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ABSTRACT

Recently, rechargeable zinc-ion batteries have been considered as the future development direction of large-scale energy
storage due to their low price, safety, environmental friendliness, and excellent electrochemical performance. However, high-
capacity, long-cycle stable cathode materials that can meet the demand are still to be developed. Herein, the hollow mesoporous
ZnMn,0,/C microsphere cathode material with carbon nanotubes embedded in the shell was prepared by spray pyrolysis for the
first time. Its capacity remained at 209.71 mAh-g™" after 150 cycles at a rate of 0.5 A-g™, and still maintained a specific capacity of
100.06 mAh-g™ at a rate of 1 A-g™" after 1,000 cycles. The outstanding performance is attributed to the hollow structure that can
effectively buffer large volume changes caused by ion intercalation and deintercalation, excellent porosity, cationic defects, and

high electrical conductivity of carbon nanotubes and its strong adsorption to ZnMn,O, nanoparticles.
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1 Introduction

Among the ion-based batteries, lithium-ion (Li-ion) batteries have
been widely used and studied, and their characteristics, such as
high energy density and excellent lifetime, are considered to be the
most promising option [1,2]. However, due to the scarcity of
lithium resources, environmental pollution, and low safety, the
large-scale application of lithium-ion batteries still faces serious
problems [3,4]. Rechargeable aqueous zinc-ion batteries (AZIBs)
have attracted much attention due to their dual electron transfer
mechanism, nontoxicity, low redox potential (-0.76 V vs. SHE),
and high theoretical capacity (820 mAh-g") of zinc electrodes
[5-11]. It will be one of the candidates for large-scale energy
storage in the future. However, commonly used manganese-based
cathode materials dissolve rapidly during cycling resulting in rapid
capacity decay, while vanadium-based materials cannot provide
high energy density despite their excellent cycling stability.
Therefore, it is urgent to develop the cathode materials with both
high specific capacity and cycling stability for AZIBs [12-16].
Notably, the spinel-structured ZnMn,O, (ZMO) is a potential
high-efficiency cathode material for AZIBs due to its high redox
potential, low cost, and abundant raw materials [17-20]. To solve
the problem of capacity fading during cycling, many methods
have been proposed, among which the addition of carbon

materials has become one of the most important methods. Carbon
nanotubes (CNTs) have a large specific surface area and pore
structure, and their composite structure has excellent electrical
conductivity, which can provide sufficient electrolyte channels,
and has become an ideal candidate carbon material [21-24]. For
example, Liu et al. synthesized oa-MnO, nanofibers/carbon
nanotubes hierarchically assembled microsphere materials, in
which a-MnO, uniformly anchored on the CNTs-based
framework showed a significantly increased tap density, effectively
improving the electrochemical stability. The highest areal energy
density of the material at 0.2 A-g™ is 0.98 Wh-cm™ [25]. Moreover,
the hollow spherical structure is a promising buffer for large
volume changes induced by ion intercalation and deintercalation
[26-28]. Wu et al. used solvothermal carbon templates to prepare
hollow porous ZMO materials. Due to the hollow porous
structure and defects of the material, excellent zinc storage
properties were created. The material exhibits a reversible
discharge capacity of 106.5 mAh-g™ after 300 cycles at 0.1 A-g"
[19]. And compared to nanomaterials, microscale materials have
high tap density [29]. Therefore, it is an effective strategy to
improve the stability of this carbon composite during cycling by
constructing a hollow microsphere structure.

Herein, we propose a simple and efficient method to embed
carbon nanotubes (CNTs) in the shell of ZnMn,0,/C hollow
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mesoporous microspheres (ZMO-CNT/C) with excellent zinc
storage properties by spray pyrolysis. The hollow mesoporous
microsphere structure effectively buffers the large volume change
caused by the intercalation of zinc jons and provides a large
specific surface area and abundant pore structure. ZMO
nanoparticles are anchored to carbon nanotubes, which greatly
improves the electrochemical stability and electrical conductivity.
The sample ZMO-CNT/C retains a specific capacity of
209.71 mAh-g™ after 150 cycles at 0.5 A-g” and 100.06 mAh-g™
after 1,000 cycles at a high current density of 1 A-g™. This unique
composite structure has a potential for the improvement of
rechargeable AZIBs.

