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ABSTRACT:  

The size, morphology and structure of Bi nanoparticle can significantly affect its 

photocatalytic performance. In this study, core-shell structured Bi@ amorphous Bi2O3 

nanospheres were synthesized through one-step solvothermal method, and the reaction 

mechanisms on NO removal were proposed. It was found that Bi nanoparticles can 

generate charge carriers by surface plasma resonance (SPR) under visible light 

irradiation, while the surface amorphous Bi2O3 layer can facilitate the charge carriers’ 

separation. The Bi@Bi2O3 sample with the synthesis time of 18 hours exhibited 

superior visible light photocatalytic activity for NO degradation, attributing to the 

suited size and suitable amorphous Bi2O3 layer. •O2
- , 1O2 and •OH radicals were 

identified as the main reactive species involved in the photocatalysis processes. 

Moreover, the enhancement mechanisms of photocatalytic NO removal over Bi@Bi2O3 

samples were discussed. This study demonstrated that the fabrication of core-shell 

structured Bi@Bi2O3 is a good strategy for effective air pollution control.  

Keywords: Bi@Bi2O3; core-shell structure; SPR; NO removal 
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1. INTRODUCTION 

The atmospheric concentration of nitrogen oxides (NOx) is increasing due to the 

excessive consumption of fossil fuels, which can lead to the formation of acid rain and 

photochemical smog,1 and can also cause diseases such as respiratory tract 

inflammation and carcinoma of the lungs.2, 3 Selective catalytic reduction (SCR) and 

wet scrubbing process are efficient De-NOx source control strategies at high 

concentration.1 As an alternative to these NOx control method, photocatalysis technique 

is attractive recently to remove NOx at parts-per-billion (ppb) levels under ambient 

temperature and pressure in view of its merits of using abundant solar energy and of 

environmental friendly property.4 However, the low quantum efficiency and the narrow 

light response range of traditional semiconductor photocatalyst TiO2 have restrained its 

practical application.5 Therefore, development of novel photocatalysts with high 

efficiency is crucial for effective air pollution control. 

Recently, plasmonic photocatalysis has attracted more and more attentions because 

it is promising to overcome drawbacks like limited visible-light absorption ability and 

high charge carriers’ recombination rate of photocatalysts via combining 

nanostructured plasmonic metals with semiconductor-based material.6-10 When the 

oscillating frequencies of free electrons in metal nanoparticles (such as Au, Ag, Cu and 

Bi) and incoming photons are matched, it can give rise to the so-called surface plasmon 

resonance (SPR) which can trigger the subsequent redox reactions.9, 11-13 Bismuth (Bi), 

endowed with unique electronic properties, has been found to display optical 

resonances whose spectral position and width are sensitive to sizes control, like Ag.14, 

15 Toudert et al theoretically illustrated that SPR band can be tuned in the whole near-

ultraviolet, visible, and near-infrared range by changing the size and shape of bismuth 

nanoparticles.16 Afterwards, bismuth nanospheres with a size range of 30~60 nm were 

prepared by Wang et al. to devote to the photodegradation of Rhodamine B (RhB) in 

visible light utilizing the SPR and they predicted the surface plasmon band shifted from 

UV to visible wavelength range with the size increase.17 After that, Dong et al. disclosed 

the SPR mechanism and application of Bi nanoparticles with a size range of 100~200 

nm in photocatalysis towards NO removal under UV light irradiation.18 Although the 
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study of photocatalytic mechanism of bismuth is still controversial, it is undeniable that 

Bi could be an excellent photocatalytic material which deserves intensively 

investigation.  

