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Abstract 

A LiMn2O4 microspheres (LMO-MSs)/graphene nanosheets (GNSs) composite 

has been synthesized using γ-MnO2 microspheres as a precursor. It is characterized 

with X-ray diffraction (XRD), scanning electron microscope (SEM), transmission 

electron microscope (TEM) and energy dispersive spectrometer (EDS), et al. The test 

results suggest that the sphere-like LMO-MSs structures were successfully coated by 

the GNSs. A novel lithium-ion capacitor was fabricated using activated carbon as the 

anode electrode and LMO-MSs@GNSs composites as the cathode electrode. The 

electrochemical properties were investigated by galvanostatic charge/discharge 

cycling and cycling voltammetry. The electrochemical test results show that the 

energy density of LMO-MSs@GNSs composites lithium-ion capacitor presents 38.8 

Wh kg-1 at power density 12.6 W kg-1 with organic electrolyte in the voltage range of 

0-2.3 V. The synergistic effect of GNSs and LMO-MSs could significantly improve 

the electrical conductivity and provides more reaction sites, thereby resulting in better 

electrochemical properties for the composites. The high rate capacity and long 

stability make the LMO-MSs@GNSs composite as a electrode material for 

high-performance lithium-ion capacitors. 

Keywords: LiMn2O4 microspheres; Graphene nanosheets; Lithium-ion Capacitor; 

Electrochemical property; 
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1. Introduction 

The fast development of global economy is usually accompanied by a tremendous 

consumption of energy. The traditional energy, such as coal, fossil oil, gas, will be 

exhausted unavoidably in the near future. Therefore, it is urge and important to 

develop devices for new energy storage and conversion.1-3 Supercapacitor is such an 

important energy storage device that can bridge the power/energy gap between 

traditional dielectric capacitors and regular batteries/fuel cells.4-7 It has received a 

considerable attention because of the outstanding properties, such as a high power 

density, a long cycle life and rapid charge-discharge rates.8 But one of the drawbacks 

of the commercial supercapacitors based on carbon electrodes is a low energy density, 

the fact which hindering the large-scale application of supercapacitors.9-11 Up to now, 

many efforts have been made to increase the energy density of supercapcitors without 

sacrificing their power capacity. Apart from increasing the specific capacitance of 

electrodes, an attractive approach is to develop lithium-ion capacitors,12, 13 which can 

increase the operating voltage window by using two different electrodes, resulting in a 

considerable energy density.14 Regarding the combination of the advantages of both 

battery electrodes and capacitor electrodes, lithium-ion capacitors will be one of the 

most promising energy storage devices. So far, various lithium-ion capacitor systems, 

such as aqueous LiMn2O4 nanohybrid/AC system at a voltage of 1.8 V with its energy 

density of 29.8 Wh·kg−1 at power density of 90 W·kg-1,15 aqueous LiMn2O4/AC 

system at a voltage of 1.8 V with its energy density of 35.0 Wh·kg−1.16 However, the 

seeking for new electrode materials with lower cost and better properties is still very 
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important in the development of lithium-ion capacitors. 

As a cathode material, LiMn2O4 with a spinel structure is one of the most 

promising cathode materials because they are inexpensive and safe.17 However, there 

are still several challenges that need to be overcome, such as low electronic 

conductivity and the dissolution of manganese.18-20 To address these issues, many 

strategies, such as new preparation methods,21-23 doping techniques 24-26 and surface 

modifications,27, 28 have been developed for the synthesis of LiMn2O4 with high 

performance. Furthermore, it has been reported that nanostructured LiMn2O4, such as 

nanoparticles,29 nanowires,30 nanorods,31 nanotubes32 and nanochain,33 can present 

good electrochemical performance. The reduced particle size of LiMn2O4 can 

facilitate the transportation of lithium ions and electrons during cycling. Recently, 

graphene, as a kind of new carbon material, has aroused special attention due to its 

two-dimensional nanostructure.34 This unique nano-structure holds great potential 

