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Abstract: Manganese-based materials have received more attention as cathodes for aqueous zinc ion
hybrid capacitors (AZIHCs) due to their advantages such as abundant reserves, low cost, and large
theoretical capacity. However, manganese-based materials have the disadvantage of poor electrical
conductivity. Herein, a solid-phase method was used to synthesize a hierarchical carbon-coated
calcium manganate (CaMn, O, /C) network framework as the cathode for AZIHCs. Thanks to the
unique structural/componential merits including conductive carbon coating and hierarchical porous
architecture, the achieved CaMn, O, /C cathode shows an exceptionally long life of close to 5000 cycles
at2.0 A g~1, with a reversible specific capacity of 195.6 mAh g~!. The assembled CaMn, 0O, /C-based
AZIHCs also display excellent cycling stability with a capacity retention rate of 84.9% after 8000 cycles
at 1.0 A g1, and an energy density of 21.3 Wh kg ! at an output power density of 180.0 W kg~ !.

Keywords: CaMn;0O,/C; hierarchical porous; network framework; cathodes; aqueous zinc ion
hybrid capacitors

1. Introduction

It is well known that non-renewable chemical energy sources such as coal, natural
gas, and oil are decreasing, and the world is facing an energy crisis with rapid economic
development. Ionic hybrid capacitors (IHCs) have both the higher power density of
supercapacitors together with the higher energy density of secondary batteries, which is
a promising energy storage device. The most mature research is on alkali ionic hybrid
capacitors (AIHCs), and some of the research has been put into commercial use [1-3].
However, most AIHCs use organic electrolytes, which are not only costly but also highly
flammable during use. Aqueous zinc ionic hybrid capacitors (AZIHCs) use water as a
solvent, which not only saves cost but also reduces the combustion of the electrolyte [4-10].
In addition, AIHCs are manufactured in a more restrictive environment, whereas AZIHCs
are manufactured in a milder environment. AZIHCs have great potential to become
large-scale commercially available energy storage devices [11,12].

The main cathode materials for AZIHCs are vanadium-based oxides and manganese-
based oxides. In recent years, researchers have studied vanadium-based oxides as electrode
materials for AZIHCs. Ma et al. synthesized rod-shaped V,05 as the cathode electrode
material for AZIHCs [13], and AC was used as the anode electrode for assembling AZIHCs.
By optimizing the mass ratio of the anode together with the cathode, the specific capacity of
AZIHCs at0.1 A g~ ! is 57.4 mAh g~!, and the maximum energy density was 34.6 Wh kg 1.
In addition, manganese-based oxides have received more attention due to their advantages
of abundant reserves, low cost, multivalency, and high theoretical capacity [14-16]. How-
ever, manganese-based materials have the disadvantage of poor electrical conductivity as
electrode materials, which leads to the poor rate performance and cycling performance
of such materials [17-20]. Zeng et al. used ultrasonic treatment to prepare MnO,-CNTs
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composite electrodes [21]. The MnO;,-CNTs electrode had a high specific capacitance of
254.1 mAh g1 (0.256 A g~1). Gao et al. synthesize ZMO nanoparticles on heterostructures
of carbon nanotubes for stable Zn?* storage [22]. Highly conductive CNTs and smaller
ZMO can promote fast electron transport and make the ZMO/CNTs composites have
high electrical conductivity. The results showed that the prepared ZMO/CNTs materials
exhibited excellent cycling stability with an initial specific capacity of 220.3 mAh g~ at
01Ag L

In this work, hierarchical carbon-coated calcium manganate (CaMnyO4/C) network
framework was synthesized by a simple yet mass-producible solid-phase method us-
ing polyvinyl pyrrolidone (PVP) as the carbon source, Ca(NO3),-4H,0O together with
Mn(NOs3);-4H;0 as the calcium and manganese sources, respectively. The introduction
of C into CaMnyO,/C increased its electrical conductivity. As a result, the CaMnyO4/C
cathode materials exhibit an exceptionally long lifetime of nearly 5000 cycles at 2.0 A g~!
with a reversible specific capacity of 195.6 mAh g~!. The assembled AZIHCs were obtained
by using porous carbon (PC) as the anode and CaMn;0O,4/C as the cathode as well as a
mixed aqueous solution (0.2 M MnSOj, and 2.0 M ZnSQOy) as the electrolyte. The constructed
PC//CaMny04/C AZIHCs achieve an energy density of 21.3 Wh kg~ at a power density
of 180.0 W kg1, along with modest device leakage current and self-discharge capability,
and favorable cycling stability with 84.9% capacity retention after 8000 cycles at 1.0 A g~ 1.

