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Calculations. The specific capacitance was calculated from CV curves the following equation 

by integrating discharge current I:
[1]

 

/ 2C IdV mV   

where m is the weight of active materials (g), v is the scan rate (mV s
-1

), and V is the sweep 

potential range of the CV curves (1 V). The power density (P, KW Kg
-1

) and energy density 

(E, W h Kg
-1

) were calculated from GCD curves,
[2]
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where C is capacitance (F g
-1

), V is the sweep potential range (1V), t is the discharge time (s). 



  

2 

 

Experimental Section 

Synthesis of MnO2 nanosheet arrays on Ni foam: MnO2 nanosheet arrays on Ni foam were 

synthesized by a simple hydrothermal method. In a typical procedure, porous 3D Ni foam (3 

mm thick, porosity ~95%) was ultrasonically cleaned with 3 M hydrochloric acid and 

deionized water, to remove the surface nickel oxide layer. KMnO4 (15 mg) and 0.3 M HCl 

were dissolved in deionized water (40 ml). A piece of cleaned Ni foam was immersed into the 

solution, and the mixture was transferred to a 50 mL Teflon stainless-steel autoclave. The 

autoclave was sealed and maintained at 160 °C for 24 h. The autoclave was then allowed to 

cool to room temperature. The as-prepared materials were washed with deionized water and 

ethanol several times, and dried under vacuum at 80 °C for 8 h. The mass loading of the 

MnO2 nanosheet arrays on the Ni foam was calculated as previously reported.
[3,4]

 Ten MnO2 

samples with a size of 2*5 cm
2
 were prepared through a hydrothermal process, and the 

obtained MnO2 products were dissolved in 3M HCl for 24 h. After that, the obtained products 

were washed by water and ethanol for several times. Then, the washed products were dried at 

80 
o
C overnight. By weighing these products through a high-precision balance (Denver 

Instruments, sensitivity: 0.01 mg), the MnO2 on Ni foam can be estimated to about 1.3 mg 

cm
-2

 for pure MnO2. The GQDs/MnO2 samples were calculated through the same process, and 

the obtained GQDs/MnO2 products were dissolved in 3M HCl for 24 h. The active materials 

on Ni foam can be estimated to about 1.3 mg cm
-2

 to 1.36 mg cm
-2

 for GQD/MnO2 products, 

as illustrated in Table S1. 

Synthesis of GQDs/MnO2 heterostructural materials: the as-prepared MnO2 NAs were 

placed in the chamber of the PECVD system. the MnO2 NAs were treated to 350 °C in 15 min 

in an Ar gas atmosphere (the Ar gas flow was kept at 40 sccm) under a pressure of 200 Pa. 

Subsequently, a mixture 1:3 Ar/CO2 gas flow was then introduced into the chamber, to 

transform the MnO2 nanosheets to GQDs/MnO2 heterostructural materials. The total gas 
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pressure was fixed at 400 Pa. The power of the radio frequency was 200 W, and the 

deposition time was 0-10 min. 

Preparation of GQDs with solution method:
[5]

 40 mL of H2O2 (30%) was added to 5 mL of 

GO stock solution (1 mg/mL). The mixture solution was heated to 90
 o

C and maintained 12 h 

with vigorous stirring. After rotary evaporation at 60
 o
C to remove unreacted H2O2 and water, 

ethanol was used as a poor solvent to precipitate and wash the final GQDs product. 

Preparation of the H-GQD@MnO2: The H-GQDs@MnO2 hybrid was prepared by an 

hydrothermal method. Firstly, the required amount of GQDs product was dissolved in 

distilled water to give a desired concentration (0.1 mol/L). The homogeneous solution was 

stirred for 30 min for uniform solution. Then, NaOH solution with a concentration of 0.3 

mol/L was slowly added to adjust the pH to 7. After that, MnO2 nanosheets were immersed 

into GQDs solutions for 24 h. The as-prepaered materials were washed with distilled water 

several times, dried at 60 
o
C for 10 h and calcined in Ar atmosphere at 200 

o
C for 2 h. 

