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Perspective 

Peapod-like MnO@Hollow carbon nanofibers film as self-standing electrode 
for Li-Ion capacitors with enhanced rate capacity 

Zhi-Yuan Chen , Bin He , Dong Yan , Xiao-Fei Yu , Wen-Cui Li * 

State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology, Dalian, 116024, PR China   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Construct MnO@carbon nanofibers film 
with CVD method from bottom to top. 
� Achieve a high loading of electrode by 

self-standing film that without collector. 
� Solve ion/electronic transfer in anode 

by a film electrode with 3D 
permeability. 
� Adjust nanosize of MnO by HCl etching 

for the following volume expanding.  
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A B S T R A C T   

Lithium ion capacitors (LICs), combining with the advantages of supercapacitors and batteries, are considered as 
one of the most attractive energy storage devices. The key point of constructing high-performance LICs is to 
address the sluggish kinetics behavior of battery-type anode. Herein, we demonstrate that nano-MnO with low Li- 
ion insertion voltage and fast kinetics can be favorably used for LICs. Self-standing hollow carbon-encapsulated 
MnO nanofibers film (MnO@HCF) is synthesized through a morphology-inheritance route, exhibiting high 
electrical conductivity, good structural stability, and continuous open channels to facilitate electrolyte ion 
transportation. Such a synergistic structure endows MnO@HCF with excellent electrochemical properties 
including a considerably enhanced capacity of 586.8 mAh g� 1 at a current density of 0.1 A g� 1. The LIC based on 
the MnO@HCF anode and activated carbon cathode deliver a high energy density of 87.4 Wh kg� 1 at 215 W 
kg� 1, under a high mass loading of 7.1 mg cm� 2. Even at an ultrahigh power density of 10750 W kg� 1, the energy 
density can still reach 50.6 Wh kg� 1. Additionally, the LIC exhibits a remarkable capacity retention of 98.6% 
after 3000 cycles at 1075 W kg� 1.   

1. Introduction 

Li-ion capacitor (LIC) is a new kind of energy storage device which 
consists of a lithium-ion battery-type anode and a capacitor-type cath-
ode [1–3]. LIC with the superior energy density, power density, and 

cycle stability can be widely used in electric vehicle, rail, solar/wind 
energy, and other fields [4–7]. However, the energy density of LIC is 
inferior to lithium-ion battery, which is always the challenge for the 
research of LIC. 

The energy density formula reveals that the energy density of the 
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capacitor is directly related to the capacitance of electrode and the 
operating voltage window [8,9]. Therefore, rationally constructing a 
high-capacity anode with a low lithium insertion potential is an effective 
way to increase the energy density of LIC. Manganese monoxide (MnO), 
as a conversion-type anode of LIC, possesses a low redox potential (<0.5 
V vs. Li/Liþ) and a high theoretical specific capacity (756 mAh g� 1) [10, 
11]. However, like other transition metal oxides, the intrinsic low con-
ductivity and the large volume expansion during cycling could lead to 
poor rate performance and cycle stability [12–14]. In many researches, 
combining MnO with conductive materials and designing the reasonable 
nanostructure have been effective solutions to the aforementioned 
problems [12,15–18]. For example, the capacity decay caused by the 
huge volume change of MnO can be greatly alleviated by the cavity 
produced in the nanopeapod structured MnO/carbon composite [17]. 
Excellent electrochemical properties have been exhibited in a MnO 
nanowire/graphene composite because MnO nanowires are firmly 
anchored on the two-dimensional graphene nanosheet which can 
effectively avoid its exfoliation and improve the electron transfer [18]. 

Apart from the type of electrode material, the proportion of inactive 
materials in the electrode determines the actual energy density of LIC. 
Unfortunately, most researchers used the slurry coating method to 
prepare electrodes, wherein gravimetric specific capacity was calculated 
only based on the active materials. Meanwhile, the real energy density 
suffers from a low active mass loading (0.5–4 mg cm� 2). Despite the 
ideal energy density based on active materials, current collectors, 
binders, and conductive additives account for a large proportion of 
electrode, which severely reduces the energy density of the device [12, 
16–20]. In many practical applications, the high gravimetric specific 
capacity based on total electrode mass is more important, especially for 
some portable devices. Therefore, in order to improve the practical 
value of the electrode, it is urgent to develop a self-standing electrode 
with a three-dimensional electron/ion transmission network, and an 
excellent electrochemical performance even under a high mass loading. 

