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S1. Supplementary experimental section

S1.1 Material Characterization.

Morphological and microstructural evaluations were carried out using scanning 

electron microscopy (SEM, REGULUS 8230) and transmission electron microscopy 

(TEM) on a Zeiss Libra 200FE microscope, and X-ray photoelectron spectroscopy 

(XPS, Thermo Scientific K-Alpha, Al Kα). Crystalline structures were analyzed via X-

ray diffraction (XRD, Philips Pw1730), and vibrational properties were assessed using 

Raman spectroscopy (DXR Raman microscope, Thermo Fisher Scientific, λ = 455 nm).

S1.2 Electrochemical measurement. 

The electrochemical properties of the prepared electrodes were comprehensively 

investigated by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and 

electrochemical impedance spectroscopy (EIS), using a CHI660E electrochemical 

workstation (Chenhua Instruments, Shanghai, China). A Hg/HgO electrode and a 

platinum sheet were employed as the reference and counter electrodes, respectively. All 

measurements were conducted in 2 M KOH or 2 M NaOH aqueous electrolyte. The 

specific capacitance (CS, mF cm–2) of the electrodes based on CV curve and GCD data 

was determined through the following Eq. (1) and Eq. (2).

                                     (1)C = ∫IdV/(2 × ∆V × v × S)

                                            (2)C = I × ∆t/(S × ∆V)

Here the  represents the integrated area of the CV curve,  denotes the scan rate, ∫IdV v

S indicates the effective surface area of the working electrode,  is the discharge time ∆t

and  stands for the applied potential window. For asymmetric supercapacitor (ASC) ∆V

system, the specific capacitance (CS, mF cm–2) was calculated via the following Eq. 
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(3):

                                         (3)𝐶𝑠 = I ∆t/(S × ∆V)

The areal energy (ES, mWh cm–2) and power (PS, mW cm–2) densities of ACSs device 

were obtained using the following Eq. (4) and Eq. (5):

                                          (4)E = 1/2(C/3600)(∆V)2

                                              (5)P = E × 3600/∆t

S1.3 Calculations of capacitive contribution. 

The capacitive and diffusion contributions can be quantitatively determined via 

separating the current i at a fixed potential V, the corresponding equations are expressed 

as the following equations i(V) = k1v1/2 + k2v. The k1v1/2 ，the k1v 1/2 and k2v represent 

the contributions from the diffusion-controlled and capacitive-controlled process, 

respectively, where k1 and k2 can be easily calculated by the i(V)/ v1/2 = k1 + k2 v1/2.

S1.2 First-principles calculations. 

The calculations are performed on the basis of density functional theory (DFT) 

with the Vienna Ab initio simulation package VASP.5.4.4 1. For the exchange-

correlation functional, the generalized gradient approximation (GGA) with Perdew-

Burke-Ernzerhof (PBE) form are used. A number of fifteen valence electrons for each 

Bi atom (5d106s26p3), six valence electrons for each O atom (2s2p4), four valence 

electrons for each C atom (2s2p2) and five valence electrons for each N atom (2s2p3) are 

taken into account. For adsorbed atoms a number of seven valence electrons for Na 

atom (2p63s1) and seven valence electrons for K atom (3p64s1) are taken into account. 

The remaining electrons together with the nucleus are described by projector-

augmented wave (PAW) pseudopotentials2. The one-electron Kohn-Sham 
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wavefunctions and the charge density are expanded in a plane-wave basis set with 

cutoff energy 500 eV3. The convergence criterion is 10-5 eV and 0.01 eV/Å for energy 

and force, respectively. The Brillouin zone for adsorption systems was divided into a 2 

× 2 × 1 mesh of k points from Gamma centered Monkhorst–Pack. Under these 

parameters setting, the structure parameters (a = b = 8.07 Å，c = 5.73 Å, α = β =γ = 

90°) of optimized Bi2O3 correspond well with previous study. We select a 4 × 7 graphite 