2. Experimental Sections
2.1. Chemicals

The chemical reagents including Mn(NOj3),-4H,0, Ca(NO3),-4H,O, N-methyl-2-
pyrrolidinone (NMP), ZnSO4, MnSQOy, and polyvinylpyrrolidone (PVP, K30) are of analytic
grade, and from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The chemical
reagents are directly used as received without further treatment.

2.2. Materials Synthesis

Synthesize of CaMn,04/C: 0.4 g of PVP, 0.258 g of Ca(NOj3),-4H,0 and 0.752 g of
Mn(NO3),-4H;,0O were well prepared in a mortar, ground thoroughly for 30 min. The milled
powder was placed in a muffle furnace, heated up to 750 °C held for 3 h at a rate of 5 °C
min~!. The resulting sample was named CaMn,Oy/C.

Synthesis of PC materials: The PC material was fabricated according to the previous
report [23]. Zn(NOs3);-6H,O and PVP(K30) were dissolved in sufficient distilled water
in the mass ratio of 1.5:1 and stirred for 30 min. Then, the resulting solution was placed
in an oven (at 90 °C) and dried completely. The powder was annealed at 800 °C for 1 h
(atmosphere: Nj, rate: 5 °C min~!). The annealed sample and KOH were dissolved in
deionized water in the ratio of 1:3 by mass and stirred for 30 min. The resulting solution
was dried (at 90 °C) completely. The dried mixture is then activated at 800 °C for 3 h
(atmosphere: Ny, rate: 5 °C min~!). The excess KOH in the product is neutralized by
aqueous hydrochloric acid. The product was washed with plenty of deionized water and
dried at 60 °C for 12 h (in an oven). The sample was named PC.

2.3. Material Characterization

Phase characterization of products was carried out using X-ray diffraction (XRD,
Rigaku Ultima IV powder X-ray diffractometer with Cu Ka radiation). The chemical
compositions were tested by X-ray photoelectron spectroscopy (XPS, The model number
is VG Multilab 2000 and the origin is England). Raman spectra (HR Evolution, Japanese)
were collected using 532 nm excitation. The microstructures and morphologies of samples
were characterized using transmission electron microscopy (TEM), field-emission scanning
electron microscopy (FESEM, JEOL-6300F), and high-resolution TEM (HRTEM, the model
is JEM-2100 and the manufacturer is Nippon Electronics Co., Ltd., Mumbai, India).
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2.4. Electrochemical Measurements

Preparation of CaMnyO4/C cathode: Briefly, a mixture of poly(vinylidene fluoride)
(PVDEF): CaMn,0O4/C: acetylene black was added to the mortar in the mass ratio of 1:7:2,
and a reasonable amount of NMP was added dropwise, and the paste was ground for
40 min to form a homogeneous paste. The slurry was evenly coated on a 12 mm diam-
eter carbon paper, placed in an oven, and dried overnight at 110 °C. The amount of the
CaMn,0O4/C on the carbon paper was about 1.5 mg.

Preparation of PC anode: Typically, a mixture of PVDF:acetylene black:PC was added
to the mortar in a mass ratio of 1:2:7. A reasonable amount of NMP was added dropwise
and the paste was ground for half an hour to form a homogeneous slurry. The slurry was
uniformly coated on a stainless-steel mesh of 12 mm in diameter and then placed in an
oven for drying overnight at 60 °C. The mass loading of PC on the stainless-steel mesh was
around 1.0 mg.

Glass fiber (Whatman GF/D) was used for the diaphragm, zinc foil was used as
the reference electrode, and a mixture of 0.2 M MnSO, and 2.0 M ZnSOy in aqueous
solution was used for the electrolyte. The CR2016 button half-cell was assembled to
study the electrochemical performance of CaMn,Oy/C. The voltage range was 0.4-1.9 V
(vs. Zn/Zn%").