Materials characterization: The morphology and structure of the samples were 

characterized by SEM (Helios Nanolab 600i) and TEM (Tecnai G2 F30), respectively. XRD 

was performed using a D/max 2550 with graphite monochromatized Cu Kα radiation. Raman 

spectra were collected on a Renishaw inVia Raman Microscope with laser excitation at 532 

nm. Surface chemical states were investigated by XPS (Thermo Fisher) with a base pressure 

of 2×10
-9

 mbar. 

Electrochemical Performance Measurements: Electrochemical measurements were 

conducted in a typical three-electrode cell. The samples were used as working electrodes. Pt 

foil as the counter electrodes and a saturated calomel electrode (SCE) as reference electrodes 

in 1 M Na2SO4 electrolyte. CV curves and the galvanostatic cycling test of GQD/MnO2 were 

carried out on a CHI 760D electrochemical workstation in the potential range of 0-1 V and 0-

1.3 V. Electrochemical impedance spectroscopy (EIS) measurements were performed on 

PARSTAT 4000A electrochemical workstation, over a frequency range from 10
5
 to 10

‒2
 Hz, 
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at an amplitude of 5 mV. Further, an asymmetric supercapacitor using GQDs/MnO2-3 

electrodes as positive electrode and nitrogen-doped graphene (NG) as negative electrode were 

tested in a two-electrode configuration. Nitrogen-doped graphene was prepared through a 

hydrothermal method.
[6]

 The mass ratio of two electrodes were balanced by the following 

relationship: 

m+/m- = (C- × ΔE-)/(C+ × ΔE+) 

where m (g) is the mass of the electrode materials (anode or cathode), C (F/g) is the specific 

capacitance, and ΔE is the potential window. 
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Table S1. The mass loading and mass percent of all samples. 

 Mass loading 

(mg cm
-1

) 

Mass percent of 

GQDs 

(wt.%) 

Mass percent of 

MnO2 

(wt.%) 

MnO2 1.3 0 100 

GQDs/MnO2-1 1.32 1.61 98.39 

GQDs/MnO2-3 1.33 3.22 96.78 

GQDs/MnO2-5 1.35 4.04 95.96 

GQDs/MnO2-10 1.36 4.85 95.15 
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Table. S2. The energy density and relative performance of various MnO2-based asymmetric 

device in references.  

electrode 

materials 
electrolyte 

specific 

capacitance 

(F·g
−1

) 

voltage 

window 

Power 

Density 

(W·kg
-1

) 

Energy 

Density 

(Wh·kg
-1

) 

Reference 

Au-nanoparticles- 

doped-MnO2 

nanocomposites// 

NCTs/ANPDM 

1 M 

Na2SO4 

576  

at 1 A·g
-1

 
0.8 V 28000 

 
51 

 
7 

MnO2/GO//HPC 
1 M 

Na2SO4 

84  

at 0.1 A·g
-1

 
2 V 100  46.7  8 

MnO2-

ERGO//CNT–

ERGO 

1 M 

Na2SO4 

69.4  

at 0.5 A·g
-1

 
1.8 V 453.6  31.8  9 

p-BC@MnO2 

//p-BC/N 

1 M 

Na2SO4 

 59.2  

at 10mV·s
-1

 
2 V 284  32.91  10 

Ni nanotube 

arrays@MnO2// 

NiNTAs@Fe2O3 

nanoneedle 

1 M 

Na2SO4 

95.9  

at 10mV·s
-1

 
1.6 V 3197.7  34.1  11 

electrodeposited 

MnO2//activated 

carbon 

PVA/ 

Na2SO4 

gel 

100  

at 10mV·s
-1

 
1.7 V 6227  40.2  12 

NiCo2O4@MnO2// 

activated carbon 

1 M 

KOH 

83.3  

at 0.5 A·g
-1

 
1.8 V 187.5  37.5  13 

MnO2 nanoflowers// 

Bi2O3/CNF paper 

1 M 

Na2SO4 

25.1 at 3 

mA·cm
-2

 
1.8 V 352.6  11.3  14 

Layered 

V2O5/PEDOT/MnO2 

nanosheets//AC 

1 M 

Na2SO4 

48.2 at  

0.5 mV·s
-1

 
1.8 V 2200  21.7  15 
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Ni-Mn-O 

Nanoprism Arrays 

1 M 

LiCl 

242 

mF·cm
−2

  