In general, the size, morphology and structures of Bi nanoparticles can significantly 

affect its photocatalytic performance.11, 15 In recent years, core/shell morphology has 

attracted increasing attention because it can fulfill the diverse application requirements 

by tuning the surface functions and limiting the crystal nucleus size.19-21 The shell 

coating enables the manipulation over the properties of the core material, leading to the 

increased functionality and stability.22-24 For example, metal core@metal oxides shell 

nanocomposites are endowed with remarkable advantages as heterogeneous 

photocatalysts such as enhanced stability, prolonged lifetime of photo-generated 

carriers, increased interfacial charge transfer process.20, 25-27 Considering the unique 

merits of core/shell structure and SPR effect of Bi, various methods have been adopted 

to construct Bi-based core/shell structure. It was reported a Bi@Bi2O3 nanostructure 

synthesized via a microwave-assisted solvothermal route exhibited an efficient 

photocatalytic activity towards rhodamine B and methyl orange (MO) under UV light.28 

Bi@Bi2O3@carboxylate-rich carbon core-shell nanosturctures were observed to have 

significantly enhanced photocatalytic activity in terms of MO degradation under visible 

light irradiation.29 Cao et al explored the super-hydrophobic Bi@Bi2O3 surface with 

hierarchical porous dendritic structures through Bi surface self-passivation.30 To the 

best of our knowledge, despite various studies on Bi@Bi2O3, the effect of the shell 

structure on the photocatalytic performance and the possibility of using it as a 

photocatalyst in NO degradation at ppb level have rarely been reported. 

In this study, we prepared a core-shell structure photocatalyst with a bismuth core 

and an amorphous Bi2O3 shell to remove NO at ppb level under the visible light 

irradiation. Various characterization methods were used to evaluate its physicochemical 

properties. Both the growth mechanism and the reasons for excellent visible light 

performance depended on nanosize control of this material were explored deeply. 

2. MATERIALS AND METHODS 

2.1 Synthesis of core-shell Bi@Bi2O3 nanospheres 
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All solvents and reagents are of analytical grade and directly used without further 

purification. A series of Bi@Bi2O3 samples with core-shell structure were synthesized 

by a one-step solvothermal method, with Bi(NO3)3·5H2O as a precursor and ethylene 

glycol as a complexing agent and reducing agent. In a typical procedure, 1 mmol of 

Bi(NO3)3·5H2O and the same amount of C6H12O6 were dissolved in 15 mL of ethylene 

glycol under vigorous stirring for 30 min. The mixture was then transferred to a Teflon-

lined stainless steel autoclave (20 mL capacity) and kept in an electric oven at 160 °C 

for 18 h. The as-prepared sample denoted as Bi@Bi2O3-18 h was collected by 

centrifugation, washed several times with absolute ethyl alcohol and deionized water, 

and dried at 70 °C in an oven. In order to demonstrate the effect of the core-shell 

structure on the photocatalytic performance, Bi@Bi2O3 samples with the length of 

reaction time at 12, 24 and 48 h were synthesized under identical conditions, and the 

corresponding products were denoted as Bi@Bi2O3-12 h, Bi@Bi2O3-24 h and 

Bi@Bi2O3-48 h, respectively. 

 

2.2 Characterization of Bi@Bi2O3 nanospheres 

Various methods were used to characterize the physical and chemical properties of the 

different Bi@Bi2O3 structure samples. The crystallographic information of the samples 

was established by powder X-ray diffraction on a PANalytical XPert PRO X-ray 

diffractometer system. Morphological and structural investigations were carried out 

with scanning electron microscopy (SEM, ZEISS, SUPRATM 55) and transmission 

electron microscopy (TEM, JEOL, JEM-3010). Furthermore, bulk and surface 

compositional analyses for the prepared samples were performed with energy-

dispersive X-ray spectroscopy (EDX/TEM, JEM-3010) and X-ray photoelectron 

spectroscopy (XPS, Thermo ESCALAB 250), respectively. The Fourier transform 

infrared spectroscopy (FTIR) spectra were recorded on a FTIR absorption spectrometer 

(Vertex 70, Bruker, Germany) with KBr as the diluent. Quantitative analysis of the 

carbon element gained from the elemental analyzer (vario III EL, Elementar, Germany). 