CaMn;04/C was used as the cathode along with PC as the anode to assemble the
AZIHCs. The separator and electrolyte were kept the same as those for the electrochemical
evaluation of CaMn,0,/C, as mentioned above. The devices were tested over a volt-
age range of 0-1.8 V. Galvanostatic intermittent titration technique (GITT) and typical
charge/discharge tests were conducted on an 8-channel Land Test System (CT2001A).
Cyclic voltammetry (CV) was performed on the electrochemical workstation (IviumStat. h,
Eindhoven, The Netherlands) at 25 °C.

3. Results and Discussion
3.1. Synthesis and Structural Analysis

The microstructures of the as-obtained CaMn;O4/C are characterized by FESEM. As
illustrated in Figure 1a, the hierarchical porous network framework is evident for the
CaMn;04/C, which is constructed with nano-building blocks of about 0.2 um in size
(Figure 1b,c). The co-existence of Ca, Mn, and O species can be visualized based on the
elemental mapping images (Figure 1d—f), moreover, the C mapping image authenticates
the uniform distribution in the CaMn;0O4/C composite framework (Figure 1g). In ad-
dition, by EDS spectroscopy data, the CaMn;0O4/C composites had a C relative atomic
ratio is about 8.29 at.% (Figure S1). As shown in Figure S2, we performed a Raman
spectroscopic evaluation of CaMnyO4/C. The G and D bands of carbon are located at
1607.2 cm~! and 1333.9 cm !, respectively, indicating the presence of graphitic structures
and defects/disturbances. The intensity ratio (i.e., In/Ig) of the D and G bands can be used
to estimate the degree of graphitization, which is 1.35 for CaMn,O,/C.

The more detailed structure of CaMn;O,/C was characterized as well by TEM and
HRTEM techniques, as shown in Figure 2a,b. Clearly, a uniform carbon layer of about
3.53 nm in thickness is located upon the surface of the well-crystalline CaMn;Oy, and the
well-defined lattice fringes with a spacing of 0.300 nm, which corresponds to the (320)
lattice plane of CaMn,QOy, is apparent.

The crystal structures of the resulting CaMn;O4/C were checked by XRD. As il-
lustrated in Figure 3, typical XRD peaks here match well with the standard data of the
CaMn,0y4 (JCPDS PDF# 76-0516). In specific, the distinct diffraction peaks at 20 = 18.3, 31.0,
32.9,35.0,39.2,40.3, 40.5, and 43.5° are related to (200), (111), (320), (211), (031), (131), (240)
and (231) planes, respectively [24,25]. Moreover, no other discernable reflections are found
for the potential impurities, suggesting that the CaMn,O,/C is successfully prepared by
such a facile synthetic method.
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Figure 1. (a-c) FESEM images, and corresponding elemental ((d) Ca; (e) Mn; (f) O and (g) C) mapping
images of CaMn,O4/C.

Figure 2. (a) TEM and (b) HRTEM images of CaMn,Oy/C. The inset for the intensity profile for the

measured interlayer spacing.
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Figure 3. XRD pattern of CaMn,O,/C.
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XPS determinations of CaMn;0O4/C were performed to enable further analysis of the
chemical state of the surface elements. As illustrated in Figure 4a, the characteristic peaks
of C 1s, Mn 2p, O 1s, and Ca 2p can be observed. Figure 4b shows the XPS spectrum of
Mn 2p, and the characteristic peaks at 641.8 and 653.0 eV correspond to Mn 2p3,, and Mn
2p1 /2 [25,26]. Asillustrated in Figure 4c, the O 1s spectrum of CaMnyO4/C can be divided
into two peaks at 529.2 (metal-oxygen bond) and 531.2 (O-H) eV [25,26]. The Ca spectrum
of CaMny04/C, as presented in Figure 4d, is fitted as two peaks corresponding to Ca 2p3
(350.3 eV) and Ca 2p3,; (346.8 eV), respectively [27]. The C 1s spectrum (Figure 4e), can be
decomposed into three peaks at 284.5, 285.8, and 285.0 eV, corresponding to C-C, O-C=C,
and C-O, respectively [26].
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Figure 4. High-resolution core-level spectra of (a) XPS survey spectrum, (b) Mn 2p, (c) O 1s, (d) Ca
2p, and (e) C 1s, respectively, for the CaMn,O,/C sample.