2 Experimental section

2.1 Materials

All materials were purchased commercially without further
purification. Manganese sulfate monohydrate (AR), zinc nitrate
hexahydrate (AR), and polyvinylpyrrolidone (PVP, K30, GR) were
bought from Sinopharm Reagent Co., Ltd. Carboxylated multi-
walled carbon nanotubes, polyvinylidene fluoride (PVDF, AR)
and N,N-dimethylformamide (DMF, electronic grade) were
obtained from Aladdin Reagent Co., Ltd. 98% zinc
trifluoromethanesulfonate, and 50% manganese nitrate solution
(AR) were purchased from Macleans Reagent Co. Ltd.
Conductive carbon black (battery grade), zinc sheet (battery
grade), flexible graphite paper (1 mm), gasket (battery grade),
spring sheet (battery grade), battery case 2032 (battery grade), and
Whatman GF/D Glass Fiber Filter Paper were bought from
Nanjing Morges Co., Ltd.

Synthesis of ZnMn,0,-CNT/C. First, 20 mg of carboxylated
multi-walled carbon nanotubes were dissolved in 20 mL of
deionized water. A mixed solution with uniform dispersion was
obtained after sonication for 25 min. Next, 0.25 g of PVP was
added to the mixed solution, and it was completely dissolved by
ultrasonication for 45 min. Then, 0.8312 g of zinc nitrate
hexahydrate and 2 g of 50% manganese nitrate solution were
added under stirring and stirred for 40 min to obtain the
precursor solution for spraying. The mixed solution was
ultrasonically atomized, and the atomized particles were treated at
a high temperature in a 500 °C tube furnace. The obtained powder
samples were then dried in a vacuum drying oven at 60 °C for
14 h to obtain the final product ZnMn,O,-CNT/C.

Synthesis of ZnMn,0O,/C. The synthesis process of
ZnMn,0,/C was similar to that of ZnMn,0,-CNT/C, except that
no carbon nanotubes were added to the precursor solution (the
obtained product was labeled as ZMO/C).

Synthesis of ZnMn,0,-CNT/C-400. 0.1 g of the prepared
ZnMn,0,-CNT/C was calcined in a muffle furnace at a heating
rate of 2 °C-min™ for 2 h at 400 °C to obtain ZnMn,0O,-CNT/C-
400 (ZMO-CNT/C-400).
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Synthesis of ZnMn,0,-CNT/C-500. The preparation method
was the same as that of ZnMn,O,-CNT/C-400, except that the
calcination temperature was 500 °C, and the product was named
as ZMO-CNT/C-500.

2.2 Material characterization

We performed phase analysis of the material at 10°-80° by
powder X-ray diffractometer (PXRD, Bruker AXS, D8 Advance).
The chemical environment of the material surface was analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Fisher,
ESCALAB 250XI). The morphology and structure of the products
were evaluated by high-resolution transmission electron
microscopy (HRTEM), TEM, and scanning electron microscopy
(SEM) on FEI, Talos F200x, Hitachi, HT-7700, and Hitachi, S-
8100. Thermogravimetric analyzer tested by TA, Q500 analyzer in
air from 20-800 °C. The specific surface area and pore size
distribution were tested through Brunner-Emmett-Teller (BET,
McMurray ASAP2010N) and Barrett-Joyner-Halenda (BJH)
using N, adsorption isotherm. The ion content was detected by
inductively coupled plasma optical emission spectrometry (ICP-
OES, Agilent-5110).

