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Calculation of enhancement factors (EF) 
Enhancement Factor (EF), as an important parameter, is evaluated to quantify the 
enhancement effect of a substrate using the following formula [1]:

EF . Eq. (1)
=

𝐼𝑆

𝐼𝑅

𝑁𝑏𝑢𝑙𝑘

𝑁𝑠𝑢𝑟𝑓

In the equation, IS and IR represent the Raman signal intensities of the molecule MB 
with and without the presence of the SERS-enhancing substrate, respectively. Nbulk is 
the average number of MB molecules detected in the absence of SERS measurements, 
and Nsurf is the average number of MB molecules detected in SERS measurements. The 
calculation method for Nbulk is as follows:

. Eq. (2)
𝑁𝑏𝑢𝑙𝑘 =

𝐴𝑙𝑎𝑠𝑒𝑟 ×  ℎ ×  𝜌

𝑀
 ×  𝑁𝐴

In the equation, Alaser, h, ρ, and M represent the laser spot area, focal length, density of 
the solid analyte, and relative molecular mass, respectively. NA refers to Avogadro's 
number. The calculation for Nsurface is as follows:

. Eq. (3)
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝐶 ×  𝑉
𝐴𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

 ×  𝑁𝐴 ×  𝐴𝑙𝑎𝑠𝑒𝑟

In the equation, C, V, and Asubstrate represent the concentration, volume of the analyte 
solution, and substrate area, respectively. NA refers to Avogadro's number, and Alaser 

represents the area of the laser spot.
Therefore, EF can be calculated as follows:

. Eq. (4)
𝐸𝐹 =
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𝑀 ×  𝐶 ×  𝑉

EF calculations for MB:
For β-Bi2O3 substrate, IR =1523 (a.u.), h = 0.2 (mm), ρ = 0.6 (g/cm3), M = 356 (g/mol), 
Asubstrate = 4 (mm2), V = 10 (µL), C =10−7 M, and IS = 1986 (a.u.) (at 1624 cm−1), the EF 
is estimated to be 3.94 × 106.
For 5.20%Au/Bi2O3 sample, IR = 1523 (a.u.), h = 0.2 (mm), ρ = 0.6 (g/cm3), M = 356 
(g/mol), Asubstrate = 4 (mm2), V = 10 (µL), C =10−7 M, and IS = 4649 (a.u.) (at 1624 
cm−1), the EF is estimated to be 9.22 × 106.
The calculation for MO is similar to that for MB, and it is calculated：
For β-Bi2O3 sample, EF is estimated to be 2.96 × 104.
For 5.20%Au/Bi2O3 sample, EF is estimated to be 1.15 × 105.



Calculation of mass fractions from ICP-AES
A 150mg powder sample of 5.20%Au/Bi2O3 was taken and dissolved in 4mL aqua 
regia. The solution was then diluted with distilled water to a final volume of 15mL. 
Subsequently, it was further diluted 1000 times. The measurement results using ICP-
AES showed that the concentration of Au was 0.520mg/L, which corresponds to a mass 
of 7.8mg of Au (m = C × V=7.8mg). The mass fraction of Au was calculated as ꞷ = 
m/m0 = 5.20%. Similarly, when 2.80%Au/Bi2O3 and 10.1%Au/Bi2O3 samples were 
processed using the same method and their Au contents were measured, the respective 
concentrations were found to be 0.280mg/L and 1.010mg/L. This resulted in mass 
fractions of Au of 2.80% and 10.1% for 2.80%Au/Bi2O3 and 10.1%Au/Bi2O3, 
respectively.



Fig. S1 Size distribution histograms of Au NPs on 5.20%Au/Bi2O3.

Fig. S2 TEM images of (A) 2.80%Au/Bi2O3, (B) 5.20%Au/Bi2O3 and (C) 
10.1%Au/Bi2O3 (Insert is an enlarged view of the dotted box in (C)). (D) Elemental 
mapping image of Au of 10.1%Au/Bi2O3. 

mailto:5.20%25Au@bi2o3
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Fig. S3 Photos taken by iphone of (A) β-Bi2O3, (B) 2.80%Au/Bi2O3, (C) 
5.20%Au/Bi2O3 and (D) 10.1%Au/Bi2O3.

Fig. S4 Nitrogen adsorption-desorption isotherms of β-Bi2O3 and 5.20%Au/Bi2O3 (The 

mailto:5.20%25Au@


inset is pore-size distributions).

Fig. S5 Normal Raman spectra and SERS spectra of (A) MB and (B) MO.

Fig. S6 Calculated band structures of (A) 5.20%Au/Bi2O3 and (B) β-Bi2O3.

mailto:5.20%25Au@


Fig. S7 Optimized model of 5.20%Au/Bi2O3 based on DFT calculation results. 

Fig. S8 Degree of charge transfer ( ) in the composites and the SERS intensity ratio 𝜌𝐶𝑇

between the modes at 1443 cm−1 (b2) and 1395cm−1 (a1) as a function of the load mass of 
Au NPs on β-Bi2O3.
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Table S1. Mode assignment of the Raman peaks for MB.[2,3]

ν=stretching, α= ring deformation, β=bending and δ=skeletal deformation.

