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A B S T R A C T

Mild aqueous Zn–MnO2 battery attracts lots of attention in energy storage filed due to its low cost, high safety
and environmental friendliness. To achieve high-performance in battery, phase evolution processes of MnO2

during synthesis and electrochemical reactions need to be understood. Herein, the phase evolution during mi-
crowave hydrothermal and correlated battery performance of β-MnO2 are studied. The results demonstrate a
phase evolution mechanism from an initial mixture of vernadite, nsutite, and pyrolusite (β-MnO2) to a final
single β-MnO2 phase, along with enhanced structure stability, increased Mn valence, and decreased BET surface
area. It is found that only when microwave hydrothermal time (MHT)≥ 120min, β-MnO2 showing both high
capacity and excellent cycling performance can be obtained. β-MnO2 prepared under a MHT of 120min shows a
high reversible capacity of 288mA h g−1 with a median voltage of 1.36 V vs. Zn/Zn2+, and high capacity re-
tentions of 91.8% after 200 cycles at 0.5C and 84.3% after 1000 cycles at 4C, respectively. In addition, the
formation of inactive ZnMn2O4 during cycling is observed, which contributes to the capacity fading of β-MnO2

after long-term cycling. This research makes a step forward to the practical application of Zn–MnO2 batteries,
and contributes to the large-scale energy storage field.

1. Introduction

The large-scale energy storage (LSES) devices for future homes and
industries require cheap, environmentally friendliness, safe and high-
performance batteries [1,2]. Recently, the research on aqueous
Zn–MnO2 battery using mild acidic electrolyte attracted lots of atten-
tion for LSES.[3] MnO2 (α- [4–6], β- [7,8], γ- [9], δ- [10,11], spinel
[12,13], and amorphous [14,15] has a high theoretical capacity of
about 308mAh g−1, with a median voltage about 1.3–1.4 V vs. Zn/
Zn2+, which is among the best cathode materials for aqueous battery.
Meanwhile, MnO2 is also a high-performance pseudo-capacitive mate-
rial, and can offer the advantages of both capacitor and battery
[16–18]. During recent years, by tuning electrolyte composition
[19,20] and membrane material [21,22], the cycling performance of
Zn–MnO2 batteries has been much improved. Thus, the mild aqueous
Zn–MnO2 batteries have shown great potential for LSES application,
owing to its superior electrochemical property, low cost, high safety, as
well as easy recycling.

To accelerate the commercialization of the aqueous Zn–MnO2 bat-
teries, rapid synthesis of high-performance MnO2 cathode is one of the
key issues. Compared with tradition hydrothermal method, microwave
assisted hydrothermal has the advantages of fast heating speed, uniform
heating without temperature gradient, etc. [23,24], making it a pro-
mising synthesis method for industrial production. Some results have
been reported relating to the synthesis process and electrochemical
properties of β-MnO2. The result from Xue's group [24] indicates that
by tuning the MnCl2–KMnO4 redox reaction system, the α-, β-, and γ-
phase MnO2 can be selectively prepared and used in lithium-ion bat-
teries and super-capacitors. Tao's group [25] reported that the crys-
tallization of β-MnO2 nanorods proceeds through two steps during
hydrothermal process: γ-MnO2 forms first via a dissolution-re-
crystallization process and then transform topologically into β-MnO2

with increasing temperature. Kim's group [7] found a Zn intercalation
mechanism for the tunnel-type β-MnO2 nanorods via a combination of
solid solution and conversion reactions. Another MnO2 phase evolution
under a hydrothermal condition was reported by Iversen's group [26],
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involving initial formation of δ-MnO2, then a transformation to α-
MnO2, and subsequently to β-MnO2. However, the phase evolution of β-
MnO2 under a microwave hydrothermal condition is rarely studied, and
the electrochemical property of β-MnO2 and corresponding reaction
mechanism are not clear. Besides, as a cathode material for aqueous Zn
ion battery, a capacity activation and subsequent capacity fading pro-
cess has been reported a lot [27–29], however, the fading mechanism of
β-MnO2 is far from clear.