A Varian Cary 100 Scan UV-Visible system equipped with a labsphere diffuse 

reflectance accessory was used to obtain the reflectance spectra of the catalysts over a 
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range of 200–800 nm. After the sample was pretreated using nitrogen purging for 3 h 

at 343 K, the nitrogen adsorption and desorption isotherm at 77 K was measured by a 

Micrometritics Gemini 2390 system. To identify each type of reactive oxygen species, 

electron spin-resonance spectroscopy (ESR; ER200-SRC, Bruker, Germany) were 

prepared by mixing the as-prepared photocatalysts in solution with different trapping 

agents. Thus, 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) was employed to verify the 

formation of superoxide (•O2
-) and hydroxyl radicals (•OH). 4-oxo-2,2,6,6-

Tetramethyl-1-piperidinyloxy (4-oxo-TEMP) was used to detect singlet oxygen, and 

2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) was used to characterize photo-

generated electrons, respectively.  

 

2.3 Photoelectrochemical measurements 

The photoelectrochemical properties of Bi@Bi2O3 samples were evaluated using a 

Parstat 4000 electrochemical workstation (USA) in a conventional three-electrode cell, 

in which a platinum plate and Ag/AgCl electrode were used as counter electrode and 

reference electrode, respectively. In order to fabricate the working electrode, 50 mg 

Bi@Bi2O3 was dispersed into 5 mL 1 wt% Nafion ethanol solution to obtain 

homogeneous suspension through bath sonication. Then Bi@Bi2O3 films were 

modified on the fluorine doped tin oxide (FTO) conducting glass by dip coating and 

dried at room temperature. The current-time curves were measured at 0.2 V vs. 

Ag/AgCl in 0.1 mol L-1 Na2SO3 solution at ambient temperature under a 100 W LED 

lamp with wavelength of 420 nm. Electrochemical impedance spectroscopy (EIS) was 

measured at a frequency range of 0.1 Hz to 100 kHz with an 5 mV voltage amplitude 

under open-circuit voltage in 1mmol L-1 K3Fe(CN)6 and K4Fe(CN)6 solution.  

 

2.4 Photocatalytic activity test 

The photocatalytic activities of the as-prepared Bi@Bi2O3 samples were evaluated by 

NO removal through monitoring the decrease of NO in a continuous flow reactor at 

ambient temperature under visible light irradiation provided by a 300 W Xenon lamp 

(MICROSOLAR 300, Perfect Light, China). The rectangular reactor which was made 
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of stainless steel was covered with quartz glass and the volume of the reactor was 4.5 

L (10×30×15 cm). Briefly, 0.1 g of the as-prepared photocatalyst was dispersed in 20 

mL of deionized water by ultrasound. Then it was spread in a glass petri dish with 

diameter of 90 mm and dried at 70 oC to produce a homogeneous distributed material. 

After cooling to room temperature, the sample dish was placed in the dark chamber. 

The concentration of tested NO gas was about 400 ppb generated by diluting 50 ppm 

NO (N2 balance) from a compressed gas cylinder with pure air generated from a zero-

air generator (Model 1001, Sabio, USA), and the flow rate was controlled at 3 L/min. 

After the adsorption-desorption equilibrium among gases and photocatalysts was 

achieved, the lamp was turned on. The concentration of NO was continuously measured 

by a chemiluminescence NOx (the sum of NO and NO2) analyzer (Thermo 

Environmental Instruments Inc., model 42c). The removal rate of NO after irradiation 

was calculated according to the following equation: 

η=(C0-Ct)/C0 × 100 % 

Where η is the NO removal rate, C0 is the initial NO concentration, and Ct is the outlet 

stream NO concentration.  

