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XPS measurements

The Mo 3d spectrum of MoO3 in Figure S9 exhibits the presence of two spin orbit split peaks 

at 236.2 and 233.05 eV, which are assigned to MoO3
1. In the case of the MoOx, Mo6+-O 

peaks in Mo 3d spectrum are shifted to a lower binding energy. And two new doublets 

located at 235.6/232.5 eV, 234.2/231.1 eV are appeared, which can be contributed to Mo6-x-O 

(x<1) and Mo4+-O, respectively 2,3. For the MoON, a pair of new peaks located at 233.0/229.9 

eV are appeared, relating to N-Mo-O. The O 1s spectrum of MoO3 can be deconvoluted into 

two peaks located at 531.9 eV and 530.5 eV, corresponding to defect O and O-Mo species 

respectively (as shown in Figure S9). A binding energy of 529.8 eV confirmed the presence 

of Mo-O-N species in MoON after ammonification. The corresponding N 1s core level XPS 

spectrum of MoON is displayed to two peak regions located 395.5 and 397.2 eV are ascribed 

to Mo-N and Mo-N-O species 4,5. 

Impedance simulation 

Importantly, the H+ intercalation process can be largely increased by BEF, which is beneficial 

to the capacitive performance. Electrochemical impedance spectroscopy (EIS) measurements 

were conducted to characterize the Warburg resistance of each nanotube arrays. Figure S15 

shows an equivalent circuit based on EIS results, where Rs is the ohmic resistance; Rct 

corresponds to charge transform resistance; Q represents to double layer capacitance with 

dispersion effect; W is Warburg resistance. Evidently, the Warburg resistance of 

MoOx/MoON heterojunction nanotubes is largely decreased to 18.8 Ω comparing with that of  

MoOx (10945 Ω) and MoON (87 Ω). This decrease can be ascribed to the BEF effects in 

heterojunction interface.
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DFT calculation

Figure S1 Optimized intercalation configuration for H+ into MoON (a) and MoOx (b).
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Material characterization

Figure S2 (a) SEM images of as-formed MoO3 nanotubes; (b) XRD patterns of as-formed and 

crystallized MoO3 nanotubes.  

Figure S3 UV-Vis absorption spectra of MoO3 and MoOx/MoON nanotubes (inset: optical

photos).
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Figure S4 SEM images of MoO3 nanotubes with ammonification for 2 h at (a) 300 oC; (b) 

400 oC; (c) 450 oC and at 350 oC for 1 h (d) and 3 h (e).

 

Figure S5 SEM images of (a) MoOx nanotubes; (b) MoON nanotubes, and the tube walls of 
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MoOx (c) and MoON nanotubes (d).
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Figure S6 Dye absorption measurements of MoOx nanotubes and MoOx/MoON nanotubes.

Figure S7 XRD patterns of MoO3 nanotubes after ammonification at different temperatures 

and durations.
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Figure S8 HRTEM image of -MoO3 nanotubes
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Figure S9 High resolution XPS spectra of MoO3, MoOx, MoOx/MoON and MoON: (a) Mo 

3d; (b) O 1s, and (c) N 1s.
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Electrochemical measurements

Figure S10 CV curves of MoOx/MoON nanotubes with different potential ranges.
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Figure S11 CV plots of MoO3 nanotubes ammonificated at different temperatures for 2 h (a)

 crystallized MoO3; (b) 300 oC; (c) 400 oC; (d) 450 oC. 

Figure S12 Electrochemical performance of MoO3 nanotubes ammonificated at 350 oC for

different time (a) CV plots and (b) volumetric capacitances. 
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Figure S13 CV plots with different scan rates of MoOx nanotubes (a) and MoON nanotubes 

(b); CV curve recorded with 2 mV/s of MoOx (c) and MoON nanotubes (d) 

(shade curve is capacitive-controlled capacitance); (e) ratios of capacitive-

controlled capacitance of MoOx nanotubes and MoON nanotubes in total 

capacitance at different scan rates.
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Figure S14 CV plots of (a)MoOx nanotubes; (b) MoOx/Mo2N nanotubes; (c) MoOx nanotubes; 

(d) relationships between scan rate and capacitance.

Figure S15 Randles equivalent circuit of EIS results in Fig.5f.
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Figure S16 Nyquist plots (a) and corresponding Bode plots (b) of MoOx/MoON electrode at 

different potentials.

Figure S17 GCD plots of MoOx nanotubes (a) and MoON nanotubes (b). 
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Figure S18 Morphology and crystal phase characterizations of MoOx/MoON nanotubes after

cycling (a) SEM images and (b) XRD patterns.



21

Figure S19 (a,b) SEM images of MoOx/MoON nanoporous (Ref-NP); (c) CV plots of Ref-NP 

at different scan rates; (d) volumetric capacitance of MoOx/MoON nanotubes 

and Ref-NP.
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Figure S20 (a,b) SEM images of MoOx/MoON nanotubes with 3 m thickness; (c) CV plots 

of MoOx/MoON with 3 m thickness (d) volumetric capacitances of 

MoOx/MoON nanotubes with different thicknesses. 



21

Figure S21 Asymmetric capacitor based MoOx/MoON/CNTs in different voltage ranges.
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Figure S22 Electrochemical performances of asymmetric supercapacitor (a) CV plots at 

different scan rates; (b) areal capacitance and volumetric capacitance based on 

CV plots; (c) GCD plots at different charging rates; (d) volumetric capacitance at 

different charging rates based on GCD plots; (e) capacitance retention during 

cycling. (f) volumetric energy density of the ASC 6–8.