because of its excellent electronic conductivity, large surface area (2600 m2·g-1) and 

good mechanical flexibility. 35 

Herein, we demonstrate a facile and green synthesis without the application of any 

surfactant or template to synthesize LiMn2O4 microspheres/graphene nanosheets 

(LMO-MSs@GNSs) composite as a high-performance electrode material for 

lithium-ion capacitors. The grain morphology of LiMn2O4 shows a sphere-like 

appearance with numerous well-arranged nanoparticles. The GNSs are coated on the 

sphere-like surface of LMO-MSs. We have designed and fabricated a novel 

lithium-ion capacitors using LMO-MSs@GNSs composites and activated carbon (AC) 
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electrodes as cathode and anode, respectively. The LMO-MSs@GNSs composite is 

expected to exhibit high rate capability and long cycle stability because of its high 

surface area and good electronic conductivity attributed to GNSs. The obtained results 

of the composites suggest a promising application as a good supercapacitor electrode 

material with high performances. 

2. Experimental 

Nature flake graphite (NG, ≦30 µm) was purchased from Shanghai Huayi Group. 

Lithium manganate (LMO, ≦200 nm) was purchased from Shandong Yiwei Group. 

Sodium nitrate (NaNO3, 99%), sulfuric acid (H2SO4, 98%), potassium permanganate 

(KMnO4, 99.5%), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 5%), 

manganese sulfate (MnSO4·H2O, 99%), sodium peroxydisulfate (Na2S2O8, 99.0%) 

and lithium hydroxide monohydrate (LiOH·H2O, 99.0%) were purchased from 

Chengdu Kelong Chemicals Company. All reagents used were of analytical grade 

without further purification. The deionized water with resistivity of 18.2 MΩ·cm was 

prepared by a Millipore Milli-Q UF plus lab ultra pure water purification system, and 

used as the solvent in all experiments. 

2.1. Material preparation 

Graphene oxide (GO) was fabricated from NG by the modified Hummers’ 

method.36 In a typical experiment GO, 1.0 g NG and 0.5 g NaNO3 were mixed with 

46 mL H2SO4 for 15 min. 3.0 g of KMnO4 was then slowly added into the above 

solution under strong stirring with keeping the temperature constant at bellow 10 °C 

for 2 h in an ice bath. Subsequently, the solution was kept at 38 °C for 15 h. 
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Afterwards, 90 mL of deionized water was dropped slowly into the solution and the 

resultant solution was kept at 95 °C for 15 min. The remaining KMnO4 and impurities 

in the solution after reaction were removed by adding 15 mL of H2O2 , 250mL HCl 

and deionized water, successively. The GO solution was ultrasoniced for 6 h. The 

resulted pure GO was washed with deionized water, centrifuged, and freeze-dried for 

24 h. 

The synthesis of LMO-MSs was carried out through a two-step procedure. Firstly, 

the γ-MnO2 microspheres were successfully synthesized through a simple, low-cost 

and eco-friendly green process. 5.07 g MnSO4·H2O and 7.14 g Na2S2O8 were 

dissolved in 20 mL of deionized water, respectively. The mixed aqueous solution was 

kept undisturbed at 50 oC for 24 h. A black deposition was then formed at the bottom 

of the container. After washing with deionized water, filtrating through micro-porous 

membrane and freeze-dried, the target γ-MnO2 spheres were finally obtained. The as 

prepared γ-MnO2 and LiOH·H2O were mixed at a molar ratio of 2:1.05, and the 

mixture was grounded with ethanol to obtain a superfine mixture. After evaporation of 

ethanol, the mixture was collected into an alumina crucible for sintering under an air 

atmosphere with the temperature controlled from room temperature to 750 oC and a 

heating rate of 10 oC/min. The mixture was kept at 500 oC for 4 h and then 750 oC for 

10 h in air to obtain spinel LMO-MSs. The GNSs were prepared with 2 g·L-1 100 mL 

GO solution by hydrothermal reduction at 100 °C for 24 h. The 0.5 g LMO-MSs was 

added to 100 mL GNSs solution with vigorous string at 25 oC for 5 h. The obtained 

LMO-MSs@GNSs composites were washed with deionized water, centrifuged, and 
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freeze-dried for 24 h. 