In this study, we studied the phase evolution process and electro-
chemical properties of β-MnO2 by tuning the microwave hydrothermal
time (MHT). With increasing MHT, a transformation from a mixture of
vernadite, nsutite, and pyrolusite to a single pyrolusite phase (β-MnO2)
has been observed. We found that only when MHT ≥120min, β-MnO2

with both high capacity and superior cycling property can be obtained.
Moreover, the reaction and fading mechanisms of β-MnO2 cathode
during cycling was also analyzed. Our study on the phase evolution and
electrochemical properties of β-MnO2 provides a viable approach for
the practical application of the reversible aqueous Zn–MnO2 batteries.

2. Results

2.1. Phase evolution of β-MnO2

The microwave assisted hydrothermal synthesis of β-MnO2 was
conducted at 180 °C, in which MnSO4 and (NH4)2S2O8 were used as
reducing agent and oxidant, respectively. XRD results of phase evolu-
tion of the products with increasing MHT are shown in Fig. 1a. When
the MHT was less than 30min, the product was a mixture of three
phases, including nsutite (PDF#17–0510), vernadite (PDF#15–0604)
and pyrolusite (PDF#72–1984, β-MnO2). The corresponding XRD fit-
ting of the product at 15min is shown in Fig. S1a, and the corre-
sponding microstructures of the three phases are shown from Figs.
S1b–S1d. All the phases exhibit tunneled structure, i.e., 2× 2 and
1× 1 tunnels for vernadite, 1× 3 and 1×1 tunnels for nsutite, and
1× 1 tunnels for pyrolusite (β-MnO2). When MHT ≥30min, only β-
MnO2 with 1× 1 tunnels can be observed. It is observed that the crystal
structure of MnO2 varies with increasing MHT from 30 to 120min, and
the main exposed surface of β-MnO2 gradually changes from (101) to
(110) plane. The MnO6 octahedral arrangements on (110) and (101)
planes are shown in Fig. S2. Compared with (101) plane, (110) plane
presents lower surface energy (Table S1), which may be responsible for

the transformation of the main exposed surface as MHT prolongs. After
MHT exceeds 120min, XRD pattern of β-MnO2 stabilizes and remains
the same. The detailed SEM morphological evolution of the product is
shown in Fig. S3, showing a morphology transformation from a mixture
of nanofibers and nanosheets to only nanofibers as the MHT increases.

To further identify the presence of three phases in the product at
MHT of 15min (M− 15), TEM and high-resolution TEM (HRTEM)
images were also obtained. Fig. 1b shows that M− 15 is a mixture of
nanosheets and nanofibers. HRTEM image of nanofiber (Fig. 1c) in
region 1 shows a lattice fringes of 6.89 Å, which can be indexed to the
(110) plane of vernadite. In region 2 (Fig. 1d), the lattice fringes of
2.44 Å is indexed to the (220) plane of nsutite. Fig. 1e shows the
HRTEM images of nanofiber in region 3, and the lattice fringes of 1.56 Å
can be indexed to the (220) plane of β-MnO2. Thus, it can be confirmed
that the product at 15min is a mixture of vernadite, nsutite and pyr-
olusite phases based on the combined results of XRD and HRTEM. The
β-MnO2 at 120min (M− 120) shows a single nanofiber morphology
(Fig. 1f), and the corresponding HRTEM image (Fig. 1g) presents a
lattice fringes of 3.15 Å, which is consistent with (110) plane of β-
MnO2. The FFT diffraction patterns in Fig. 1c, d, 1e and 1g are shown in
Fig. S4. Thus, an asymptotic transformation process from a mixture of
three manganese oxide phases to a single phase of β-MnO2 is demon-
strated.