.
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Fig. S23 Performance of SC device (a) the CV plot of SC device at 20 mV/s. (b) GCD plots 

of SC device at different current densities (c) Capacitance and Coulombic 

efficiency of SC device. 

Figure S24 SEM images of CNTs electrode: (a) surface and (b) cross-section.
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Table S1 The impedance fitting results of the MoOx, MoON and MoOx/MoON nanotubes in Figure 5f

MoOx MoON MoOx/MoON

Rs (Ω) 2 1.45 2

Rct (Ω) 1314 10 0.3

Warburg resistance (Ω) 10945 87 18.8

C (μF) 0.002 0.03 0.02
Q

n 0.9 0.88 0.8

Table S2 Overview of most recent volumetric capacitances reported in the literature for various class of 
materials.

Material
Measurement

condition

Volumetric

Capacitance

Mass 
Capacita

nce
thickness Method Reference

MoOx/MoON 
nanotubes

2.5 A/cm3

(1.1 A/g);

2 mV/s

1987 F/cm3

2063 F/cm3

883 F/g;

917 F/g
1.2 μm Anodization This work

MoOx/MoON 
nanotubes 2 mV/s 1900 F/cm3 3 μm Anodization This work

Nanoporous 
Gold/MnO2

9 50 mV/s 1160 F/cm3 100 nm Electrodepos
ition

Nature 
Nanotechnology 2011, 

6, 232

Ti3C2Tx
10 1 A/g 350 F/cm3 130 F/g 

(2 mV/s) 2 µm Filtration Science 2013, 341, 
1502

Ti3C2Tx 11 2 mV/s 900 F/cm3 250 F/g 5 µm Rolled Nature 2014, 516, 78

MoS2
12 2 mV/s 650 F/cm3 5 µm Filtration

Nature 
Nanotechnology 2015, 

10, 313
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Graphene/Polya
niline13 0.5 A/g 800 F/cm3 550 F/g Hydrothema

l and Press
Advanced Materials 

2015, 27, 8082

Nanoporous 
NiCuMn

Oxy-hydroxide14

0.25 A/cm3 627 F/cm3 1097 F/g 20 μm electrodepos
ition

Angewandte Chemie-
International Edition 

2015, 54, 8100

Fe2O3@Fe3O4
15 5 mV/s 1206 F/cm3 231.9 F/g 1.2 μm Hydrothema

l

ACS Apply Materials 
Interfaces 2015, 7, 

27518

Nitrogen doped 
graphene16 0.5 A/g 600 F/cm3 500 F/g 26 μm Paste

Advanced Energy 
Materials 2017, 7, 

1700766

Compact 
graphene17 0.5 A/g 711 F/cm3 450 F/g 5−6 μm Hydrothema

l and Press
Nano Letters 2017, 17, 

1365

Graphene/PANI

18
0.5 A/g 1058 F/cm3 750 F/g 7 μm Hydrothema

l and Press

Journal of Materials 
Chemistry A 2017, 5, 

16689

MXene/Graphen
e19 2 mV/s 1500 F/cm3

375 F/g

3 m

450 F/g

90 nm

3 μm Filtration Nature Energy 2017, 
2, 10175

RuO2/Graphene
20 0.1 A/g 1485 F/cm3 580 F/g Hydrothema

l and Press
Small 2017, 
13,1701026

NiCo2O4@CNT/
CNT21

0.5 A/g

2 mV/s

873 F/cm3

795 F/cm3
1177 F/g 24.3 μm Filtration

Advanced Functional 
Materials 2017, 27, 

1702160

Co3O4 
Nanosheets22 12 A/cm3 376 F/cm3 - 1 μm electrodepos

ition

Journal of Materials 
Chemistry A 2018, 6, 

36

Mo1.33C Mxene 
/PEDOT:PSS23 2 mV/s 1310 F/cm3 - 3 μm Filtration

Advanced Functional 
Materials 2018, 28, 

1703808

Graphene/MoS2
2

4

1 A/g

0.5 A/cm3
1431 F/cm3 707 F/g 20 μm Filtration

Advanced Energy 
Materials 2018, 8, 

1800227

2D mixed 
MXenes25 2 mV/s 1514 F/cm3 435 F/g 0.18-3 μm Filtration

ACS Apply Materials 
Interfaces 2018, 10, 

25949

MXene/PANI26 2 mV/s 1682 F/cm3 503 F/g 4 μm Filtration

Journal of Materials 
Chemstry A, 2018, 6,

22123

NP c-V2O3/r-
VO2−x

8

5 mV/s

1 A/g

1933 F/cm3

1353 F/cm3
1856 F/g 1.2 μm -

Nature 
Communications

2018, 9, 1375
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NP c-V2O3/r-
VO2−x

8 2 mV/s ~1750 F/cm3 ~1700 
F/g 7.8 μm -

Nature 
Communications

2018, 9, 1375

Na-V2CTx
27 5 mV/s 1315 F/cm3 - 3~4 μm Filtration Advanced Materials 

2019, 31, 1806931

AC/CNT/rGO28 5 mV/s 41.3 F/cm3 186 F/g 5 μm 3D-printing
Advanced Energy 
Materials 2019, 9, 

1802578

Carbon29 1 A/g 215 F/cm3 235 F/g
Advanced Functional 
Materials 2019, 29, 

1901127.

CeO2−x
30 5 mV/s 1873 F/cm3 20 nm Electrodepos

ition

Nature 
Communications 
2019, 10, 2594

wavy MXene31 10 mV/s 1293 F/cm3 340 F/g 6 μm Filtration Nano Energy 2020, 
75, 104971

Ti3C2Tx/ rGO32 2 mV/s 1443 F/cm3 - - co-assembly

Angewante Chemie 
International. Edition 

2020, 59, 20628-
20635
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