2.3 Electrochemical measurements

The test batteries were 2032 type zinc-ion batteries assembled at
room temperature. When preparing the battery, the electrode
material, conductive carbon black, and PVDF were ground and
mixed in a mass ratio of 7:2:1, an appropriate amount of N-methyl
pyrrolidone (NMP) was added thereto, and then the obtained
slurry was coated on flexible graphite paper. After drying in a
vacuum drying oven at 60 °C for 12 h, the flexible graphite paper
was cut into circular electrode sheets for battery assembly. In
addition, the active material mass loading of the electrodes was in
the range of 1.0-1.3 mg-cm™. We used deionized water composed
of 2 M zinc trifluoromethanesulfonate and 0.1 M MnSO, as the
electrolyte during assembly. Whatman GF/D glass fiber filter
paper was used as the separator. The battery performance was
tested in a battery test system (Neware, CT-4008) at 0.8 to 1.9 V.
The cyclic voltammetry (CV) curves were obtained in the
potential window range of 0.8-1.9 V on the CHI 660E
electrochemical workstation, and alternating current (AC)
impedance measurements were simultaneously performed on the
same workstation with 0.01 V amplitude from 0.1 MHz to
0.01 Hz.

3 Results and discussion

Scheme 1 shows the synthesis process of ZMO-CNT/C. First, a
certain molar ratio of Zn*, Mn*, and an appropriate amount of
CNT and PVP were dissolved in a beaker in sequence. Then, the
precursor solution was subjected to spray pyrolysis in a tube
furnace at a set temperature, and ZMO-CNT/C hollow
mesoporous composite microspheres were obtained after drying.

ZII 2+

ntercalation

-3

<

Droplets
@ PVP @ Zn* @ Mn* "\ CNT
Scheme 1 Schematic of the preparation process of ZMO-CNT/C composites.
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The composition of products was characterized by X-ray
diffraction, as shown in Fig. S1 in the Electronic Supplementary
Material (ESM). The diffraction peaks of ZMO-CNT/C, ZMO/C,
ZMO-CNT/C-400, and ZMO-CNT/C-500 match well with the
standard peaks of body-centered tetragonal ZnMn,O, (PDF#77-
0470). By comparison, it was found that the intensity of the
diffraction peaks increased after calcination, but no other impurity
peaks appeared, indicating that the sample was of high purity. To
evaluate the carbon content in ZMO-CNT/C and ZMO/C,
thermo gravity analysis (TGA) was performed. It can be seen from
Fig.S2 in the ESM that the carbon content in ZMO/C is 2.7%,
while that in ZMO-CNT/C is 3.7%, and the increased carbon
content comes from the carbon nanotubes in the latter.

To further analyze the chemical states of surface elements, we
performed XPS characterization on the ZMO-CNT/C.
Characteristic peaks of Zn 2p, Mn 2p, C 1s, N 1s, and O 1s can be
observed from the overall spectrum in Fig. 1. Figure 1(b) shows
the high-resolution XPS spectra of Zn 2p, the characteristic peaks
at 1,021.41 and 1,044.50 eV correspond to Zn 2ps;, and Zn 2p .
Figure 1(c) shows the high-resolution XPS spectra of Mn 2p, two
typical peaks appear at 641.93 and 653.88 eV, corresponding to
Mn 2p;;, and Mn 2p,,. The fitting of the deconvolution peaks
shows that there are Mn(IlI) and Mn(IV) in the sample.
According to the area ratio of each valence state, the average Mn
valence state is calculated to be 3.48, which is similar to the
previous report, indicating the existence of Mn vacancies [30].