In this work, a self-standing MnO@hollow carbon nanofibers film 
(MnO@HCF) electrode is synthesized by chemical vapor deposition 
(CVD) followed by a simple acid etching process. Meanwhile, the rela-
tionship between microstructure and electrochemical property is sys-
tematically studied by adjusting the etching time for the MnO nanofiber 
within core-shell structure. The self-standing electrode is formed by 
overlapping peapod-like nanofibers with hollow core-shell structure, 
which can effectively solve the problems of intrinsic poor conductivity 
and structure degradation caused by volumetric expansion of MnO. The 
MnO@HCF electrode can be directly used as the anode of LIC under a 
high mass loading (7.1 mg cm� 2) without any current collectors, 
binders, or conductive additives. Moreover, by assembling MnO@HCF 
anode with a commercial activated carbon cathode, an excellent power 
capability of full capacitor can be obtained to show its application po-
tential in the field of fast charging devices. 

2. Experimental 

2.1. Synthesis of the MnO2 nanofibers film 

A certain amount of potassium chlorate, potassium acetate and 3.38 
g of manganese sulfate monohydrate were dissolved in 300 mL deion-
ized (DI) water at 30 �C. Then, 16 mL of glacial acetic acid was added to 
the solution and stirring for 10 min. The mixed solution was placed in a 
stainless steel autoclave and heated to 160 �C for 8 h. The product was 
washed by DI water until neutral and then dispersed in 500 mL DI water 
by magnetic stirring for 4 h. The self-standing MnO2 nanofibers film was 
obtained by vacuum filtration of MnO2 nanofibers dispersion. Finally, 
the MnO2 film was dried at 50 �C and carefully peeled off from the filter 
paper. 

2.2. Synthesis of the self-standing MnO@HCF electrode 

The MnO2 nanofibers film and 200 μL of aniline were respectively 
placed in two porcelain boats which were transferred to a tube furnace 
for the chemical vapor deposition (CVD) at a rate of 3 �C min� 1 to 600 �C 
under an Ar atmosphere. Then, the sample was heated to 800 �C with a 
rate of 5 �C min� 1 and stayed for 1 h. Finally, the MnO@HCF electrode 
was collected after etching in 4 M hydrochloric acid solution, washing 
with the DI water, and drying at 80 �C. The self-standing electrodes were 
denoted as MnO@HCF-X, where X represents the degree of etching, the 
MnO@HCF-1, MnO@HCF-2, and MnO@HCF-3 respectively correspond 
to etching times of 0, 8, and 24 h. 

2.3. Materials characterization 

The crystal structures of the samples were analyzed by an X-ray 
powder diffractometer (XRD, D/max 2400, Cu Kα). The morphologies of 
the samples were identified by scanning electron microscope (SEM, FEI 
Nova Nano SEM 450) and transmission electron microscopy (TEM, FEI 
Tecnai F30). The pore characteristics and specific surface areas of the 
samples were evaluated from nitrogen adsorption curves using a 
Microstaritics TriStar 3000 physical adsorber from the United States. 
Raman spectra were obtained with a Raman spectrometer (DXR Smart 
Raman) using an Ar ion laser (532 nm) as the emission source. The 
contents of MnO in the samples could be calculated by the thermogra-
vimetric analysis (TGA, Netzsch, STA-449-F3). 