Normal Raman (cm −1) SERS (cm −1) Mode assignment

503 594 C-S-C)𝛿(

669 C-H)𝛽(

776 769 C-H)𝛽(

862 858 C-H)𝛽(

899 C-H)𝛽(

951 950 C-H)𝛽(

1036 1038 C-H)𝛽(

1073 1071 C-H)𝛽(

1153 C-H)𝛽(

1179 ν(C-N)

1305 1300 (C-H)𝛼

1398 1395 νsym(C-N)

1437 1443 νasym(C-N)

1474 1468 νasym(C-N)

1625 1624 ν(C-C)



Table S2. Mode assignment of the Raman peaks for MO.[4]

ν=stretching and β=bending.

Normal Raman (cm −1) SERS (cm −1) Peak assignment

828 831 (C–H) + (C–C) + ν(C–C)𝛽 𝛽

921 925 ν(C–C)

1026 1025 β(C–C)

1122 1112 β(C–C)

1143 1144 β(C–C) +ν(C–C) + β(C–N)

1194 1196 ν(C–C) + β(C–C) + β(C–H)

1311 1313 ν(C–C) + β(C–H)

1362 1364 ν(C–C)

1396 1389 ν(N–N) +

1413 1410 ν(N–N)

1422 1422 ν(C–C)

1442 1444 ν(C–C) + β(C–H)

1590 1589 ν(C=C) + β(C=C)



Table S3. Performance comparison of SERS semiconductor materials for the detection 

of MB.

1 molybdenum oxide and graphene oxide nanocomposite.[5]
2 sulfur-doped MoO2 nanospheres.[6]
3 TiO2-coated photonic crystal capillary.[7]
4 CdSe-sensitized TiO2 composite film with inverse opal structure.[8]
5 F4TCNQ nanostructures grown on a 2D MoS2 flake.[9]
6 MoO3/MoO2 nanosheets.[10]
7 SnS2 microspheres.[11]
8 Mo1-xWxS2 nanosheets.

Materials Analyte
molecules LOD(M) EF

MoO2/GO MB 10−8 / 1

S-MoO2 MB 10−8 / 2

TiO2–PCC MB 7.21×10−8 3.63 × 104 3

CdSe-TiO2 IOS MB 7×10−9 1.46 × 105 4

F4TCNQ/MoS2 MB 10−10 2.531 × 106 5

MoO3/MoO2 MB 10−9 1.4 × 105 6

SnS2 MB 10−13 3.0 × 108 7

Mo1-xWxS2 MB 10−8 / 8

β-Bi2O3 MB 10−9 5.5 × 106 this work



Table S4. Performance comparison of SERS noble metal loaded composites for the 

detection of MB.

1 Ag nanoparticles/g-C3N4.[12]
2 Fe3O4/GO/Ag composite microspheres.[13]
3 Ag nanoparticles /GO/g-CN nanohybrids.[14]
4 Cu2O/Ag heterostructures within the cellulose nanofibrils (CNFs) network.[15]
5 Ag nanocubes/GO composites.[16]
6 ZnO nanoplates/Ag nanoparticles.[17]
7 spherical Ag/synthetic hectorite(Hct) nanomaterials.[18]
8 gold nanoparticles (AuNPs) grown on a magnetic sphere (MNPs)-MoS2 microflower composite.[19]

Materials
Noble 

metal(wt%)
Analyte

molecules
LOD(

M)
EF

AgNPs@g-C3N4 2.36% MB 10−12 1.4 × 108 1

Fe3O4/GO/Ag 6.90% MB 10−9 / 2

AgNPs/GO/g-CN 10.70% MB 10−12 6.59 × 108 3

CNF- Cu2O/Ag 13.07% MB 10−8 4.0 × 104 4

Ag/GO 30.84 MB 10−10 / 5

ZnO/Ag 39.14% MB 10−9 6.2 × 106 6

Ag@Hct 50.89% MB 10−12 2.6 × 104 7

MNPs-MoS2@Au 68.84% MB 10−9 / 8

Au/Bi2O3 5.20% MB 10−11 9.2 × 106 this work

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nanoparticle
mailto:Ag@hct


Table S5. Peak fitting table of O 1s in Bi2O3.

Table S6. Peak fitting table of O 1s in 5.20%Au/Bi2O3.

Name Peak BE
Height  
CPS

Height 
Ratio

Area 
CPS.eV

Area 
Ratio

FWHM fit 
param (eV)

L/G 
Mix(%) 
Product

Tail 
Mix (%)

Tail Height 
(%)

Tail 
Exponent

O1s Scan A 529.52 20164.61 0.95 53366.17 0.73 1.9 91.6 100 0 19.3813

0.5 : 3.5

O1s Scan B 531.01 21716.06 1 48777.45 1 1.44 1.11 100 0 19.6366
0.5：3.5

Name Peak BE
Height  
CPS

Height 
Ratio

Area 
CPS.eV

Area 
Ratio

FWHM fit 
param (eV)

L/G 
Mix(%) 
Product

Tail 
Mix (%)

Tail Height 
(%)

Tail 
Exponent

O1s Scan A 529.55 40164.61 1 95085.96 1 1.9 0 0 100 0.0551

0.5 : 3.5

O1s Scan B 530.76 13716.06 0.34 41931.1 0.44 1.87 75.26 2.59 97.50 0.0389
0.5：3.5
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