2.2. Material characterization 

The crystal structure of the materials was determined by a powder X-ray 

diffractometer (PANalytical, X’Pert PRO) using Cu-Kα radiation at 40 kV and 40 mA, 

2θ = 3 ~ 80 o, acquisition time of 10 s per spot. The morphology, microstructure were 

investigated by a field emission scanning electron microscope (FESEM, Ultra-55) and 

transmission electron microscope (TEM, Libra200FE). The elemental mapping were 

obtained on an Oxford IETEM100 energy dispersive spectrometer of the Libra200FE 

transmission electron microscope. The elemental composition was determined by 

energy dispersive spectroscopy (EDS) measurements using an Oxford IE450X-Max80 

EDX spectrometer, an accessory of field emission scanning electron microscope, 

operated at 15 kV, with spot size of 2 nm and acquisition time of 40 s per spot. The 

content of Mn ions in the electrolyte was investigated by inductively coupled plasma 

emission spectrometer (ICP-AES, Thermo iCAP6500), operated at power of 1150 w, 

pump speed of 50 rpm, auxiliary gas flow of 0.5 L·min-1, nebulizer gas flow of 0.55 

L·min-1, cooling gas flow of 12 L·min-1. 

2.3. Electrochemical measurement 

The electrochemical measurements were tested by CR2016 coin-type cells with 

active carbon as anode electrode and synthesized products as cathode electrode. The 

cathode electrodes consist of 75 wt.% synthesized product, 15 wt.% carbon black as 

conductive agent, and 10 wt.% of polyvinylidene fluoride (PVDF) as binder dissolved 

in N-methyl-2-pyrrolidone (NMP). The anode electrode contains 86 wt.% activated 
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carbon (AC, YP-50), 6 wt.% Super P and 8 wt.% PVDF. The current collectors for 

cathode and anode electrodes were 20-µm-thick aluminum foil .After the coating 

procedure, the resulting two types of electrodes were compressed to round cathode 

plates (average diameter 15 mm), pressed and dried at 80 oC for 24 h. The separator 

was Celgard2400 polypropylene membrane. The electrolyte was 1 M LiPF6 in 

ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC) (1:1:1, 

in vol%). The LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors of (m+/m-)= 0.65 were assembled in the glove box filled with argon gas 

(MBRAUN, H2O<0.1 ppm, O2<0.1 ppm). The galvanostatic charge-discharge tests 

(GC) were investigated by a LAND CT2001A battery testing system. The cyclic 

voltammetry (CV) measurements were conducted on a electrochemical workstation 

(ChI660E). The electrochemical impedance spectroscopy (EIS) measurements were 

performed with a electrochemical workstation (ChI660E) with 5 mV amplitude in a 

frequency range from 1 MHz to 0.01 Hz at open circuit potential. The specific 

capacity, energy densities and power densities in the full-cell devices were calculated 

according to the equations:37, 38 

m/C UIt ∆=                                                   (1) 

Udt/mIUdC ∫=∫=E                                            (2) 

mIP /Um=                                                    (3) 

where C denotes the specific capacitance of a full cell, E is the energy density 

(Wh·kg-1) and P is the power density (W·kg-1), I denotes the discharge current (A), t 

refers to the total discharge time (s), m is the weight of total active materials in both 
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cathode and anode (g), ∆U is the potential drop during discharge (V), U is the cell 

voltage (V) and Um is the average discharge voltage (V). 