2.4. Electrochemical characterization 

The electrode was prepared by punching the MnO@HCF film into a 
disk (12 mm diameter) directly and dried at 100 �C for several hours. For 
the half-cell, CR2025 coin cells were assembled using the MnO@HCF 
disks (the mass loading was 1–3 mg cm� 2) as the working electrode, 
lithium foil as the counter electrode, 1 M LiPF6 in EC/DMC/EMC (v/v/v 
¼ 1:1:1) as the electrolyte and polyethene (Celgard 2400) as separator. 
Li-ion capacitor was assembled with prelithiated MnO@HCF electrode 
as anode and commercial activated carbon (AC) as cathode in the same 
electrolyte. The prelithiated MnO@HCF electrode was prepared by 
contacting the electrode with lithium foil. The coin cell was firstly 
assembled using the MnO@HCF disk, lithium foil and lithium ion elec-
trolyte but without separator. During the self-discharge of 1 h, lithium 
ions were inserted into MnO@HCF. The prelithiated MnO@HCF elec-
trode was obtained by disassembling the coin cell inside the glovebox. 
The cathode was prepared by mixing AC, polytetrafluoroethylene 
(PTFE), and acetylene black in a mass ratio of 8:1:1. Then the mixture 
was pressed into a thin sheet and punched into a disk (12 mm diameter). 
Finally, the disk was pressed on a stainless steel mesh at a pressure of 8 
MPa and dried at 100 �C for 14 h under vacuum. In a LIC, the mass ratio 
of anode and cathode was around 1:2 and the mass loading was 2–8 mg 
cm� 2, and the LIC were named as MnO@HCF-2//AC (Y), where Y (unit: 
mg cm� 2) represents the total active mass loading of two electrodes. All 
cells assembly processes were carried out in a glove box where the water 
and oxygen levels were below 1 ppm. Galvanostatic charge–discharge 
(GCD) was measured using a LAND CT2001A instrument. Cyclic vol-
tammetry (CV) and electrochemical impedance spectroscopy (EIS) were 
collected on an electrochemical workstation (CH Instruments Ins. 
CHI660D). All electrochemical tests were carried out in a 28 �C incu-
bator. The energy density (E, Wh kg� 1) and power density (P, W kg� 1) of 
LIC were calculated based on the following formulas [21,22]. 

E  ¼ 
Z t2

t1
IV

,

m dt (1)   

P ¼ E/t                                                                                          (2) 
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Where V is the voltage (V), I is the discharge current (A), m is the total 
mass of active materials on the two electrodes (kg), t is the discharge 
time (h). 

3. Results and discussion 

3.1. Material design and structural characterization 

The multistep synthesis process of the self-standing MnO@HCF 
electrode is depicted in Scheme 1. High-aspect ratio MnO2 nanowires 
with a length of 30–100 μm synthesized by a hydrothermal method were 
filtrated into a self-standing thin film, which was selected as the starting 
template (Fig. S1) [23]. Then, carbon layers were coated on the MnO2 
nanofibers through a CVD method by using aniline as carbon source at 
800 �C. During the CVD process, the MnO2 was reduced to MnO, 
confirmed by the X-ray diffraction (XRD) results in Fig. 1a. After partial 
removing the MnO by acid etching, a hollow structure between the 
carbon layer and MnO was formed. 

The XRD patterns of MnO@HCF electrodes are depicted in Fig. 1a. 
All the diffraction peaks of the prepared MnO2 nanofibers are well 
indexed to tetragonal α-MnO2 (PDF 72–1982). Meanwhile, the XRD 
patterns of MnO@HCF-1 and Mn@HCF-2 can be well assigned to stan-
dard cubic MnO (PDF 89–2804), which indicates that MnO2 precursor 
was completely reduced to MnO phase during the CVD process. These 
peaks are relatively sharp, indicating that the confined MnO is well- 
crystallized as a result of high-temperature CVD process. It is hard to 
see the peaks corresponding to carbon because of its low content and the 
sharp diffraction peaks of MnO. The diffraction peak of the carbon 
element is observed at 25.6� for MnO@HCF-3, which corresponds to the 
typical (002) reflection of graphite. According to the TGA curves, the 
contents of MnO in MnO@HCF-1, MnO@HCF-2, and MnO@HCF-3 are 
respectively 81.4 wt%, 37.8 wt%, and 17.8 wt% (Fig. S2). Fig. 1b shows 
the Raman spectra of MnO@HCF electrodes. The two peaks at 1352 
cm� 1 and 1581 cm� 1 respectively belong to the D and G bands. The D 
band stems from the vibration of carbon atoms bonded by sp3, while the 
G band representing the ordered of carbon is associated with sp2 hy-
bridized carbon atoms [24–26]. The intensity ratios between D and G 
bands (ID/IG) of MnO@HCF-2 and MnO@HCF-3 are respectively 
calculated to be 1.02 and 1.01, exhibiting a high graphitization degree of 
the carbon layer in the samples [27]. Then, the conductivity of the 
MnO@HCF samples were measured using a four-probe technique 
(RTS-8), and the test results are all around 250 S m� 1, which is superior 

to the MnO2 nanofibers film (10� 5–10� 6 S m� 1) before CVD, exhibiting 
the excellent electrical conductivity. 