Nano Res. 2023, 16(1): 1726-1732

To illustrate the existence of Mn vacancies, the ZMO-CNT/C
was tested by ICP measurement, and the ratio of Zn to Mn was
1:1.67. Therefore, the existence of Mn vacancies in spinel can be
jointly verified from the fact that manganese has a valence higher
than the standard trivalent, and the ratio of Mn:Zn in the sample
is lower than the stoichiometric number 2. In the C 1s spectra of
Fig. 1(d), the characteristic peaks at 284.73, 285.89, 286.49, and
288.39 eV correspond to the C=C/C-C, C-O, C-O-Mn, and
C=N/C=O0, respectively [20,31]. Figure 1(e) shows the high-
resolution N 1s spectra, in which the peaks at 398.49 and
399.93 eV correspond to pyridine nitrogen and pyridine nitrogen,
respectively. Obviously, the content of pyridine nitrogen is higher,
which can increase the conductivity and generate more defects.
While the peaks located at 401.69 and 402.01 eV match
graphitized nitrogen and oxynitride [32]. The XPS spectra of O 1s
are shown in Fig. 1(f), in which the highest peak at 530.08 eV
corresponds to a typical metallic O bond, while the peaks at 531.38
and 53243 eV represent Mn-OH and H-O-H, indicating the
existence of defects in the material [33].

Figure 2 shows the SEM and TEM images of the sample ZMO-
CNT/C at different magnifications. Figure 2(a) shows that the
product ZMO-CNT/C is a smooth-surfaced sphere with a
diameter of about 1-2 um, and some CNTs can be clearly seen
wrapped around the surface of the sphere. And no CNTs
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Figure 1 (a) XPS spectrum of the sample ZMO-CNT/C. High-magnification XPS spectra of (b) Zn 2p, (c) Mn 2p, (d) C 1s, (¢) N 1s,and (f) O 1s.
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independent of the spheres were observed, indicating that the
CNTs were well composited with the spheres. Figure 2(b) is a
SEM image of a broken sphere, from which we can find that the
sphere is a hollow structure. The CNTs in the walls of the spheres
are clearly visible, and they are uniformly bound to the ZMO
nanoparticles. The TEM image in Fig. 2(c) further confirms its
hollow structure. Since the thickness of the wall is much larger
than the diameter of the CNTs, only individual CNTs protruding
outside the spherical wall can be found. The strong adsorption
force of carbon nanotubes can effectively improve the
electrochemical stability of the material. Figure 2(d) is the
HRTEM image of ZMO-CNT/C, where the interplanar spacings
of 0.251 and 0.267 nm correspond perfectly to the (211) and (103)
planes of ZnMn,O, (PDF#77-0470). Figure S3 in the ESM is the
scanning TEM (STEM) and corresponding element mapping of
the sample ZMO-CNT/C. The signals of Zn, Mn, O, C, and N
elements overlap each other very well. Figure S4 in the ESM is the
selected electron diffraction pattern of ZMO-CNT/C. It can be
seen that it has a polycrystalline structure and good crystallinity,
indicating that the ZMO nanoparticles are small in size and
uniform in distribution. Furthermore, more extensive SEM and
TEM images of different samples are shown in Figs. S5 and S6 in
the ESM.

We also discussed the N, adsorption/desorption characteristics
of the samples to obtain the BET specific surface area and BJH
pore size distribution. Figure S7(a) in the ESM reveals that the
specific surface areas of ZMO-CNT/C, ZMO/C, ZMO-CNT/C-
400, and ZMO-CNT/C-500 are 81.867, 94.500, 56.386, and
21.942 m’g", respectively, indicating that with the increase of
calcination temperature, the specific surface area decreases. This is
because with the increase of temperature, the grain size of ZMO
increases, while the porosity of the microspheres decreases, so the
specific surface area of the material decreases. It can be seen from
Fig. S7(b) in the ESM that the pore size distribution of ZMO-
CNT/C ranges from 2-30 nm, which is a typical mesoporous
material. Part of the pore size is distributed in 3-4 nm and the
other is distributed in 8-10 nm, this abundant pore structure
facilitates the intercalation/extraction of zinc ions during charging
and discharging.