(001) supercell and a 2 × 3 Bi2O3 (100) supercell to construct a heterojunction interface 

model of Bi2O3/Graphene and Bi2O3/N-Graphene heterojunction to simulate the 

structure of the Bi2O3/carbon interface. This heterojunction model has a lattice 

mismatch rate of less than 5% in both the a and b directions, indicating that the 

heterojunction meets the requirements for structural stability. A vacuum of 15 Å was 

included to isolate slabs for reducing the interactions between each slab. The adsorption 

energies Eads are adopted to describe the Na and K adsorption ability of different 

interfaces using equation:

𝐸𝑎𝑑𝑠 =  𝐸𝑡𝑜𝑡𝑎𝑙 ‒ 𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ‒ 𝐸𝑖𝑜𝑛

Where the Etotal is the DFT calculated total energy of the fully optimized composite 

system with adsorbed atoms (K or Na) on the graphene, pure-Bi2O3, and 

Bi2O3/Graphene and Bi2O3/N-Graphene, Einterface is the total energy of the fully 

optimized graphene, pure-Bi2O3, and Bi2O3/graphene structure, Eion is the total energy 

of a single adsorbed atoms (K or Na) in their corresponding bulk.
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S2. Supplementary Results and Discussion

Figure S1. (a) The crystal structure of pristine tetragonal Bi2O3. Diagram of 

optimized structure (b) Bi2O3-pure and heterostructures of (c) Bi2O3/Graphene and (d) 

Bi2O3/N-Graphene.

The Bi2O3-pure model consists of 95 bismuth atoms and 144 oxygen atoms, with 

the bottom four layers of atoms fixed to mimic the internal state of the Bi2O3 electrode. 

The Bi2O3/Graphene and Bi2O3/N-Graphene heterojunction model is formed by the 

integration of Bi2O3 (104) and graphene. The single layer of graphene (112 carbon 

atoms), is stacked onto the surface of Bi2O3 (100), with the bottom four layers of the 

Bi2O3 (100) also fixed. The initial interlayer spacing between graphene and Bi2O3 (100) 

is set at adout 4.0 Å. Similarly, a vacuum region of about 15 Å is established in the Z-

axis direction to simulate the surface state.
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Figure S2. (a) Schematic diagram of adsorption sites. (b) Diagram of the 

optimized (b) K+ and (c) Na+ adsorption in the (001) plane of Graphene. The optimized 

adsorption configuration of (d) Bi2O3-Na+, Bi2O3/Graphene-Na+ and Bi2O3/N-

graphene-Na+.

Taking into account the positions of oxygen atoms on the Bi2O3 (100) crystal facet, 

the periodicity of the facet, and the symmetry, one stable adsorption site was 

considered. The single-layer graphene model comprises 32 carbon atoms. 
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Figure S3 SEM of nano-ZnO particles.
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Figure S4 EDS mapping images of the precursor.
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Figure S5 XRD of Bi2O3@CC
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Figure S6. Wide XPS spectrum of NPCF and Bi2O3@NPCF.
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Figure S7. Comparation of the specific capacitance for Bi2O3@CC, NPCF and 

Bi2O3@NPCF at the scan rate of 10mV s-1.
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Figure S8.  CV curves in 2 M KOH and 2 M NaOH at different scan rates: (a) (b) 

Bi2O3@NPCF, (c) (d)NPCF, (e)(f) Bi2O3@CC.
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Figure S9  GCD curves in 2 M KOH and 2 M NaOH at different current densities: 

(a) (b) Bi2O3@NPCF, (c) (d)NPCF, (e)(f) Bi2O3@CC.
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Figure S10 Rate performance of all electrodes based on GCD data in 2 M KOH and 2 

M NaOH
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Figure S11. (a) Nyquist plots and (b) Bode phase plots of all samples in 2 M NaOH.
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Figure S12. The SEM images of Bi2O3@NPCF after long-term cycling: (a) low 

magnification; (b) high magnification.
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Figure S13. The SEM images of Co(OH)2/Ag electrode : (a) low magnification; (b) 

high magnification.