The textural properties of MnO@HCF electrodes were assessed by N2 
sorption tests, as shown in Fig. 1c. The N2 sorption isotherm of 
MnO@HCF-1 shows the character of type I, which indicates that the 
large content of micropores (<2 nm) and small mesopores (2–4 nm), as 
depicted in Fig. 1c and d where pore size distributions were calculated 
based on a DFT model. In contrast, for MnO@HCF-2 and MnO@HCF-3, 
the N2 sorption isotherms show type IV with an obvious hysteresis loop, 
as a response to larger mesopores (~30 nm). The presence of larger 
mesopores can be attributed to that the MnO is partially removed by acid 
treatment. The large mesoporous structures provide a reserved cavity for 
the volume expansion of MnO, thereby reducing the expansion deteri-
oration of electrode and enhancing the structural stability. The hierar-
chical multi-porous structure can effectively promote electrolyte ion 
diffusion [28]. Based on Brunauer-Emmett-Teller (BET) calculations, the 
specific surface area of MnO@HCF-1 is 28.3 m2 g� 1. After partially 
removing of MnO, the specific surface area of MnO@HCF-2 and 
MnO@HCF-3 increase to 56.2 and 75.1 m2 g� 1, respectively. Table S1 
shows all the pore parameters of MnO@HCF electrodes. 

The morphologies of MnO@HCF electrodes were observed by SEM 
and TEM images. After CVD process, nanofibers slightly increase in 
diameter (~160 nm) due to the presence of the carbon shell. It is clearly 
show that carbon is uniformly coated on the surface of MnO nanofiber 
with a kind of “Peapod” morphology (Fig. 2b and e), distinguishing from 
the smooth surface of MnO2 nanofibers. It is worth noting that these core 
MnO nanofibers were assembled from short nanorods along their long 
axes. During the high-temperature CVD process, aniline volatilizes and 
diffuses to the surface of MnO2 fibers, so that MnO2 is reduced to MnO. 
In the role of crystal form transformation and nucleation, the structure 
of nanofibers is reorganized to spontaneously form nanorod-shaped 
MnO with lower surface free energy [29,30]. Interestingly, the 
nanorod-shaped MnO can also be well interconnected. From the SEM 
image of MnO@HCF-2 (Fig. 2c), the morphologies of the nanofibers 
after hydrochloric acid etching have no obvious change. However, an 
enlarged TEM image (Fig. 2f) shows that a hollow structure has been 
formed inside which corresponds to the large mesopores (~30 nm). On 
the one hand, the hollow structure can effectively shorten the diffusion 
distance of electrolyte ions and significantly improve the utilization 
efficiency of MnO. On the other hand, it can provide sufficient cavity for 
the volume expansion of MnO during cycling. The HRTEM image (inset 
of Fig. 2e) shows significant lattice fringes with a spacing of 0.35 � 0.01 

Scheme 1. Illustration of the synthesis of the self-standing MnO@HCF electrode.  
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nm, which corresponds to the Raman and XRD results. This highly 
graphitized carbon whose thickness is around 18 nm greatly enhances 
the electrical conductivity of the MnO@HCF electrode. 

3.2. Electrochemical performance of half-cells 

The electrochemical properties of the self-standing MnO@HCF-1, 
MnO@HCF-2, and MnO@HCF-3 electrodes were evaluated in half-cells. 
Fig. 3a displays initial few cyclic voltammetry (CV) curves for 

Fig. 1. (a) XRD patterns of the MnO2 NFs and MnO@HCF-1, 2, and 3. (b) Raman spectra of MnO@HCF-1, 2, and 3. (c) N2 adsorption-desorption isotherms and (d) 
pore size distributions of the samples. 