3.2. Electrochemical Evaluation of the CaMn,O4/C Cathode

As illustrated in Figure 5, the electrochemical performance of CaMn,O4/C is col-
lected. The initial three CV curves of CaMn,Oy,/C are shown in Figure 5a. The CV curves
for the initial cycle under a scanning rate of 0.1 mV s~! are slightly different from the
subsequent ones, which may be relevant to the progressive activation of the electrode in
subsequent cycles. For the anodic scan of the second cycle, two peaks centered at 1.60
as well as 1.54 V appear and overlap in the CV curve, which corresponds to the pro-
gressive electrochemical extraction of Zn?* [28]. In the cathodic scan, two distinct peaks
were observed (around 1.38 as well as 1.23 V), which could be ascribed to the gradual
embedding of Zn?* [29]. The constant current charge/discharge plots of CaMnyO4 /C at
0.1 A g~! are profiled in Figure 5b. CaMn,O,/C displays a discharge-specific capacity of
248.1 mAh g~ ! (at 0.1 A g~1). The rate behaviors of the CaMn,Oy/C are summarized, as
shown in Figure 5c. The CaMn;0,/C cathode provides reversible specific capacities of
260.9,242.3,219.9, 198.3,135.1, and 112.2 mAh g_l at04,0.6,0.8,1.0,2.0,and 3.0 A g_l,
respectively, equivalenting to a capacity retention of 43%. When the current density is again
returned to 0.4 A g1, a reversible specific capacity as high as 275.0 mAh g~! is remained
by CaMn,O4/C cathode. This excellent rate performance, as summarized in Figure 5d,
is also comparable to many other cathode materials recently reported in the literature,
such as Cag2sMnO,-0.5 HyO [25], ZMO@Ti3C, Ty [27], ZMO QD@C [30], ZMO [31], and
K, Fe-ZMO [32]. More surprisingly, our fabricated CaMn,0Oy/C cathode exhibits robust
electrochemical stability with an exceptionally long lifetime of 5000 cycles at 2.0 A g~! with
a retained reversible capacity of 195.6 mAh g~!, as illustrated in Figure 5e.
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Figure 5. (a) CV curves and (b) the first charge/discharge plots (0.1 A gfl), (c) rate behaviors,
(d) comparison in rate capacities with other cathodes reported in the literature in recent years, and
(e) long cycling performance (1.0 A g~ 1) of the CaMn,Oy/C cathode.

The GITT tests were utilized to investigate the diffusion coefficient (Dz,) of Zn?*
during the charging/discharging processes of CaMn,0,/C (Figure S3). The GITT was
performed after three charging and discharging cycles of the CaMn,O4/C half-cell. The
GITT was carried out with the relaxation time of 30 min at 0.2 A g~ ! and the charging and
discharging time of 10 min. The Dz, values of CaMn,O,4/C are calculated according to the
equation [20]:

2 2 2
(e (25 0
Tt - MgS AE;

where my, V1, and Mp represent the mass, molar volume of the active material, and molar
mass, respectively. S corresponds to the surface area, T corresponds to the relaxation time,
AEs for the steady-state potential change of the current pulse, and AE; for the iR drop after
relaxation time. The Dz, values of CaMnyO4/C were then calculated to be in the range
of 10712 and 101 cm? s~ ! over the discharge-charge processes (Figure 6a,b). This is also
consistent with its better cycling and multiplication properties [33].

DZn =
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Figure 6. Specific Dz, values over the (a) discharge and (b) charging processes of the CaMn,Oy /C cathode.

In order to deeply analyze the storage kinetics of Zn**, CV measurements of CaMn, Oy /C
were carried out under different scanning rates of 0.2-1.0 mV s~!. Two reduction peaks
and one oxidation peak can be clearly observed (Figure 7a). The profile of the CV curves
of CaMn;,04/C does not appear significantly with increasing scan rate, indicating that it
has good reaction kinetics. The capacitance effect of the cathode is calculated from the
relationship between the current (i) as well as the scan rate (v) by the equation: 7 = av?
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(b as well as a are constants). Generally, the value of b is equal to 0.5 for ion diffusion-
controlled processes, and the case of b = 1 corresponds to the surface capacitance-controlled
processes, and the value of b is greater than 0.5 but less than 1, which indicates a mixed
mechanism. The b values of peak 1, peak 2, and peak 3 are 0.71, 0.73 and 0.72 (Figure 7b) [24],
which indicates the pseudocapacitive contribution dominated Zn?*-storage process for the
CaMn,0,/C composite cathode. Specific pseudocapacitive contribution of the cathode can
be distinguished by the equation: i = kv + kyv!/2, where kv and k,v'/? represent the one
from the capacitive part and the current of the diffusion-controlled part. Figure 7c shows
the capacity share contributed by the diffusion control process and the capacitive effect
(red region) at 0.8 mV s~ !, highlighting a capacitive contribution as large as about 91.8%
for the CaMn,0,/C electrode. More strikingly, the capacitive contribution can be up to
92.7% when the sweep rate is up to 1.0 mV s~ (Figure 7d). It is the remarkable capacitive
contrition of the CaMn,Oy/C here that ensures its faster reaction kinetics toward efficient
zinc storage [34,35].