The electrochemical performance of the sample ZMO-CNT/C

1729

hollow microspheres as zinc cathode was tested by cyclic
voltammetry. As shown in Fig. 3(a), the initial periodic profile is
slightly different from the later one. During subsequent cycles, the
offset occurs due to kinetic changes. Two clearly overlapping
oxidation peaks can be observed at 1.59 and 1.63 V after charging
due to the detachment of zinc ions from the spinel ZnMn,O,
tetrahedral framework. In the subsequent cathodic scan, two
reduction peaks appeared at 1.36 and 1.18 V, attributed to the
stepwise electrochemical intercalation of Zn* [34]. At the same
time, the continuous increase of redox current was observed,
indicating that the electrode material was continuously activated,
which was further confirmed in the subsequent galvanostatic
charge-discharge tests. The charge-discharge curves of ZMO-
CNT/C at 0.5 A-g™ are shown in Fig. 3(b). No obvious discharge
plateau was seen initially, and the plateau became more and more
obvious with cycling. The discharge specific capacities at 50, 100,
and 150 cycles were 282.95, 263.95 and 209.71 mAhg’,
respectively. Its Coulombic efficiency remains above 99.00%, and
the charge-discharge platform becomes more and more obvious,
indicating that the material is continuously activated in the first
few laps.

Figures 3(c) and 3(d) show the rate performance of products. It
can be seen that the specific discharge capacities of ZMO-CNT/C
are 449.97, 394.19, 281.28, 175.00, and 101.10 mAh-g" at current
densities of 0.1, 0.2, 0.5, 1.0, and 2.0 A-g™. Its reversible capacity
reaches 362.56 mAh-g"' when the current density is recovered
from 2.0 A-g' to 0.2 A-g”, indicating that ZMO-CNT/C has a
good ability to withstand current changes. ZMO/C, ZMO-CNT/C-
400, and ZMO-CNT/C-500 have similar trends, but the overall
capacity is relatively low. Figure 3(e) shows the long cycle curves
of each sample at a current density of 1.0 A-g™. It can be seen that
the capacity is very low at the beginning. Due to the continuous
activation of the material with the continuous charging and
discharging, there will be a phenomenon of continuous capacity
growth. After that, the discharge specific capacity of ZMO-CNT/C
fluctuates and decays slowly. However, the discharge specific
capacity of ZMO/C, ZMO-CNT/C-400, and ZMO-CNT/C-500
showed a severe attenuation after 200 cycles. At this time, it can be
seen that ZMO-CNT/C has the unique advantages of CNTs, and
CNTs have high electrical conductivity. In addition, the CNTs
have strong adsorption force to ZnMn,O, nanoparticles and
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Figure3 (a) CV curves of ZMO-CNT/C at a scan rate of 0.2 mV-s" between 0.8 and 1.9 V versus Zn/Zn*. (b) Charge/discharge curves of ZMO-CNT/C at a current
density of 0.5 A-g™. (c) The charge-discharge curves of ZMO-CNT/C at 0.1-2.0 A-g". (d) The rate performance of samples at various current densities from 0.1 to
2.0 A-g”, and (e) long-cycle performance test of samples at a current density of 1.0 A-g™.

under the synergistic effect of mesoporous hollow structure and
cationic defects, provide long-term cycling stability of the material,
thus exhibiting excellent zinc storage performance. Therefore, the
discharge specific capacity of the sample ZMO-CNT/C after
1,000 cycles is 100.06 mAh-g”, while the discharge specific
capacities of ZMO-CNT/C-400 and ZMO-CNT/C-500 are only
2725 and 11.94 mAh-g", respectively. After 750 cycles, the
capacity of ZMO/C has dropped to 20.18 mAh-g™.