at 0.5 

mA·cm
−2

 

2.4 V 
4.72·mWh 

cm
−3

 

61.2mW 

cm
−3

 
16 

MnO2 nanorodes 

(MNR)-rGO// 

VNW-rGO 

1 M 

LiTFSI 

13 at  

0.5 A·g
-1

 
2 V 456 6  17 

Na0.5MnO2// 

Fe3O4@C 

1 M 

Na2SO4 

86.3  

at 1 A·g
-1

 
2.6 V 647 81 18 

GQDs/MnO2 

nanosheets//nitrogen

-doped graphene 

1 M 

Na2SO4 

 160.6 

at 5 mV·s
-1

 
2.3 V 923.3 118  

This 

work 
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Figure S1. TGA curves of MnO2, GQDs/MnO2-1, GQDs/MnO2-3, GQDs/MnO2-5 and 

GQDs/MnO2-10. 
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Figure S2. SEM images of a) GQDs/MnO2-1 and d) GQDs/MnO2-5. TEM images of b) 

GQDs/MnO2-1 and e) GQDs/MnO2-5. High-resolution O 1s XPS spectra for c) GQDs/MnO2-

1 and f) GQDs/MnO2-5. 
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Figure S3. a) the HRTEM image and b) Raman spectrum of GQDs/MnO2-3. 

 

Carbon-based quantum dots consisting of graphene quantum dots (GQDs) and carbon 

quantum dots (CQDs) are a new class of carbon nanomaterials,
[19]

 but GQDs and CQDs are 

structural distinct.
[20]

 CQDs are quasi-spherical nanoparticles usually <100 nm in diameter, 

and some of CQDs are always with hollow structure.
[21]

 They can be always amorphous with 

nanometre-sized sp
2
 hybridized graphitic cores.

[22]
 In contrast, GQDs resemble the crystalline 

structure of single or few-layered graphene, exhibits unique properties.
[23, 24]

 The lateral 

dimension of GQDs is always about a few nanometers.
[25]

 Compared with conventional CQDs, 

GQDs are generally smaller and of higher crystallinity.
[20]

 And GQDs have larger specific 

surface areas and more accessible edges, which results in an influence of capacitance. In our 

case, HRTEM images of the GQDs/MnO2-3 shows that many dots are uniformly distributing 

in the field of vision, as shown in Figure 3a. The sizes of GQDs in GQDs/MnO2-3 are 

approximately 2-3 nm, and the lattice spacing of 0.34 nm is excellently indexed to the (002) 

spacing of graphitic carbon, which implies small sizes and high crystallinity, and this agrees 

with the previous report about GQDs.
[20]

 This result indicates that carbon-based quantum dots 

with higher crystallinity should be GQDs.  

In order to illustrate the unique structure of GQDs, the Raman spectrum of GQDs/MnO2 was 

measurement, as shown in Figure 3b. The Raman spectrum also contains characteristic D and 

G bands of carbon at approximately 1350 and 1580 cm
-1

. The G band is stronger than D band, 

and a sharp G band indicates better crystallinity of the GQDs. However, the edges are always 
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seen as defects, which cause the D band.
[26]

 And an additional peak located in 2695 cm
-1

, 

corresponding to 2D band, can also be observed, which agrees with previous reports.
[27-29]

 