1.0
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Figure 7. (a) CV curves, (b) corresponding logi vs. logv plots, (¢) CV curves with the pseudocapacitive
contribution (red region), and (d) diagram for the pseudocapacitive contributions at different scan
rates for the CaMn,QO,/C cathode.

3.3. Electrochemical Properties of PC//CaMn,O4/C AZIHCs

The unique PC//CaMny04/C AZIHCs were assembled with the CaMn;O4/C as
the cathode and the PC as the anode, as schematically illustrated in Figure 8a, and their
electrochemical performance was comprehensively measured. Figure 8b shows the CV
curves of AZIHCs at 5.0-40.0 mV s~ ! (the voltage range: 0~1.8 V). The device CV curves at
5.0-40.0mV s~ ! are close to an ideal rectangular shape, showing the characteristic capacitive
nature of the hybrid device. The profile of the CV curve does not appear to change with
increasing scanning rate, indicating modest polarization of the AZIHCs occurring. Figure 8c
exhibits the constant-current charge/discharge plots of the PC//CaMn,04/C AZIHCs.
These curves are almost straight lines, showing the good capacitive characteristics of the
AZIHCs. It is worth noting that the reversible capacitance of the cell can be as high as
80.0-17.8 F g~ ! at 0.2-2.0 A g~ . The device provides an energy density of 21.3 Wh kg !
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at an output power density of 180.0 W kg~!. When charged to 1.8 V at 0.1 A g™, the
device leakage current was only 7 pA (Figure 8d) and the open-circuit voltage (after
20 h of static operation) dropped by 0.75 V, equivalenting to a voltage loss of only 41.6%
(Figure 8e). As shown in Figure 8f, the AZIHCs exhibit excellent cycling stability with
84.9% capacity retention (at 1.0 A g~!) after 8000 cycles, equivalenting to a capacitance
degradation of 0.046% per cycle, indicative of superb electrochemical stability of our
fabricated PC//CaMn,0O,4/C AZIHCs.

(a)
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T

-

CaMn,0,/C
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e o

: P

o O
Separator f7

2- +
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Figure 8. Electrochemical performance of N-HPC-A//CaMn;0O,4/C AZIHCs: (a) schematic diagram
of device assembly, (b) CV curves, (c) constant current charge-discharge plots from 0.2 to 2.0 A g1,
(d) leakage current diagram, (e) self-discharge diagram, and (f) cycling performance.

4. Conclusions

In summary, in our work, we explored a solid-phase synthesis avenue to smartly
fabricate a hierarchical CaMn;0O4/C network framework and utilize it as the competitive
cathode for AZHICs. Benefiting from its unique structural/componential advantages,
the CaMn,04/C cathode was endowed with superb electrochemical stability and high-
rate capacities. Typically, the cathode displayed an exceptionally long cycle life of nearly
5000 cycles at 2.0 A g~1, with a reversible specific capacity of 195.6 mAh g~!. Utilizing
the PC as the anode, and CaMn,0Q,/C as the cathode, the assembled PC//CaMn,0O,4/C
AZIHCs exhibited capacity retention of 84.9% (at 1.0 A g~!) after 8000 cycles and a power
density of 180.0 W kg ! at an energy density of 21.3 Wh kg~!. All the data here fea-
tured the good prospects of our prepared porous CaMn,O,/C network framework for
practical applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /batteries9120586 /51, Figure S1: EDS spectrum of CaMn; 0, /C
and individual atoms percentage; Figure S2: Raman spectra of the CaMn,;0O,/C cathode; Figure S3:
GITT curves overcharge and discharge processes of the CaMn;O,4/C cathode.
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