Why the final product under the microwave hydrothermal condition
in this study is β-MnO2? This question can be answered by calculating
the DFT relative energy of these three phases. During hydrothermal
reaction, the solvent becomes acidic due to the formation of sulfuric
acid by-products (MnSO4 + (NH4)2S2O8 + 2H2O →
MnO2 + (NH4)2SO4 + 2H2SO4). Consequently, some H+ will be ab-
sorbed inside the tunnels of manganese oxides, forming Mn–O–H bonds,
as shown in the subsequent XPS analysis in Fig. 2e. We assume that
~0.5 mol H+ is adsorbed in ~1mol MnO2, and the corresponding DFT
calculation results are shown in Table S2. The results indicate that the
relative energy of β-MnO2 with 1× 1 tunnels is the lowest among three
phases, namely, β-MnO2 has the highest structural stability compared
with vernadite and nsutite, which will also be confirmed by the sub-
sequent TGA results in Fig. 2b.

To obtain more physical and chemical information of manganese
oxides, FTIR, TGA, XPS and BET tests were conducted. FTIR results in
Fig. 2a show that the characteristic absorption bands in the range of
400–800 cm−1 and 3400-3500 cm−1 are assigned to Mn–O stretching

Fig. 1. Phase evolution of products with increasing MHT. (a) XRD patterns of products at different MHTs; (b) TEM image of product at 15min, and corresponding
HRTEM images of (c) vernadite, (d) nsutite, and (e) pyrolusite (β-MnO2); (f) TEM image of product at 120min, and corresponding (g) HRTEM image of β-MnO2. Scale
bars in insets of (c), (d), (e) and (g) are 2 nm.
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vibrations of MnO6 octahedra, and H–O–H stretching vibrations of re-
sidual H2O, respectively [30]. As MHT increases, the absorption bands
of H–O–H stretching vibration weakens, and the characteristic vibration
peaks of MnO6 octahedra become sharper, indicating a higher crystal-
linity of β-MnO2. Fig. 2b shows the thermos gravimetric analysis (TGA)
curves of the manganese oxides. Through analyzing the TGA data, the
content of residual H2O in manganese oxides is obtained (Fig. 2c),
which shows that the residual H2O decreases gradually with the in-
creasing MHT. The diminish of vernadite and nsutite phases may be
responsible for the decreased residual H2O content, because crystal H2O

can be stored in the 2×2 and 1×3 tunnels, but not in the 1×1
tunnels [31]. In Fig. 2d, the decomposition temperature of the products
(3MnO2 → Mn3O4 + O2) increases rapidly before 120min, indicating
that the thermal stability of β-MnO2 increases as MHT prolongs.

Fig. 2e shows the XPS spectra of O 1s, Mn 2p and Mn 3s at different
MHTs. For O 1s, the bonding energy peaks of Mn–O–Mn, Mn–O–H and
H–O–H can be identified. The presence of Mn–O–H bonds is associated
with the H+ adsorption in acidic electrolyte, and the diminish of
H–O–H bonds with increasing MHT attributes to the disappearance of
vernadite and nsutite, as well as the increasing crystallinity of

Fig. 2. FTIR, TGA and XPS analyses of the manganese oxides with different microwave hydrothermal times. (a) FTIR analysis, (b) TGA curves, and corresponding
changing curves of (c) percentage of residual H2O and (d) decomposition temperature of manganese oxides; (e) XPS spectra of O 1s, Mn 2p, and Mn3s spectrums, the
corresponding (f) Mn valence from Mn 2p analyses, and (g) BET surface areas.

Fig. 3. Schematic representation of the microwave assisted phase evolution of manganese oxides.
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manganese oxides. The Mn 2p3/2 peaks can be divided into three peaks
with binding energies of 641.3 eV (II), 642.2 eV (III) and 642.9 eV (Ⅳ),
and the Mn 2p1/2 peak can also be divided into three peaks with
binding energies of 652.8 eV (II), 653.7 eV (III) and 654.6 eV (Ⅳ) [32].
Based on Mn 2p results, the Mn valence is calculated and plotted in
Fig. 2f. Mn valence of the products increases rapidly before 120min,
and then levels off after 120min, where β-MnO2 becomes stable. The
energy separation for the Mn 3s spectra increases from 4.65 to 4.85 eV,
which also indicates a higher Mn valence state with increasing MHT. In
Fig. 2g, BET surface area gradually decreases with the increasing MHT,
indicating a gradual crystallization process of β-MnO2.