3. RESULTS AND DISCUSSION 

3.1 Phase structures, morphologies and chemical compositions 

XRD patterns of the as-prepared Bi@Bi2O3-12 h, Bi@Bi2O3-18 h, Bi@Bi2O3-24 h and 

Bi@Bi2O3-48 h samples were shown in Figure 1, which can be readily indexed as pure 

rhombohedral Bi (JCPDS no. 05-0519). The intensity of the diffraction peaks became 

stronger with the reaction time prolonged, demonstrating that the samples were 

crystallized better and no other impurity characteristic peaks like Bi2O3 were observed. 
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Figure 1. XRD Patterns of the as-prepared core-shell Bi@Bi2O3 nanoparticles 

(Bi@Bi2O3-12 h, Bi@Bi2O3-18 h, Bi@Bi2O3-24 h and Bi@Bi2O3-48 h). 

SEM (Figure 2a-2d) and TEM (Figures 2e-2l) were used to characterize the 

morphologies of the as-prepared samples. The samples of Bi@Bi2O3-12 h, Bi@Bi2O3-

18 h and Bi@Bi2O3-24 h were composed of uniform nanospheres with diameters of 

approximately 100 nm as shown in Figure 2a-2c. These monodispersed nanospheres 

can favor the transfer of charge carries, and this could improve the photocatalytic 

performance. However, the diameter of Bi@Bi2O3-48 h nanospheres was ranged from 

100 nm to 1 μm, as illustrated in Figure 2d. This trend reveals that the size of Bi@Bi2O3 

would not change when the synthesis time is within 24 h, but it could grow larger and 

larger if the reaction time prolonged. 

TEM images confirmed that the as-prepared Bi@Bi2O3-12 h, Bi@Bi2O3-18 h and 

Bi@Bi2O3-24 h nanospheres had core-shell structures (Figure 2a-c). As shown in 

Figure S1, the shell thickness of Bi@Bi2O3-18 h is about 5 nm. With the synthesis time 

varying from 24 h to 48 h, the diameter of the Bi nanoparticles gradually increased. 

When the reaction time was set as 48h, the shell thickness is becoming much thinner 
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and the Bi nanoparticles grew up further with the diameter around 200 nm (See Figure 

2h). As illustrated in Figure 2i-2l, HR-TEM results displayed that the clear lattice 

fringes with d-spacing of 0.328 nm corresponding to the (012) plane of Bi and no lattice 

striation was regarded as Bi2O3, as a further evidence for the presence of amorphous 

Bi2O3. The corresponding SAED patterns (inset in Figure 2i-2k) show multiple 

diffraction rings, indicating that the Bi mainly exist as polycrystal pattern until the 

hydrothermal reaction time to 24 h. When the time prolongs to 48 h, the single crystal 

Bi core was formed, confirmed by SAED diffraction spots in figure 2l. As shown in 

Figure S1, the EDS analysis for Bi@Bi2O3-18 h sample displayed that the sample was 

mainly consisted of Bi, O, and C, suggesting that the amorphous shell is Bi2O3 with 

few organic residuals. 

 

Figure 2. SEM images (a-d); low-magnification TEM images (e-h); HR-TEM images 

taken from the edge of the nanospheres (i-l); and SAED patterns of different core-shell 

structures (inset in i-l), respectively. the three images in the first to forth line is ascribed 

to Bi@Bi2O3-12 h、Bi@Bi2O3-18 h、Bi@Bi2O3-24 h and Bi@Bi2O3-48 h respectively. 

The surface properties of different Bi@Bi2O3 samples were further investigated 

by FT-IR (Figure 3). The band at 513 cm-1 is attributed to the vibration of Bi-O bonds 
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in Bi2O3,
31, 32 which confirmed the existence of Bi2O3 in the as-prepared products. The 

peaks at 1611 and 1400 cm-1 are the characteristic asymmetric and symmetric stretching 

vibrations of COO- groups, respectively. While the peaks at 1065 and 1120 cm-1 can be 

assigned to symmetric and asymmetric stretching vibration of C-O-C groups.33, 34 These 

results indicated that carboxylate groups were coordinated strongly to the bismuth 

cations on the surface, the presence of which can contribute to a significant increase in 

the absorption intensity of hydroxyl groups. This is consistent with the result that the 

peak intensity at 3425 cm-1, the hydroxyl stretching vibration of surface-adsorbed water 

and hydroxyl groups,30 declined when the peak intensity of carboxylate groups at 1611 

and 1400 cm-1 decreased. Furthermore, with the synthesis time prolonged from 12 h to 

48 h, the characteristic peaks of Bi-O bonds are depressed gradually, suggesting the 

thickness of Bi2O3 gradually thinned, while the peaks of C-O-C groups at 1065 declined, 

suggesting the reduction of surface organic matter. 