In order to further study the storage and reaction electrode
mechanism of the sample ZMO-CNT/C, Fig. 4(a) shows the CV
curves of ZMO-CNT/C at different scan rates. At scan rates of 0.1,
0.2,0.3, 0.4, and 0.5 mV-s™, with the increase of scan rate, the peak
current intensity increases continuously, the positions of the
anodic and cathodic peaks change sequentially, and the width of
the peaks also widens. The shape of the CV curve does not change
significantly, indicating that the sample ZMO-CNT/C has a good
rate capability. In addition, its CV curves at different scan rates
were investigated for its electrochemical kinetic properties. The
main oxidation and reduction peaks in Fig. 4(a) are labeled as 1, 2,
3, and 4, respectively. According to the formula of logi = loga +
blogy, the change of the current in the battery with the scan rate is
analyzed, where i and v are the peak current and scan rate, and a
and b are constants. The reaction kinetics can be analyzed by the b
value. When the b value reaches about 0.5, the electrochemical

reaction is mainly affected by ion diffusion. When the b value is
closer to 1, the electrochemical reaction is affected by Faraday
pseudocapacitance [35]. It can be seen from Fig. 4(b) that the
slopes of peaks 1, 2, 3, and 4 are 0.572, 0.608, 0.607, and 0.747,
respectively. This indicates that the electrochemical performance
of ZMO-CNT/C materials is affected by both ion diffusion and
Faraday pseudocapacitance. From Figs. 4(c) and 4(d), we can see
the specific pseudocapacitance ratios at different scan speeds. The
results show that the pseudocapacitance ratio increases with the
scan speed and the pseudocapacitance ratio of ZMO-CNT/C at a
scan speed of 0.5 mV-s' reaches 88.9%, indicating that the
electrochemical kinetics are more affected by pseudocapacitance.
The differences in Zn* de/intercalation kinetics in each sample
were further analyzed by electrochemical impedance spectroscopy
(EIS), in which ZMO-CNT/C had the lowest charge transfer
resistance, mainly due to the high conductivity of CNTs. And the
hollow mesoporous microsphere structure alleviates the volume
expansion caused by the intercalation and intercalation of zinc
ions, thus providing excellent cycling stability.

The kinetics of Zn* diffusion in ZMO-CNT/C cathodes were
investigated by galvanostatic intermittent titration technique
(GITT). The specific GITT experiment and calculation method
are shown in Fig. S8 in the ESM, according to which the average
D, value of ZMO-CNT/C during discharge is 1.68 x 10™ cm*s™,
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and the average D, value during charge is 1.21 x 10™ cm*s’,
much larger than Zn* in spinel ZnMn,O, [30]. It can be seen that
the ZMO-CNT/C material is more conducive to the de-
intercalation and insertion of zinc ions under the dual synergistic
effect of CNT's and defect structures. In addition, ESM is available
for more electrochemical performance tests of ZMO/C, ZMO-
CNT/C-400, and ZMO-CNT/C-500 (Figs. S9-S11 in the ESM).
Finally, the SEM test of the cycled ZMO-CNT/C was carried out.
Figure S12 in the ESM shows that the material structure remains
intact after long cycles. In addition, we compared the
electrochemical performance of manganese-based oxides with
those reported for AZIBs, which showed that the obtained unique
structure has excellent zinc storage properties (Table S1 in the
ESM).

4 Conclusions

In conclusion, we constructed hollow mesoporous ZnMn,O,
composite microspheres with carbon nanotubes embedded in the
shells for AZIBs. Its hollow structure can effectively buffer the
large volume change caused by ion intercalation and
deintercalation, and its excellent mesoporosity provides more
channels for zinc ion transport. In addition, the carbon nanotubes
in the shell provide high electrical conductivity, and its strong

adsorption force to ZnMn,O, nanoparticles exists in synergy with
cationic defects, which ensures the stability of the material
under long-term cycles and provides excellent zinc storage
performance. As expected, the obtained ZnMn,0,-CNT/C
remains 209.71 mAh-g" after 150 cycles at a rate of 0.5 A-g™ and
still reserves a specific capacity of 100.06 mAh-g" at a rate of
1.0 A-g™ after 1,000 cycles. This mesoporous hollow structure with
interwoven carbon tubes in the shell improves the stability of the
material and may have applications in other energy storage
devices.
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