3. Results and discussion 

3.1. Structure and morphology of γ-MnO2, LMO, LMO-MSs and 

LMO-MSs@GNSs composites 

To ascertain the crystal structure of the obtained products, X-ray diffraction 

(XRD) analysis was performed. The XRD patterns of as-prepared GNSs, γ-MnO2, 

LMO, LMO-MSs and LMO-MSs@GNSs composites are displayed in Fig. 1. As can 

be seen, the precursor MnO2 can be ascribed to γ-MnO2 (JCPDS No. 24-0735).39 The 

sharp and narrow diffraction peaks with no additional impurity phase indicate that the 

diffraction peaks of the LMO, LMO-MSs and LMO-MSs@GNSs composites index 

well to the spinel LiMn2O4 structure (JCPDS No. 35-0782) and no other impurity 

peaks are detected.40 The flat base line and sharp main peaks indicate that all of 

samples are well crystallized. Diffraction peaks of LMO-MSs@GNSs are weaker and 

wider, which indicates that the GNSs were successfully coated on the surface of 

LMO-MSs, the diffraction peaks still well match that of LMO. 

To elucidate the morphology and microstructure of LMO-MSs@GNSs composites, 

SEM measurements were carried out. Fig. 2a-b, c-d and e-f shows the SEM images of 

γ-MnO2, LMO-MSs and LMO-MSs@GNSs composites, respectively. γ-MnO2 

presents spherical morphology with the diameter of 3 - 7µm. From Fig. 2b, we can see 

that the surface of these spheres is self-assembled by large numbers of nanohorns. On 

the contrary, the SEM image of LMO-MSs (Fig. 2c-d) shows micro-spheres which 
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comprise nanoparticles. Fig. 2c shows that LMO-MSs keeps the precursor's 

morphology with a sphere diameter ranging from 4 to 8µm, while the cmmercial 

LMO particles are randomly stacked in Fig. 2g. The SEM images of 

LMO-MSs@GNSs composites (Fig. 2e-f) exhibits a similar morphology to that of 

LMO-MSs, revealing that sphere-like LMO-MSs structures are successfully coated by 

the GNSs. Further, Energy Dispersive Spectrometer (EDS) measurements 

demonstrate the existences of C, O, and Mn elements in the LMO-MSs@GNSs 

composites (Fig. 2h). The hollow structure and porous sphere provide possible 

channels which benefit the permeation of electrolyte into the inner of particles, 

resulting in excellent electrochemical performances.28, 36 

To further identify the surface morphology of LMO-MSs and LMO-MSs@GNSs 

composites, TEM measurement was carried out. As seen in Fig. 3a and 3b, the 

LMO-MSs exhibit bald and smooth surface. However, the LMO-MSs@GNSs shows 

coarse surface and is covered by a nanofilm, which may be the multilayer GNSs. It 

manifests that the GNSs have been successfully coated and wrapped on the surface of 

LMO-MSs. Fig. 3c presents the HRTEM images of the LMO-MSs cathode materials. 

The regular lattice fringes suggest that the as-prepared pristine LMO-MSs are well 

crystallized. As seen in Fig. 3d, two distinguishable coating layers can be observed on 

the surface of LMO-MSs. It suggests that graphene nanosheets have be coated on the 

surface of the spherical LMO-MSs. Moreover, the ordered graphite lattices (circled by 

red line in Fig. 3d) are visible and the disordered regions are also found. It indicates 

that the graphene nanosheets are partially restored the ordered crystal structure of 
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LMO-MSs. The distribution of elements in the LMO-MSs@GNSs composite was 

also characterized by TEM and X-ray elemental mapping images (Figure 3e). These 

images reveal that carbon, oxygen, and manganese are uniformly distributed in the 

LMO-MSs@GNSs composites. 