Fig. 2. SEM images of (a) MnO2 nanofibers, (b) MnO@HCF-1, and (c) MnO@HCF-2. TEM images of (d) MnO@HCF-3, (e) MnO@HCF-1, and (f) MnO@HCF-2.  
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MnO@HCF-1 anode at 0.1 mV s� 1. The first cathodic scan shows a weak 
peak at around 1.1 V, corresponding to the solid-electrolyte-interphase 
(SEI) layer formation [31]. The sharp peak observed near 0.10 V sug-
gests the reduction of Mn2þ to Mn0 and shifts to 0.5 V in the next cycle, 
which may be due to the irreversible phase transformation after the first 
cycle. Conversely, in the anodic scan, two oxidation peaks observed at 
1.4 and 2.1 V are respectively attributed to the oxidation of Mn0 to Mn2þ

and the reoxidation of Mn2þ to a higher valence state [18]. Except the 
first scan, the remaining curves almost overlap, suggesting excellent 

electrochemical reversibility and cycle stability of MnO@HCF-2 elec-
trode [32]. All the phenomena are well consistent with previous reports 
[16–18]. In contrast, the CV curves of MnO@HCF-1 (Fig. S3a) shows a 
dramatic change for the 2nd and 3rd cycle, indicating the poor structural 
stability of the MnO@HCF-1 electrode without hollow structure. As 
shown in Fig. S3b, the cathodic peaks at around 0.5 V and two anodic 
peaks at around 1.4 V and 2.1 V in the CV curves of MnO@HCF-3 
disappear due to the low content of MnO in the MnO@HCF-3. 

Fig. 3b shows rate capability of the self-standing electrode. The 

Fig. 3. Electrochemical performance of half-cells. (a) CV curves of MnO@HCF-2 electrode for the first three cycles at 0.1 mV s� 1 in the voltage range from 0.01 to 3 V 
vs. Li/Liþ. (b) Rate capability of self-standing MnO@HCF electrode at current densities increasing from 0.1 to 4 A g� 1. (c) Cycle performance of self-standing 
MnO@HCF electrode at 0.5 A g� 1. (d) Nyquist plots of self-standing MnO@HCF electrode in the frequency range from 100 kHz to 0.01 Hz. (e) Charge and 
discharge curves of the AC electrode at various current densities in the voltage range from 3.0 to 4.5 V vs. Li/Liþ. (f) Cycle performance of the AC electrode at 0.5 
A g� 1. 

Z.-Y. Chen et al.                                                                                                                                                                                                                                 



Journal of Power Sources 472 (2020) 228501

6

MnO@HCF-1 exhibits a specific capacity of 441.3 mAh g� 1 at 0.1 A g� 1 

(based on the last cycle at this current) and then 347.4 mAh g� 1 at 0.2 A 
g� 1, but when the current density is above 0.5 A g� 1, the specific ca-
pacity suddenly decays to a very low level due to the drastic volume 
expansion of MnO. The MnO@HCF-2 can deliver reversible capacities of 
586.8, 510.2, 425.7, 385.6, 363.8, 332.8, and 327.8 mAh g� 1 at current 
densities of 0.1, 0.2, 0.5, 1, 2, 3 and 4 A g� 1, respectively. When the 
current density returns to 0.1 A g� 1, the specific capacity of the self- 
standing electrode can reach 736.5 mAh g� 1. After the etching pro-
cess, the electrochemical performance of the self-standing electrode has 
been greatly improved. However, as the degree of etching increasing, 
the rate capability of the self-standing electrode decreases significantly 
because the content of MnO in the nanocomposite gradually reduces. 
From the cycle performance (Fig. 3c), the initial coulombic efficiencies 
of MnO@HCF-1, 2, and 3 are 78%, 56%, and 46%, which is mainly 
related to the irreversible capacity loss caused by the formation of SEI 
layer [33,34]. The MnO@HCF-2 displays a high capacity retention rate 
of 156% (based on the second cycle capacity) after 200 cycles at 0.5 A 
g� 1, which is superior to 48% of MnO@HCF-1 and 140% of 
MnO@HCF-3, exhibiting the excellent cycle stability. There are two 
possible reasons for the increase in discharge capacity, one is that Mn2þ