 

Figure 3. FT-IR spectra of the as-prepared Bi@Bi2O3 nanospheres 

X-ray photoelectron spectroscopy (XPS) was used to identify the surface chemical 

states of Bi@Bi2O3 samples. The high-resolution XPS spectra and the percentage of 

elements (Bi 4f, C 1s and O 1s) in the as-prepared Bi@Bi2O3 samples before and after 
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being etched are shown in Figure S2a–S2d and Table S1. Typically, as shown in Figure 

4, the Bi 4f spectra of Bi@Bi2O3-18 h sample before being etched were characterized 

by a Bi 4f5/2 peak at approximately 164.5 eV and a Bi 4f7/2 peak at 159.2 eV, which both 

belong to Bi-O in Bi2O3. After being etched, peaks at 162.3 eV and 157.0 eV were 

characteristic of the Bi-Bi bonds of elemental Bi.35, 36 From sample Bi@Bi2O3-12 h to 

sample Bi@Bi2O3-48 h, the molar ratio of Bi-Bi/Bi-O was gradually increased (see 

Figure S2d), suggesting the core-shell structures were changed along with the synthesis 

time prolonged. C 1s spectra in Fig. S2b can be fitted into three peaks at 288.2, 286.0 

and 284.7 eV, which correspond to the O-C=O, C-O, and C-C groups, respectively.29 32 

In addition, the XPS spectra in the O 1s region (Fig. S2c) also had three peaks. They 

stood for O-H at 532.9 eV, O-C at 531.2 eV and Bi-O at 529.7 eV, respectively, 37, 38 

indicating the presence of surface organic matter and the amorphous Bi2O3. 

Furthermore, from Tab S1, the carbon contents obtained from elemental analyzer 

decrease with the reaction time increase from 12 h to 48 h. Thus, it can be inferred that 

the shell of the Bi nanospheres were composed of amorphous Bi2O3 and surface organic 

matter, the content both of which decreased with reaction time prolonged. These results 

are consistent with those of TEM and FT-IR. 
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Figure 4. High-resolution XPS spectra of Bi 4f in Bi@Bi2O3-18 h before and after 

being etched for comparison 

The nitrogen adsorption-desorption isotherm and pore size distribution curves 

(inset) of sample Bi@Bi2O3-18 h is shown in Figure S4. The physioadsorption 

isotherms of Bi@Bi2O3-18 h could be classified as type IV according to the IUPAC 

classification.39 The pore size distribution was calculated from desorption branch of 

nitrogen isotherms by Barret-Joyner-Halenda (BJH) method using the Halsey equation. 

With the synthesis time prolonged, the specific surface areas of sample Bi@Bi2O3-12 

h, Bi@Bi2O3-18 h, Bi@Bi2O3-24 h, and Bi@Bi2O3-48 h are 13.5, 14.6, 16.7, and 13.2 

m2/g, respectively. For samples Bi@Bi2O3-12 h, Bi@Bi2O3-18 h, Bi@Bi2O3-24 h, and 

Bi@Bi2O3-48 h the average pore diameter is around 45 nm, while it was reduced to 

21.52 nm with the synthesis time prolonged to 48 h, which are negative for gas phase 

diffusion and exchange due to the narrow pore structure. 