Based on above results, a phase evolution mechanism of β-MnO2

can be proposed (Fig. 3) as follows: before 30min, the product is a
mixture of nsutite, vernadite and pyrolusite. From 30 to 120min, only a
single phase of intermediate β-MnO2 can be observed, with lower Mn
valence, lower structural stability and higher BET surface area com-
pared with material after 120min of MHT. When MHT ≥120min, a
stable β-MnO2 with high Mn valence state, high structural stability and
low BET surface area can be obtained.

2.2. Electrochemical performance

Fig. S5 and S6 compare the electrochemical performance of the
products synthesized using different MHTs, and they show that the
ideal MHT should be above 120min to obtain a high-performance β-
MnO2 cathode material with both superior cycling performance and
high discharge capacity. Based on this result, M− 120 was chosen for
demonstrating the battery performance. Fig. 4a shows the galvanostatic
charge/discharge profile of M− 120 at the rate of 0.05 C, where the
achieved capacity is calculated by mass loading of active materials in
electrodes (i.e. active loading of ~2.5mg cm−2). 3 M ZnSO4 + 0.2 M
MnSO4 is used as electrolyte, and the pre-added MnSO4 can effectively
accommodate the dissolution equilibrium of Mn2+ from MnO2 elec-
trode during discharging, which results in an enhanced cycling

performance of β-MnO2 (Fig. S7). A high reversible discharge capacity
of ~288mAh g−1 was observed, with a median voltage of ~1.36 V vs.
Zn/Zn2+, which is very close to the theoretical capacity of β-MnO2

(theoretical capacity of ~312mAh g−1, Fig. S8). Fig. 4b shows the
cyclic voltammetry of M-120. An obvious cathodic peak around 1.21 V
and a corresponding anodic peak around 1.58 V can be observed in the
1st cycle. In the 2nd cycle, the redox peak currents mentioned above
decrease, and a new pairs of redox peaks emerge at 1.37 V and 1.63 V,
respectively, indicating a two-step charge storage process.

Fig. 4c shows the rate performance of M− 120, and the corre-
sponding charge/discharge profiles at different current densities are
shown in Fig. 4d. As shown in Fig. 4c, the cell exhibits reversible dis-
charge capacity of 285, 256, 221, 193, 179, and 156mAh g−1 at cur-
rent densities of 0.1 C, 0.25 C, 0.5 C, 1 C, 2 C and 4 C, respectively,
which is an excellent rate performance for aqueous Zn–MnO2 batteries
(Table S3). In addition, when returning back 0.1 C, the discharge ca-
pacity recovers to 282mAh g−1, showing a high reversibility of the
M− 120 cathode. Notably, we also observed that the two discharge
plateaus evolve to a single one as the rate is over 1C, which should be
attributed to the H+ insertion, which dominates the discharge process
at high rates, and will be identified in the following section. Cycling
stabilities of M− 120 at 0.5 C and 2 C were also evaluated, as shown in
Fig. 4e and f. In Fig. 4e, M− 120 delivers an initial capacity of
218mAh g−1 at 0.5 C, with a Coulombic efficiency (CE) around 99%
and capacity retention of 91.4% after 200 cycles. At current rate of 4 C,
M− 120 delivers an initial capacity of 161mAhg−1, with a high CE
approximately 100% and capacity retention of 83.2% after 1000 cycles
(Fig. 4f). Notably, we observe that both cycling curves at 0.5 C and 4 C
show an initial activation and subsequent fading process, which will be
discussed in the following section. Beside, Fig. 4f also shows an initial
decrease of capacity in the first 20 cycles, which may be related to the
Mn2+ dissolution process (Fig. S7). Thus, M− 120 is a capable cathode
material for a Zn-ion aqueous battery, and will be promising for the
application of large-scale energy storage devices.

Fig. 4. Electrochemical performance of β-MnO2 at 120min. (a) galvanostatic discharge/charge curves at current of 0.05C; (b) CV curves of the 1st and 2nd cycle at
scanning rate of 0.2 mV s−1; (c) and (d) rate performance and corresponding charge/discharge curves at different current; cycling performance of (e) 200 cycles at
0.5 C, and (f) 1000 cycles at 4 C, both showing a capacity activation and subsequent fading process.