is oxidized to a higher valence state [18], and the other is that MnO in 
the small carbon fiber is gradually activated during cycles [20]. To 
better understand the poor electrochemical performance of 
MnO@HCF-1 electrode, we compared the SEM images of the electrode 
before and after 200 cycles (Fig. S4). It can be seen that nanofibers have 
severely broken and aggregated with each other, and the drastic struc-
ture degradation make the capacity rapidly decayed. The EIS and 
equivalent circuit are depicted in Fig. 3d, where the semicircle in the 
high-frequency region and the sloped line in the low-frequency region 
respectively correspond to the charge transfer resistance (Rct) and finite 
length Warburg resistance (Zw) caused by ion diffusion. The values of Rct 
for MnO@HCF-1, MnO@HCF-2, and MnO@HCF-3 are 91.4, 32.3, and 
51.5 Ω. Clearly, the semicircle of MnO@HCF-2 is smaller than other 
samples, suggesting the lower charge transfer resistance, due to the 
smaller fiber size of MnO and good contact between MnO and carbon 
layer. Moreover, the values of Zw for MnO@HCF-1, MnO@HCF-2, and 
MnO@HCF-3 are 186.8, 28.4, and 39.1 Ω s� 1/2. The higher slope of 
linear part in the low-frequency region, the closer to the capacitive 
behavior. Obviously, MnO@HCF-2 shows stronger capacitive behavior 
and the lower Zw value, indicating that the diffusion resistance of 
lithium ions entering the electrode is smaller, which strongly proves that 
the appropriate etching can effectively improve the ion diffusion rate of 
self-supporting electrode. 

Based on the above test results, the outstanding rate performance 
and cycle stability of self-standing MnO@HCF-2 electrode are mainly 
attributed to the following reasons. Firstly, the self-standing electrode 
doesn’t need binders during the assembly process, avoiding extra 
resistance. After the CVD process, the highly graphitized carbon is 
perfectly coated on the surface of MnO nanofiber to form a core-shell 
structure, which can improve the electronic conductivity and avoid 
the aggregation of MnO. Moreover, the nanofibers have a high aspect 
ratio which is beneficial to the long-distance electron transfer and 
improve the utilization efficiency of internal active substance. Secondly, 
the hollow structure between MnO and the carbon layer provides a 
reserved space for the volume expansion of MnO, thereby reducing the 
expansion stress of the material and alleviating the capacity decay 
during cycles. Thirdly, the MnO@HCF-2 electrode has a hierarchical 
multihole architecture including mesopores and micropores which can 
effectively promote the diffusion of electrolyte ions. 

Then, the electrochemical performance of the AC electrode was 
tested in half-cells. As shown in Fig. 3e and f, the AC electrode can 
deliver reversible capacities of 40.2, 39.3, 37.4, 36.0, 32.8, 28.9, and 
27.8 mAh g� 1 at current densities of 0.1, 0.2, 0.5, 1, 2, 3, and 4 A g� 1, 
respectively. In addition, the capacity retention ratio of AC electrode is 
up to 97.5% after 3000 cycles at 0.5 A g� 1. The AC exhibits superior rate 

performance and cycle stability. The detailed electrochemical perfor-
mance of all the half-cells is listed in Table S2. 