3.2 Formation mechanism of core-shell Bi@Bi2O3 nanospheres 

On the basis of the above characterizations, the formation mechanism of core-shell 

Bi@Bi2O3 nanospheres with different synthesis time is proposed (Scheme 1). Firstly, 

Bi(NO3)3·5H2O was dissolved in ethylene glycol (EG) to form coordination complexes 

between Bi3+ ions and EG.36 Then glucose was added into the above solution. During 

the solvothermal synthesis process, glucose and ethylene glycol served as reducing 

agents, transforming Bi3+ to Bi0 in the presence of a number of hydroxyl groups. The 

small Bi nanoparticles were not stable, and can react with hydroxyl groups to form 

amorphous Bi2O3 shell. Simultaneously, the condensation reaction of glucose and 

ethylene glycol resulted in the formation of the organic layer at high temperature. As 

this redox reaction and organic polycondensation reaction happened at the same time, 

the core-shell structure like Bi@Bi2O3-12 h and Bi@Bi2O3-18 h was formed with the 

components of bismuth element and bismuth oxide, as evidenced by the TEM and XPS 

analytical results. Along with the increase of reaction time, growing number of bismuth 

nanoparticles aggregated to form large bismuth particles via Ostwald ripening proces,20 

like Bi@Bi2O3-24 h. With synthesis time further prolonged, bismuth core grew larger 
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still with a thin amorphous Bi2O3 shell.  

 

Scheme 1: Mechanism of core-shell Bi@Bi2O3 nanospheres formation by solvothermal 

method 

3.3 Photocatalytic performance on NO degradation 

The photocatalytic efficiency of the as-prepared Bi@Bi2O3 samples was evaluated by 

the degradation of NO under visible light irradiation. Figure 5 shows the variation of 

NO concentration (C/C0) against irradiation time in the absence and presence of 

Bi@Bi2O3 samples. Here, C0 is the initial concentration of NO, and C is the 

concentration of NO after photocatalytic degradation for time t. It was observed that 

the photolysis of NO without photocatalysts was negligible. In the presence of core-

shell Bi@Bi2O3 samples, the NO concentration drastically decreased after the visible 

light was turned on, and it reached the steady state after about 10 min. The Bi@Bi2O3-

18 h sample shows the highest NO removal rate up to 26.4%, while for Bi@Bi2O3-12 

h, Bi@Bi2O3-24 h and Bi@Bi2O3-48 h, the NO removal rates were 20.9, 21.2 and 1.2%, 

respectively. Moreover, the toxic intermediate product NO2 in the outlet gas was 

simultaneously monitored in the experiment. The NO2 production was efficiently 

inhibited over the as-prepared core-shell Bi@Bi2O3 samples, suggesting the complete 

conversion of NO to NO3
-. The Bi@Bi2O3-18 hsample exhibits the highest NO removal 

ratio and produces the lowest amount of NO2, suggesting the superior NO 
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photocatalytic removal performance than that of other samples. From the 

aforementioned structure analysis results, the Bi@Bi2O3-18 h was endowed the largest 

average pore diameter, and suitable shell constituent and thickness. With the reaction 

time prolong to 24 h and 48 h，the small Bi cores begin to agglomeration and lead to 

the increased diameter of new Bi cores, which enhance the limitation of electron 

migration and potentiality to induce the production of •O2
- and •OH due to size effect 

of SPR. The more details of that are discussed deeply in the next part.  

 

Figure 5．Photocatalytic activities of the as-prepared Bi@Bi2O3 samples for NO 

removal and NO2 generation under visible light irradiation.  

3.4 Mechanism on photocatalytic NO removal over core-shell Bi@Bi2O3 sample 

3.4.1 Optical absorption and charge separation by photoelectrochemical studies 

The typical UV-vis DRS spectral of the Bi@Bi2O3-18 h shown in Fig. 6 display the 

superior optical response at wavelengths ranging from 200 nm to 800 nm. Meanwhile, 

with increasing the reaction time, the visible light responses are enhanced especially 

for Bi@Bi2O3-48 h, which might be attributed to the increase content of Bi core. The 

nanosize of Bi core have two aspects influence on the SPR effects in light absorption. 