M. Liu, et al. Nano Energy 64 (2019) 103942

4



2.3. Reaction and fading mechanisms

In order to investigate the reaction and fading mechanisms of
M− 120 upon cycling, XRD, XPS and TEM analyses were performed.
Fig. 5a illustrates that six samples were taken from the 2nd discharge/
charge cycle, and corresponding XRD patterns of electrodes in 3M
ZnSO4 + 0.2 M MnSO4 electrolyte are shown in Fig. 5b. During the
discharge process, obvious peaks locating at around 11.1°, 14.0°, 15.6°
and 25.3° emerged on surface of discharged electrodes of #2 and #3,
which is related to the formation of Zn2(OH)2(SO4)(H2O)4 (zinc sulfate
hydroxide hydrate, ZSHH, PDF#09–0204). In the subsequent charge
process (sample #4 to #6), the these ZSHH peaks decreases rapidly, and
the XRD finally recover to the original pattern of β-MnO2 cathode, in-
dicating a good reversibility of the electrode reaction. The formation of
ZSHH is attributed to the increasing concentration of OH− in electrode/
electrolyte interface due to the consumption of H+ in the electrolyte
during discharge process, which is consistent with the report by Liu's
group [8]. SEM was applied to visualize the morphologic evolution of β-
MnO2 electrode, and we observed that the flake-like products emerged
during discharging, and then vanished during subsequent charging (Fig.
S9). This highly reversible morphologic changes are consistent with the
evolution observed in XRD results. Thus, H+ insertion contributes to
one part of the capacity of β-MnO2 cathode.

Additionally, to eliminate the influence of ZSHH, we removed it by
immersing the discharged electrodes in a 10 vol% acetic acid aqueous
solution, and the obtained XRD patterns are shown in Fig. 5c. From
Fig. 5c, some peaks located at 20.2°, 32.8°, 34.8° and 58.6° can be ob-
served on discharged electrodes of #2 and #3, and these peaks are
indexed to ZnMn2O4 (Hetaerolite, PDF#71–2499). TEM-mapping re-
sults in Fig. 5d indicates a successful Zn2+ insertion into β-MnO2

cathode at discharged electrode #3, which is consistent with the for-
mation of ZnMn2O4. After recharged to 1.75 V (electrode #6), Zn2+

was successfully extracted from the β-MnO2 cathode (Fig. S10). Besides,
we also observed that the peaks of (110) plane (~28.7°) of β-MnO2

cathode changed slightly upon the Zn2+/H+ insertion/extraction pro-
cess, which may indicate that H+ insertion contributes to a major part
of the capacity of M− 120, and the volumetric change of the crystal
cell induced by H+ insertion is small. Furthermore, Zn2+ insertion can
result in the conversion from tunneled β-MnO2 to spinel-type ZnMn2O4.
Thus, for β-MnO2 cathode, a Zn2+/H+ co-insertion process during
discharging is proposed, and part of β-MnO2 can convert to spinel-type
ZnMn2O4 during discharging, rather than the generation of layer-type
Zn-buserite for a α-MnO2 cathode [20,33]. The co-insertion of Zn2+

and H+ is responsible for the high capacity delivery (~288mAh g−1 at
0.05 C) of β-MnO2, and H+ insertion contributes to the high rate per-
formance at a high current of 4 C. Besides, the CV curves at different
scan rates are also conducted (Fig. S11), showing a solid diffusion
controlled kinetics of H+ and Zn2+ of β-MnO2 during charge/discharge
cycles.