3.2 Electrochemical performance of LMO/AC, LMO-MSs/AC and 

LMO-MSs@GNSs /AC lithium-ion capacitors 

The cyclic voltammetry (CV) is well known as an effective tool to investigate the 

capacitive behavior of a material. Fig. 4 shows the CV curves of the three samples 

between 0 V and 2.3 V at 10 mV·s-1. In Fig. 4, the CV curves of three electrodes have 

rectangular shape indicating of the capacitive behavior. The electrodes represent the 

absence of cathodic and anodic peaks. This suggests that no redox reaction occurs 

between AC and Li ions. Therefore, the non-faradic adsorption/desorption reaction of 

Li ions on the surface of AC makes the major contribution of the cell capacitance. The 

larger area of CV implies the higher specific capacitance of the electrode materials at 

the same scan rate.5 Therefore, the specific capacitance of LMO-MSs@GNSs 

composites is higher than that of LMO and LMO-MSs as electrode materials of 

lithium-ion capacitor. The enhanced specific capacitance of LMO-MSs@GNSs 

composites might be ascribed to the increased electronic conductivity through GNSs 

on the surface of LMO-MSs. 

Furthermore, the electrochemical performance was investigated using galvanostatic 

charge/discharge (GC) measurements. The GC curves of LMO/AC, LMO-MSs/AC 

and LMO-MSs@GNSs/AC lithium-ion capacitors at the current density of 2 C are 
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shown in Fig. 5. The specific capacitances of the electrodes were calculated according 

to Eq (1). The obtained charge/discharge curves are nearly linear and symmetric, 

revealing a good capacitive behavior. In addition, the voltage drop is observed to be 

very small, which indicates that these electrodes have low internal resistance. At a 

discharge current density of 2 C, the specific capacitance of LMO/AC, LMO-MSs/AC 

and LMO-MSs@GNSs/AC lithium-ion capacitor are 35.3, 35.5 and 43.7 F·g-1, 

respectively. This is mainly due to the well decoration of GNSs on the LMO-MSs and 

the outsanding structures of LMO-MSs, which reduce the dissolution of Mn ions for 

electrode and electrolyte accessibility. 

To further explore the rate properties of LMO-MSs@GNSs composites, the 

charge/discharge curves are obtained at varying current densities, as displayed in Fig. 

6. Fig. 6 shows the discharge curves of the three samples at rates of 0.5 C, 1 C, 2 C, 4 

C, 8C, 10 C and 15 C. Obviously LMO-MSs@GNSs composites with sphere-like 

structure exhibit much higher specific capacity and rate capability. Interestingly, the 

initial capacity of LMO-MSs@GNSs composites reaches 53.2 F·g-1 at 0.5 C 

comparing to 41.9 F·g-1 at 0.5 C for LMO and LMO-MSs. At high rates of 4 C and 8 

C, LMO-MSs@GNSs composites still possesses a specific capacity of 38.9 and 35.6 

F·g-1, respectively, corresponding to a capacity retention rate of 73.1% and 66.9%, 

respectively, in comparison with 29.3 F·g-1, and 25.9 F·g-1 for specific capacity and 

69.9% and 61.8% for retention rate, respectively, for LMO at the same discharge 

rates. 

On the basis of the galvanostatic charge/discharge results, the energy density and 
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power density for LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors with same weight ratio were calculated according to Eq (2) and (3) and 

displayed by Ragone plots in Fig. 7 (gravimetric, on the base of the electrode mass). 

Fig. 7 presents power density as a function of energy density for a LMO-MSs@GNSs 

capacitor containing multilayer GNSs electrode with a uniform microstructure. The 

LMO-MSs@GNSs electrode has superior energy density even under high current 

density. The energy density of LMO-MSs@GNSs/AC capacitor reached 38.8 Wh kg-1 at 

a specific power density of 12.6 W kg-1 and was maintained at 23.6 Wh kg-1 even at a 

specific power density of 186.5 W kg-1. Compared to LMO/AC capacitors, this energy 

density is about 1.73 times higher than those achieved by LMO-MSs@GNSs/AC 

lithium-ion capacitor at high rates of 10 C and 15 C (see Fig. 7). This remarkably 

improved energy and power density are assigned to good electronic conductivity 

attributed to GNSs, as well as their well designed microstructure 19, 28. 