This weak 2D band without a typical graphite shoulder and shows low I2D/IG ratio (0.5) 

implying the few-layered feature of GQDs in GQDs/MnO2,
[30]

 which further prove the 

formation of GQDs.
[23]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

12 

 

 

 

 

 

 

 

 

Figure S4. High-resolution Mn 2p XPS spectra for a) MnO2, b) GQDs/MnO2-3, and c) 

GQDs/MnO2-10. 
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Figure S5. CV curves at different scan rates (5-100 mV s
-1

) for a) MnO2, b) GQDs/MnO2-1, 

c) GQDs/MnO2-5 and d) GQDs/MnO2-10. e) GCD curves of MnO2 and GQDs/MnO2-3 at 

current density of 1 A g
-1

. f) cycling stability tests over 10000 cycles for GQDs/MnO2-1 and 

GQDs/MnO2-5.  
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Figure S6. SEM images of a) MnO2 nanosheet arrays, b) GQDs/MnO2-3 and c) GQDs/MnO2-

10 after cycling tests.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a cb

3μm 3μm 3μm

MnO2 GQDs/MnO2-3 GQDs/MnO2-10



  

15 

 

 

 

 

 

 

 

 

 

Figure S7. High-resolution Mn 2p XPS spectra after cycling test for a) MnO2, b) 

GQDs/MnO2-3, and c) GQDs/MnO2-10. 
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Figure S8. a) SEM image and b) TEM image of H-GQDs@MnO2. c) CV curves of H-

GQDs@MnO2 at different scan rates (5-100 mV s
-1

). d) Specific capacitances of H-

GQDs@MnO2 as a function of the scan rate. e) cycling stability tests over 5000 cycles. f) 

High-resolution O 1s XPS spectra for H-GQDs@MnO2. 

 

Figure S8a shows the SEM image of H-GQDs@MnO2. It can be seen that the nanosheet 

structure is remained in H-GQDs@MnO2. Figure S8b exhibits the HRTEM image of H-

GQDs@MnO2, and it illustrates the size of GQDs in H-GQDs@MnO2 is about 2-3 nm. The 

CV curves of H-GQDs@MnO2 with various sweep rates ranging from 5 to 100 mV/s is 

shown in Figure S8c. Compared with that of pure MnO2 nanosheet arrays, CV curve of H-

GQDs@MnO2 is relatively rectangular in shape and exhibits a larger area, which higher 

capacitance than that of pure MnO2 nanosheet arrays. The specific capacitance of H-

GQDs@MnO2 can reach 550 F/g at a scan rate of 5 mV/s, which means that GQDs play an 

important role to improve can improve the conductivity and electrochemical performances. 

However, there is a limited improvement of specific capacitance and a poor cycling stability 

(62.2% retention after 10000 cycles, as shown in Figure S3e), which can be attributed to the 

inexistence of Mn-O-C bond through impregnation method (as shown in Figure S8f). 
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Figure S9. the digital pictures of electrolytic cell in different measurement conditions for 

MnO2 and GQDs/MnO2-3.   
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Figure S10. a) CV curves of GQDs/MnO2-1 at different scan rates (5-50 mV s
-1

). b) CV 

curves of GQDs/MnO2-10 at different scan rates (5-50 mV s
-1

).  
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Figure S11. a) CV curves of the typical GQDs/MnO2-3 electrodes and NG at the scan rate of 

10 mV/s. b) CV curves of GQDs/MnO2-3//NG ASC in different voltage window of 0-2 V, 0-

2.1 V, 0-2.2 V and 0-2.3 V at 10 mV/s. c) CV curves of GQDs/MnO2-3//NG ASC in different 

scan rate. d) The specific capacitances of the GQDs/MnO2-3//NG ASC as a function of scan 

rate. 
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Figure S12. a) Energy diagram of MnO2 and GQDs (7~10 nm) before contact. (h) Energy 

diagram of the interface between MnO2 and GQDs (7~10 nm) after the formation of a 

heterojunction. 
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