sorption of Mn?" on PDAAQ should drastically facilitate this
high-capacity mechanism. To verify this hypothesis, the cyclic voltam-
metry was firstly employed. Unexpectedly, the CV curve of pure PDAAQ
cathode in ZnSO4/MnSO4 hybrid aqueous electrolyte is quite different
from that in ZnSO4 electrolyte (Fig. S17). After several cycles, an anodic
peak at 1.6 V and cathodic peaks at 1.36 and 1.2 V respectively emerges
in the CV curves while pure PDAAQ cathode cycled in the ZnSO4/MnSO4
aqueous electrolyte, which corresponds to the redox characteristic peaks
of MnO,. This result indicates that the Mn?* additive in the electrolyte
could be deposited on the PDDAQ matrix, which is originated from the
effective  Mn?" adsorption of the PDAAQ molecules. Typical
high-resolution XPS spectrum of Mn 2p belong to MnO; phase could be
found in the pure PDDAQ cathode after 100 cycles (Fig. S18), further
providing evidence to support this inference. Density functional theory
(DFT) simulation further provides evidence on the Mn?* absorption
effect with the presence of PDAAQ matrix. Firstly, the electrostatic po-
tential surface of PDAAQ was simulated to expose the electrochemical
active sites for cation chelation. Calculation results clarify the area
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around the carbonyl (C=0) and imino (-NH-) groups are electronega-
tivity as favorable active sites capable of enhancing cation uptake
(Fig. S19). Subsequently, after geometric optimization for structure of
PDAAQ organic molecules (Fig. $20), the surface adsorption of Mn?* by
carbonyl and amino groups in PDAAQ is thermodynamically feasible
with a negative binding energy (Ep) of -2.33 eV. Such a result also
confirms the strong Mn?" adsorption on PDAAQ surface.

Additionally, we observed that the pure MnO; cathode shows a ca-
pacity fading due to the irreversible dissolution of Mn?* in 2 M ZnSOy4
aqueous electrolyte without MnSO,4 additive as shown in Fig. S21 [34,
52]. In contrast, MnO2;@PDAAQ cathode delivered the relieving of ca-
pacity deterioration in the same condition, which provides another ev-
idence for such an enhanced reversibility of Mn?* dissolution-deposition
process originated from PDAAQ. Generally, on the basis of the Nernst
equation as follows: [60]

RT  Cyzr g RT

E=E —p — £ ey,
zZF " Cymo, R

The equilibrium deposition potential depends on the concentration
of Mn?" in the electrolyte. During the discharging process, the
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electronegative PDAAQ molecules adsorb Mn?* from the electrolyte and
reduce the Mn®" concentration in the cathode/electrolyte interface,
which promotes the MnO, dissolution process to balance the net nega-
tive charge due to the Zn*" insertion into MnO;. Reversely, the as-
adsorbed Mn?" will be released from PDAAQ matrix with the Zn?*
extraction in the charging process as supported by the enhanced Mn-O
characteristic peak in the FTIR spectra upon charging to 1.85 V
compared to the discharging state (Fig. S22), thus enhancing the
reversibility of Mn dissolution-deposition and leading to a highly stable
capacity during the long-term cycling [61].

3. Conclusion

We demonstrated manganese oxide/quinone (MnO;@PDAAQ)
composite is a very appealing cathode candidate for aqueous zinc-ion
battery with a high specific capacity of 414 mAh g~!. Systematic
study by ex-situ XRD, XPS, XANES and reveals hybrid energy storage
mechanisms including Zn?*/H" co-insertion in MnOs, and two-electron
dissolution/deposition mechanism of Mn**/Mn2* redox reaction in this
composite. Theoretical simulation suggests PDAAQ matrix plays a key
role on the regulation of Mn-ion concentration, which is favorable for
improving the reversibility of dissolution/deposition mechanism to
realize a superior the specific capacity. Our inorganic oxide/organic
quinone coupling strategy opens up a new route to break through the
aqueous ZIBs performance limit on capacity and energy density, and it
could also be extended to other quinone molecules. In the next work, we
will continue to optimize the battery performance by regulation of the
composition and structure of quinone compounds in this composited
electrode.

4. Experimental section
4.1. Synthesis of MnO2@PDAAQ sample

The MnO,@PDAAQ sample is synthesized by an interfacial oxidative
polymerization. Typically, 2 g 1,5-DAAQ monomer was dissolved in 100
mL dimethyl formamide (DMF), and 0.3 g KMnO4 was dissolved in 100
mL deionized water, simultaneously. KMnO4 aqueous solution was
slowly dripped into the stirred organic solution in 6 h and followed by
stirring for 24 h. Whereafter, the precipitate was collected by vacuum
filtration followed by washing with 1-methyl-2-pyrrolidinone (NMP)
and deionized water to remove the oligomers, monomer, and oxidant.
Finally, the as-prepared MnO,@PDAAQ was dried in an oven at 80 °C
overnight. As comparison, pristine MnO» counterpart was prepared by a
classical redox reaction between MnSO4 and KMnOy in the similar route
(detailed characterizations are shown in Fig. $S23), and the pure PDAAQ
was polymerization via 1,5-DAAQ monomer and KMnO4 oxidant in acid
environment.

4.2. Materials characterization

X-ray diffraction (Shimadzu XRD-6100) was performed to investi-
gate the phase structure of the samples. X-ray photoelectron spectros-
copy (XPS, Thermo 250 xi) was used to characterize the chemical
compositions and element valence of the samples. The morphology and
energy dispersive X-ray spectroscopy (EDX elemental analysis) of the
samples were studied by field-emission scanning electron microscopy
(FE-SEM, ZEISS SIGMA HD) and transmission electron microscopy JEM
ARM200F (JEOL, Tokyo, Japan). Fourier transform infrared (FT-IR)
spectra using KBr pellets (BRUKER, TENSOR II) and Raman spectros-
copy (Renishaw Invia) were used to identify the structural variations in
the samples. The nitrogen adsorption-desorption isotherm was studied
by an Autosorb iQ instrument at 77 K. Thermogravimetric analysis
(TGA) combined with differential thermal gravity (METTLER TGA2)
was used to study the mass ratios of components. A four-probe resistivity
tester (ST2722) were used to measure the electronic conductance of
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samples. The Mn K-edge XANES spectra were studied at Shanghai Syn-
chrotron Radiation Facility. The samples were wrapped in clear poly-
imide tape and the data are normalized by Athena.

4.3. Electrochemical measurement

Working electrodes are prepared by mixing as-prepared samples,
Ketjen black and PVDF with weight ratio of 7:2:1 in NMP to form ho-
mogeneous slurry, followed by coating onto a stainless-steel foil and
drying at 60 °C for 12 h in a vacuum oven. The cut foil was served as the
cathode (mass loading ~1.5 mg cm™~2), while the zinc foil and glass fiber
membrane were used as the anode and separator, respectively, and 50
pL 2 M ZnS04/0.2 M MnSO4 was employed as the electrolyte. The whole
battery was assembled in a CR2032-type coin cell with the beforehand
electrodes and other relevant components. Computer-controlled LAND
battery test system (CT2001A) was used to evaluate the cell perfor-
mances at room temperature. Cyclic Voltammetry test was performed at
different sweep rate and electrochemical impedance spectroscopy (EIS)
from 100 kHz to 100 mHz on an electrochemical workstation
(CHI660E), respectively.
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