The cyclic stability of the as-prepared LMO/AC, LMO-MSs/AC and 

LMO-MSs@GNSs/AC lithium-ion capacitors was also measured by galvanostatic 

charge-discharge tests. Fig. 8 shows the specific capacity of the three samples within 

500 cycles at 2 C. All materials show a certain capacity decay, which is dominated by 

the structure of LiMn2O4.
18, 22 The specific capacitance of LMO decreases gradually 

with increasing cycle numbers and its capacitance retention is only 56.9 % after 500 

cycles. By contrast, LMO-MSs@GNSs composites only lost 9.4 % of its capacitance 

in the initial 500 cycles. As can be seen from Figure 8, the structure of 

LMO-MSs@GNSs composite is still kept in a spherical shape, and the sphere-like 
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structure of LMO-MSs@GNSs composite is not damaged in the process of preparing 

the electrode sheets. This indicates that the LMO-MSs@GNSs composite electrode 

has long-term electrochemical stability at such a current density. The content of Mn 

ions in the electrolyte for lithium-ion capacitors in Tab. 1. After cycling 500 times, the 

content of Mn ions of LMO-MSs@GNSs composite electrode in the electrolyte is 

only 0.265 ug·mL-1. This result is attributed to the microstructure of LMO-MSs which 

may provide more active sites for charge-transfer reaction and reduce the dissolution 

of Mn ions in organic electrolyte. 37 

To further investigate the conductivity of the electrode materials. Electrochemical 

impedance spectroscopy (EIS) spectras were measured for the three materials after the 

500th cycles at fully charged state (about 0.3 V). A possible equivalent circuit is 

provided as the inset of Fig. 9 for interpretation. Re represents electrolyte ohmic 

resistance, while Rsl is the resistance for ions migration through the solid electrolyte 

interphase (SEI) film; Cdl and Csl denote the double layer capacitance and passivation 

film capacitance, respectively. Zw stands for the finite length Warburg impedance, and 

Rct is the charge transfer resistance.31, 37 It can be seen from Fig. 9 that the Nyquist 

plot of the three electrodes exhibits an almost vertical line in the low frequency region, 

and a small semicircle in the high frequency region. The diameter of the semicircle 

reflects the charge transfer resistance (Rct), which concerns the diffusive resistance of 

ion diffusion into the electrode and the electrolyte into the interior of the electrode. 

The almost vertical line at low frequencies reveals the swift ion diffusion both in 

electrolyte and across the electrode surface, indicating a typical capacitive behavior of 
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the electrodes. The Re of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC 

lithium-ion capacitors is 4.90, 2.42 and 3.55 Ω, respectively. The Rct of LMO/AC, 

LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion capacitors is 15.5, 30.2 and 

38.1 Ω, respectively. The Rct of LMO and LMO-MSs is sobviously larger than the 

capacitor containing the LMO-MSs@GNSs composites. Thus, we confirmed that the 

LMO-MSs@GNSs can facilitate the electrochemical reaction between the electrodes 

and Li ions during the charge-discharge process. 

4. Conclusions 

In summary, we have developed an effective route to synthesize LMO-MSs@GNSs 

composites by using microspheres γ-MnO2 as precursor. The lithium-ion capacitors of 

as-synthesized LMO-MSs@GNSs composites as cathode show a specific capacity 

(53.2 F·g-1 at 0.5 C), excellent rate performances (38.9 and 35.6 F·g-1 for 4 C and 8 C), 

and lost 9.4 % of its capacitance in the initial 500 cycles at 2 C. This facile approach 

for preparation of LMO-MSs@GNSs composites provides us a new way to fabricate 

lithium manganate composites cathode materials with high-rate capability and long 

cycling stability due to the high surface area of the cathode nanoparticles and good 

electronic conductivity attributed to graphene. The present results suggest that the 

LMO-MSs@GNSs composite could be a promising electrode material for 

high-energy lithium-ion capacitors in view of the remarkably improved performance 

and moderate preparation method. 
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Figure caption 