We also compared the XRD patterns of the cycled β-MnO2 cathode
to explain its fading mechanism. Fig. 6a shows the XRD patterns of
pristine M− 120 electrode, fully charged electrode after 5 cycles at
0.05C, and fully charged electrode after 200 cycles at 0.5 C. Char-
acteristic peaks of β-MnO2 and ZnMn2O4 can be observed, and the
detailed fitting of ZnMn2O4 product is shown in Fig. S12. After 200
cycles at 1 C, the characteristic peaks of ZnMn2O4 is obvious in the fully
charged β-MnO2 cathode. Mn 3s and Zn 2p spectra in Fig. 6b and c
shows that Zn2+ partially remains within the fully charged cathode, in
the form of spinel ZnMn2O4.

SEM and TEM were also applied to further confirm the existence of
ZnMn2O4. Some nanofibers with very rough surfaces can be observed in
the fully charged β-MnO2 electrode after 200 cycles at 0.5C (Fig. 6d).
Fig. 6e shows the TEM morphology of the nanofiber in Fig. 6d, some
cotton-like products (circled by white dotted lines) are observed

Fig. 5. (a) Galvanostatic charge/discharge profiles of β-MnO2 cathode at current of 0.05C; (b) ex situ XRD profiles of electrodes at charge/discharge states from 1 to
6, showing a reversible H+ insertion/extraction process, and (c) corresponding XRD profiles after immersed in a 10 vol% acetic acid; (d) EDS-mapping results of the
β-MnO2 electrode at discharge state 3, showing a successful Zn insertion during discharge process.
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distributing on the surface of the β-MnO2 nanofiber, which is consistent
with the SEM result in Fig. 6d. The TEM results of EDS-mapping of Mn,
O and Zn are also shown in Fig. 6e, it can be observed that Mn and O
distribute uniformly throughout the nanofiber, while Zn can only be
seen in the region of cotton-like products, indicating that the residual
Zn only exists in the cotton-like products. HRTEM image of the cotton-
like products are shown in Fig. 6f, a lattice fringe of 0.254 nm is as-
signed to the (211) plane of ZnMn2O4, the corresponding diffraction
pattern also indicate the diffraction spots of (10-1), (112) and (211)
planes, and schematic representation of crystal structure of ZnMn2O4 is
shown in Fig. 6g. Thus, combining all the results of XRD, XPS, SEM and
TEM, we can conclude that some ZnMn2O4 remains in the charged
electrodes after long-term cycle, resulting in the capacity fading of
M− 120 cathode.

To prove the hypothesis that “the generation of ZnMn2O4 is the
main reason for the capacity fading issue” in Fig. 4e and f, we syn-
thesized a spinel-type ZnMn2O4 as a cathode material for Zn ion battery
(Fig. S13). The results show that ZnMn2O4 can only deliver an ultralow
discharge capacity of ~32.6 mAh g−1 at a current rate of 0.05 C, which
is an order of magnitude lower than that of the β-MnO2 cathode
(288mAh g−1 at 0.05C). That is to say, after long-term discharge/
charge cycle, part of the Mn in β-MnO2 cathode will convert into the
inactive ZnMn2O4, resulting in an irreversible capacity decay of
Zn–MnO2 batteries. Thus, the key to further improve the electro-
chemical property of β-MnO2 cathode is to depress the formation of
ZnMn2O4 during cycling, which need to be further investigated in the
future.

3. Conclusion

In conclusion, the phase evolution mechanism, electrochemical
property and reaction mechanism of β-MnO2 prepared by microwave
hydrothermal method were investigated. We revealed a phase trans-
formation mechanism from an initial mixture of vernadite, nsutite, and

pyrolusite to a final pure pyrolusite as the MHT increases. When MHT
≥120min, the obtained β-MnO2 is thermodynamically stable. The
electrochemical property of β-MnO2 cathode under MHT of 120min
was studied, showing both high capacity delivery of ~288mAh g−1 at
0.05 C, and high cycling stability with capacity retentions of 91.8%
after 200 cycles at 0.5 C and 84.3% after 1000 cycles at 2 C.
Furthermore, the capacity fading of β-MnO2 cathode is mainly due to
the formation of inactive ZnMn2O4 after long-term charge/discharge
cycling. The present β-MnO2 holds great promise for practical use of a
high-performance aqueous Zn–MnO2 batteries in large-scale energy
storage, in view of superior battery performance, low cost, high safety,
and environmental friendliness.