3.3. Electrochemical performance of Li-ion capacitors 

As discussed above, for high energy density LIC, the self-standing 
MnO@HCF-2 with a low intercalation potential at around 0.5 V 
should be selected as the anode. Moreover, the AC with high specific 
surface area is chosen as the cathode. Then, the LICs with different 
active mass loading were tested in the voltage range from 0.5 to 3.8 V vs. 
Li/Liþ. Fig. 4a and S5a respectively show the CV curves of the 
MnO@HCF-2//AC (7.1) and MnO@HCF-2//AC (2.4) at various scan 
rates. All the curves are approximately a rectangular shape with good 
symmetry, demonstrating ideal capacitance characteristics. As the scan 
rate increasing, there is no significant deviation in the shape of the CV 
curve, indicating that the outstanding charge storage characteristics and 
the ultra-fast I–V response speed [35]. Fig. 4b and S5b show the GCD 
curves of the MnO@HCF-2//AC (7.1) and MnO@HCF-2//AC (2.4) at 
various current densities. The GCD profiles display a symmetrical tri-
angle shape, exhibiting excellent electrochemical reversibility [8,36]. 
The low voltage drop (in the beginning of the discharge) in the GCD 
curve indicates superior electronic conductivity of the LIC, which cor-
responds to the EIS results. However, the GCD curves are not strictly 
linear, confirming the hybrid lithium storage mechanism [19]. Based on 
the calculation method in the literatures [9,37], the discharge specific 
capacities of MnO@HCF-2//AC (2.4) are 39.2, 38.3, 37.0, 35.7, 33.9, 
and 30.0 F g� 1 at the current densities increasing from 0.1 to 5.0 A g� 1 

(the calculations are based on the active substance of two electrodes). 
The capacities of MnO@HCF-2//AC (7.1) are 40.8, 39.8, 36.3, 31.2, 
28.9, and 24.7 F g� 1 at the corresponding current densities. The rate 
capability of MnO@HCF-2//AC (2.4) is better than that of 
MnO@HCF-2//AC (7.1) may due to the thinner size of the self-standing 
electrode with a shorter ion diffusion path. 

In addition, the energy density and power density of MnO@HCF-2// 
AC (2.4) and MnO@HCF-2//AC (7.1) are displayed in the Ragone plot 
(Fig. 4c). The maximum energy densities of MnO@HCF-2//AC (2.4) and 
MnO@HCF-2//AC (7.1) can respectively reach 86.5 and 87.4 Wh kg� 1 

at 215 W kg� 1. When the power density is up to 10750 W kg� 1, the 
energy densities of the two LICs are still at a very high level, which is 
obviously better than some similar configuration, such as, MnO@C//PC- 
75 [38], MnO/C//CNS [19], Mn3O4//RCDGO [39], CNT/V2O5//AC 
[40], TiC//PHPNC [34], LTO//AC [41], HC//AC [42], and AC//AC 
[43]. The long-term cycle performance of LICs with different mass 
loading is shown in Fig. 4d. The capacitance retention rates of 
MnO@HCF-2//AC (2.4) and MnO@HCF-2//AC (7.1) are respectively 
96.4 and 98.6% after 3000 cycles at 1075 W kg� 1. According to the 
above analysis, we can see that the self-standing MnO@HCF electrode as 
the anode of LIC exhibits excellent specific capacity, rate performance 
and cycle stability even under high mass loading, achieving the simul-
taneous improvement of energy density and power density and indi-
cating a huge competitive potential in portable devices, electric vehicle, 
rail, solar/wind energy, and other fields. 

4. Conclusions 

In summary, we have proposed a convenient and effective method to 
prepare self-standing MnO@HCF electrode with a high electrochemical 
performance by the chemical vapor deposition (CVD) and acid etching 
treatment. Highly graphitized carbon shell is uniformly coated on the 
surface of MnO nanofibers to construct a unique core-shell structure and 
the nanofibers overlap each other to form a binder free self-standing 
electrode with a three-dimensional electron transmission network, 
which can effectively improve the electronic conductivity. Optimizing 
the hollow structure to greatly improve the degradation phenomenon of 
the material, thereby enhancing the structural stability of the electrode. 
The peapod-like nanofibers with abundant pore structure and a large 
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aspect ratio ensure a sufficient contact between the active materials and 
electrolyte, which greatly shortens the diffusion distance of the elec-
trolyte ions. After assembly with an AC cathode, the LIC delivers a high 
energy density of 87.4 Wh kg� 1 at 215 W kg� 1 under a high mass loading 
of 7.1 mg cm� 2. Even at an ultrahigh power density of 10750 W kg� 1, 
the energy density can still reach 50.6 Wh kg� 1. Additionally, the LIC 
exhibits a remarkable capacity retention of 98.6% after 3000 cycles at 
1075 W kg� 1. In general, the self-standing electrode with high-loading 
and high-performance will have a great prospect in the practical 
application. 
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