Scheme 1. Schematic illustration of the fabrication of the LMO-MSs@GNSs composites 

Fig.1. shows the XRD patterns of the obtained GNSs, γ-MnO2, LMO, LMO-MSs and 

LMO-MSs@GNSs composites 

Fig.2. the SEM images of the obtained (a-b) γ-MnO2, (c-d) LMO-MSs, (e-f) LMO-MSs@GNSs 

composites and (g) LMO, (h) Energy Dispersive Spectrometer (EDS) of LMO-MSs@GNSs 

composites 

Fig.3. TEM images of (a) LMO-MSs and (b) LMO-MSs@GNSs composites, HRTEM images of (c) 

LMO-MSs and (d) LMO-MSs@GNSs composites, (e) TEM image of the LMO-MSs@GNSs 

composites with corresponding elemental mapping images of C (Carbon), O (Oxygen), and Mn 

(manganese) 

Fig.4. CV curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion capacitors at 10 

mV·s-1 in the voltage range of 0.0-2.3 V 

Fig.5. GC curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion capacitors at 2 

C in the voltage range of 0.0-2.3 V 

Fig.6. The rate performance of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors 

Fig.7. Energy density and power density of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC 

lithium-ion capacitors at different current density 

Fig. 8. Cyclic performance curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors and the inset shows the micrographs of cycled LMO-MSs@GNSs electrodes 

Tab.1. The content of Mn ions in the electrolyte for LMO/AC, LMO-MSs/AC and 

LMO-MSs@GNSs/AC lithium-ion capacitors 
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Fig.9. EIS curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion capacitors. The 

inset shows the equivalent circuit to fit the EIS. 
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Scheme 1. Schematic illustration of the fabrication of the LMO-MSs@GNSs composites 
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Fig.1. shows the XRD patterns of the obtained GNSs, γ-MnO2, LMO, LMO-MSs and 

LMO-MSs@GNSs composites 

 

Fig.1. 
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Fig.2. the SEM images of the obtained (a-b) γ-MnO2, (c-d) LMO-MSs, (e-f) 

LMO-MSs@GNSs composites and (g) LMO, (h) Energy Dispersive Spectrometer (EDS) of 

LMO-MSs@GNSs composites 
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Fig.3. TEM images of (a) LMO-MSs and (b) LMO-MSs@GNSs composites, HRTEM images 

of (c) LMO-MSs and (d) LMO-MSs@GNSs composites, (e) TEM image of the 

LMO-MSs@GNSs composites with corresponding elemental mapping images of C (Carbon), 

O (Oxygen), and Mn (manganese) 
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Fig.4. CV curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors at 10 mV·s-1 in the voltage range of 0.0-2.3 V 

 

Fig.4. 
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Fig.5. GC curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors at 2 C in the voltage range of 0.0-2.3 V 

 

Fig.5. 
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Fig.6. The rate performance of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC 

lithium-ion capacitors 

 
Fig.6. 
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Fig.7. Energy density and power density of LMO/AC, LMO-MSs/AC and 

LMO-MSs@GNSs/AC lithium-ion capacitors at different current density 

 
Fig.7. 
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Fig. 8. Cyclic performance curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC 

lithium-ion capacitors and the inset shows the micrographs of cycled LMO-MSs@GNSs 

electrodes 

 

Fig.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 28 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

Tab.1. The content of Mn ions in the electrolyte for LMO/AC, LMO-MSs/AC and 

LMO-MSs@GNSs/AC lithium-ion capacitors 

Lithium-ion capacitors Mn (ug·mL
-1

) 

LMO/AC 1.555 

LMO-MSs/AC 0.546 

LMO-MSs@GNSs/AC 0.265 

Tab.1. 
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Fig.9. EIS curves of LMO/AC, LMO-MSs/AC and LMO-MSs@GNSs/AC lithium-ion 

capacitors. The inset shows the equivalent circuit to fit the EIS. 

 

Fig.9. 
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