The one is that the SPR red shifted with the increase of the size. Toudert et al. has been 
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reported that metal Bi shows the SPR absorption equal to noble metal in visible and 

near ultra-violet range when the particle size of Bi is larger than 100 nm, agreeing with 

the UV-vis DRS spectral results.40 J. McMahon et al. simulated the localized surface 

plasmon resonances of poor metals by using Mie theory and they found spherical 

bismuth with the size to 200 nm, the absorption bands boundary expanded to 700 nm.41 

The other is the different light scattering ability because of size distribution. Wang et al. 

calculated the bismuth nanospheres scattering efficiencies and the results showed that 

the contribution of scattering to the extinction band increases with the size.17 So we 

believe that the visible light absorption of as-prepared products gradually increased 

with reaction time because of the increasing composition of Bi in Bi@Bi2O3 samples 

caused red shift SPR adsorption and light scattering extinction 

. 

 

Figure 6． UV-vis absorption spectra of the products (with reaction time varying from 

12 h to 48 h). 

The transient photocurrent densities of the as-prepared Bi@Bi2O3 electrodes were 

tested under visible light irradiation. As shown in Figure 7a, the measured photocurrent 

densities of Bi@Bi2O3-12 h，Bi@Bi2O3-18 h and Bi@Bi2O3-24 h were roughly at the 
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same level (about 0.13 μA/cm2). However, when the synthesis time was prolonged to 

48 h, the photocurrent density of Bi@Bi2O3-48 h photoelectrode decreased significantly 

(about 0.08 μA/cm2), suggesting that the presence of amorphous Bi2O3 shells played a 

critical role in the efficient separation of photogenerated electron-hole pairs.  

 

Figure 7. Photocurrent-time curves of the samples. 

3.4.2 Active species identification by electron spin resonance (ESR) analysis 

To further detect the involved active species during the photocatalytic process of NO 

removal, the ESR spectra of the sample Bi@Bi2O3-48 h were collected with different 

spin trapping agents. The ESR spectra were recorded with the irradiation time at 0 and 

12 min for comparison (Figure 8). The signals of DMPO-•O2
- and DMPO-•OH adducts 

were ignorable under dark conditions, while upon irradiation for 12 min in the presence 

of DMPO in methanol and aqueous dispersion, the significant characteristic peaks of 

DMPO-•O2
- and DMPO-•OH adducts were clearly observed, suggesting the generation 

of superoxide radicals (•O2
-) and hydroxy radicals (•OH) during the photocatalytic 

degradation processes42. Additionally, the singlet oxygen (1O2) was also identified due 

to the appropriate oxidizing power, which can be produced via the electron transfer 
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between superoxide and cation species.29, 43 4-oxo-TEMP was used to realize the 

identification of singlet oxygen, which could reacts with singlet oxygen to produce 4-

oxo-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPONE, a three line spectrum with 

relative intensity ratio of 1:1:1). The significantly enhanced characteristic peaks of 

TEMPONE after irradiation confirmed the presence of singlet oxygen which could be 

the results that the hole traps one electron from •O2
-. Thus, we can infer that •O2

-, •OH 

and 1O2 are the involved active species during the photocatalytic reactions. 

Moreover, TEMPO, as the electrons capture agent, can be reduced to generate 

TEMPOH, and accompanied by flattening of the ESR signal.43 Therefore, it can be 

employed to monitor the generation of photo-induced electrons and their reactivity by 

observing the change of ESR spectrum. There have three peaks for Bi@Bi2O3-18 h with 

a triplet spectrum of 1:1:1 in the dark, and these signal peaks are relatively stronger and 

stable. When TEMPO was irradiated, a visual decrease of TEMPO signal intensity was 

observed, suggesting that it was reduced by photo-generated electrons to an ESR-silent 

product (TEMPOH). That is to say, with the excitation of external light source, the 

generation of active electrons from core-shell Bi@Bi2O3-18 h sample is enhanced 

significantly, which is beneficial to photocatalytic reaction for NO removal. 