The low-magnification SEM image of the Co(OH)₂/Ag electrode shows that 

Co(OH)₂/Ag particles are sparsely distributed on the nickel foam substrate, while the 

corresponding high-magnification image reveals the morphology of the Co(OH)₂/Ag 

structures.
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Figure S14. The XRD spectra of Co(OH)2/Ag.

The XD patterns of Co(OH)2/Ag shows the characteristic peaks at 44.3° and 77.4° 

corresponding to the (200) and (311) of Ag, and the characteristic peaks at 51.6° 

corresponding to the (104) of Co(OH)2. 
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Table S1. Electrochemical performance of Bi-based/carbon nanocomposite electrodes 

for supercapacitors

Electrodes Electrodes Potential (V) Specific capacity References

Bi2O3@NPCF 2 M KOH
2 M NaOH -1–0

1034.2 mF cm−2 
(574.5 F g-1)

731.1 mF cm−2 
(406.1 F g-1)
at 1 mA cm-2

This work

Bi13S18I2 3 M KOH -0.4–0.4 247 mF cm−2 
at 5 mA cm−2

3

Bi2O3/CNF 1 M Na2SO4 -1–0 0.348 mAh cm-2

at 3 mA cm-2
4

AC-Bi2O3 6 M KOH -1–0 332.6 F g-1

at 1 A g-1
5

CQD-Bi2O3 3 M KOH -0.75–0 343 F g-1

at 0.5 A g-1
6

Bi2O3 Nanostructured 6 M KOH -1–0 447 F·g–1 
at 2 A·g–1

7

SWCNT/BiVO4 2 M NaOH -1–0 395 F g−1
at 1 A·g–1

8

Bi2O3 nanobelts 1 M Na2SO4 -1– -0.2 250 F g−1
at 1 A·g–1

9
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Table S2. Electrochemical performance of Bi-based/carbon nanocomposite electrodes 

for supercapacitors

Electrodes Electrodes Potential (V) Specific capacity References

Bi2O3@NPCF 2 M KOH
2 M NaOH -1–0

1034.2 mF cm−2 
(574.5 F g-1)

731.1 mF cm−2 
(406.1 F g-1)
at 1 mA cm-2

This work

Fe2O3@PEDOT 1 M Na2SO3 -1–0 338 mF cm−2
at 1 mA cm-2 10

V2O5/n-MPC 0.5 M
K2SO4

0–1 487 Fg-1

at 0.5 Ag-1 11

Fe2O3/HPC 1 M 
Na2SO4 -1–0 465 F g−1 

at 0.5 A g−1 12

MnO2/CNT 3 M NaCl 0–1 370 F g-1

at 0.5 A g-1 13

 Ni/NiO/C 3 M KOH 0–0.4 550 F g-1
at 1 A g-1 14

Fe3O4@PPy 1M H2SO4 0–0.8 290.2 F g-1
1 A g-1 15

Co3O4 @ CSCNs 3 M NaCl -0.8–0 508 F g-1
at 1 A g-1 16
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Table S3. The values of Rs and Rct for NPCF, Bi2O3@CC and Bi2O3@NPCF.

electrode Rs Rct

NPCF 1.29 1.34

Bi2O3@CC 2.85 1.77

Bi2O3@NPCF 1.46 0.61
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Table S4. Comparison of cyclic stability of Bi2O3@NPCF with other Bi-based/carbon 

nanocomposite supercapacitors

Electrodes Current 
density

Cycle 
number Capacity retention References

Bi2O3@NPCF 40 mA cm -
2 10000 99.6 % This work

P/Bi/C 40 mA cm-
2 5000 74.5 % 17

rGO/Bi 100 mV s-1 50000 83 % 18

AC-Bi2O3 --- 1000 59 % 5

Bi2O3@C 5 A g-1 4000 93 % 19

Bi2O3/CNFs --- 4000 92.21% 20

Bi2O3/C-1 NFs --- 4000 72.3 % 20

Bi2O3@C 500 mA g−1 6000 50 % 21

Bi2O3/N-HPC 5 A g-1 10000 85.2 % 22

Bi2O3@rGO 2 A g-1 3000 99 % 23
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