4. Experimental section

4.1. Synthesis of β-MnO2

The synthesis process of β-MnO2 is described as follows: 0.2 g glu-
cose (C6H12O6

.H2O) and 2.70 g manganese sulfate monohydrate
(MnSO4

. H2O) were dissolved into 40mL deionized water under stirring
(solution A). Second, 3.64 g ammonium persulfate ((NH4)2S2O8) was
dissolved in 40mL deionized water under stirring for 1 h (solution B).
Then, the two solutions of A and B were mixed and stirred for 30min.
After stirring, the obtained solution was transferred into a 50mL mi-
crowave hydrothermal device and heated at 180 °C for 10, 15, 30, 60,
120, 180, and 240min, respectively. After hydrothermal treatment, the
solution was filtered to collect the product. The product was then wa-
shed with deionized water and ethanol for 3 times, and dried in the
vacuum oven at 100 °C overnight.

4.2. Materials characterizations

X-ray diffractometer (XRD, Bruker D8 ADVANCE) using Cu Kα ra-
diation was used to characterize the crystal structure. Scanning electron

Fig. 6. (a) XRD patterns of pristine, fully charged electrodes after 5 cycles at 0.05C and 200 cycles at 1C; (b) Mn3s and (c) Zn2p spectrums for fully charged electrode
after 200 cycles at current of 1C, and corresponding (d) SEM morphology, (f) TEM morphology and element mapping of Mn, O and Zn for β-MnO2 nanofiber, (g)
HRTEM image (Inset: FFT pattern) and (h) schematic of hetaerolite structure.
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microscopy (SEM, JEOL JSM-7100 F) was used to observe the micro-
morphology. The transmission electron microscopy (TEM, Titan G2
60–300, FEI) was used to characterize the morphology and selected-
area electron diffraction (SAED) patterns. X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250) was used to explore the electronic
structure and compositional information. Nitrogen adsorption tests at
77 K using a Micromeritics Tristar II 3020 instrument was applied to
measure the BET surface area. Thermogravimetry measurements (TGA,
SII STA7300 analyzer) were performed under nitrogen atmosphere to
illustrate the H2O content and decomposition temperature.

4.3. DFT calculation method

All calculations were performed using the plane-wave projector-
augmented wave method [34] with an energy cut-off of 520 eV, as
implemented in the Vienna ab initio simulation package (VASP)
[35,36]. The Perdew-Burke-Ernzerhof (PBE) form of generalized gra-
dient approximation (GGA) [37] was chosen as the exchange-correla-
tion potential. The PBE + U approach was employed to take account of
the short on-site Coulomb interaction (U) presented in the localized 3d
electrons of Mn, with the U values set to 3.9 eV following the literature
value [38]. The structures were relaxed until the forces were less than
0.03 eV/Å, and the energy convergent standard was 10−5 eV. The
Monkhorst−Pack mesh [39,40] of unit cells was set to 6× 6×9,
3× 8×10, and 3×3×10 for manganese oxides with 1× 1 tunnels,
1× 3 tunnels, and 2×2 tunnels, respectively.

4.4. Electrochemical measurement

Electrochemical properties were tested using CR2032 coin-type
cells. The working electrode was fabricated by blending active material,
acetylene black (AB), and polyvinylidene fluoride (PVDF) in a weight
ratio of 8:1:1 with N-methyl-2-pyrrolidone as solvent. The obtained
slurry was casted onto a Ti foil (~10 μm) and vacuum-dried at 110 °C
for 12 h. The loading mass of active material was 2.5–3.0mg cm−2.
Glass fiber membrane and zinc foil were employed as the separator and
anode, respectively. Aqueous solution containing 3M ZnSO4 and 0.2M
MnSO4 was used as electrolyte. The assembled cells were galvanosta-
tically cycled between 1.0 and 1.8 V using the LAND-CT2001A battery-
testing instrument. Calculation of specific capacities was based on the
mass of initial active materials. CVs were measured on a Chi 660e
electrochemical workstation (CH Instruments Inc.).
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