 

Figure 8. Spin-trapping ESR spectra under UV irradiation at wavelength of 280 nm for 
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0 and 12 min using different trapping agents in the presence of Bi@Bi2O3-18 h.  

3.4.3 Mechanism for photocatalytic NO removal and activity enhancement of core-shell 

Bi@Bi2O3 samples for NO purification 

 

Combined with various characterization results above, the photocatalytic correlation 

mechanisms of Bi@Bi2O3 was described as follow: firstly, similar to noble metal, 

semimetal bismuth as a direct plasmonic photocatalyst can show SPR effect under 

visible light irradiation due to the controllable nano-size and the SPR absorption can 

present red-shifted phenomenon because of the increase of the size. Thus, when the 

core part of Bi was excited, the SPR absorption position can determine the reduction 

and oxidation power of the photoinduced electrons and holes because of the different 

energy of resonance frequency wavelength.44 In other words, electrons can be excited 

to lower bands SPR states and leave holes at higher one with the SPR absorption blue-

shifted process. Dong et al. find that semimetal bismuth element show a poor 

photocatalytic activity towards NO removal when the potential of electrons or holes are 

not negative or positive enough to induce the production of •O2
- and •OH.18 So, we 

deduced that Bi@Bi2O3-48 h with the largest size can produce resonance electron (as 

shown in Figure 7), but cannot induce activity free radicals, leading to a scarcely any 

NO removal effect. Secondly, amorphous Bi2O3 shell layer is closely connected with 

the surface of Bi core, which could be regarded as efficient electrons and holes 

acceptors to guide the directional transfer of photo-charges. Besides, the interface of Bi 

and Bi2O3 layer is presented as BixOy (x:y > 2:3) which might lead to the generation of 

positive charge centers which could trap electrons. When reaction time was set as 12 h, 

the as-obtained sample presents the thick amorphous Bi2O3 layer which is disadvantage 

to the photo-carriers toward the surface migration. On the contrary, with prolonging the 

reaction time, the significant reduced surface oxide layer lead to the photo-carriers 

separation being delayed for Bi@Bi2O3-48 h. Finally, as we known, the contact between 

gaseous pollutants and semiconductor, and even the effective photodegradation reaction 

occurs on the surface of semiconductor. Herein, the amorphous Bi2O3 shell provides the 

positive active site on account of the excellently absorption characteristics and could 
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protect Bi core from oxidation, which provided a safe environment for photocatalytic 

reaction. After timely separation of photo-generated electrons and holes on the surface 

reacted with oxygen and water molecules adsorbed on the surface of catalyst to form 

reactive species: •O2
- , 1O2 and •OH, respectively. These three reactive oxygen species 

have the ability to oxide NO to form nitrate (NO3
-) eventually as shown in scheme 2. 

That is why the surface oxide layer reduced caused a significant decrease NO removal 

ratio.  

 

Scheme 2: Schematic diagram of the photocatalytic degradation mechanism of NO with 

B@BO18 under simulated solar light irradiation. 

 

4. CONCLUSION 

In general, core-shell Bi@ amorphous Bi2O3 nanospheres were successfully 

synthesized by simple solvothermal method. The Bi core inside can be excited and 

show SPR effect under visible light irradiation due to the controllable nano-size and the 

SPR absorption can present red-shifted phenomenon because of the increase of the size. 

Thus, the Bi@Bi2O3-48 h sample with the largest size can show the strongest visible 

light harvest ability, but cannot induce reactive oxygen species, leading to a scarcely 

any NO removal effect. The Bi@Bi2O3-18 h sample exhibits superior visible light 

photocatalytic activity for the degradation of NO, attributing to the suited size and 
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suitable amorphous Bi2O3 layer which could prevent Bi from oxidation and help the 

efficiency separation of electrons-holes generated by surface plasma effect of Bi. The 

reaction and enhancement mechanisms of photocatalytic NO removal by the 

Bi@Bi2O3-18 h are discussed in detail. 
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