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Abstract: Reactive species, such as the hydroxyl radical (·OH), holes (h+), and superoxide 

radicals (·O2
−), are considered the main active substances involved in the photocatalytic 

degradation of organic pollutants. However, to the best of our knowledge, the effect of the 

photon energy on the generation of these species has never been examined in detail. In this 

study, the production of ·OH radicals, holes, and ·O2
− radicals, using Nb2O5, in the 

photocatalytic process is observed as a function of the excitation wavelength. The ESR results 

clearly show that all three active species can be created at 355 nm using both pure and C-

doped Nb2O5. At 532 nm, which is well beyond its absorption edge (399 nm), however, only h+ 

and •O2
− radicals are produced for pure Nb2O5, while all three species can be produced using 

C-doped Nb2O5. The results of the trapping experiments suggest that •O2
− and h+ are the main 

reactive species, which are responsible for the photocatalytic degradation. The photogenerated 

holes play a crucial role in the wavelength range of 365-420 nm but become less active with 

increasing wavelength. •O2
− shows little wavelength dependence and is consistently active at 

all wavelengths between 365 and 630 nm - especially with C-doped Nb2O5. Overall, it can be 

concluded that the presence of localized states within the forbidden gap has a profound impact 

on the photocatalytic activity in the visible-wavelength region.
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states; Nb2O5

1 Introduction 

The process of photocatalysis involves three steps: light absorption, charge 

generation/transportation, chemical catalysis [1-3]. Upon absorption of photons with 

energies larger than the bandgap of the semiconductor, photogenerated electrons are 

excited from the valence band to the conduction band, and they leave holes in the 

conduction band. Unfortunately, there is a barrier for the widespread application of 

photocatalytic methods: most semiconductors show little light-absorption in the visible 

region due to their relatively large bandgaps. It is generally believed that wide-bandgap 

semiconductor photocatalysts such as TiO2 [4] can only work with UV light, while 

narrow-bandgap semiconductor photocatalysts such as g-C3N4 [5] and Bi2WO6 [6] can 

only respond to a small portion of visible light. The utilization of the long-wavelength 

spectrum (> 600 nm), which accounts for over 40 % of solar energy, is indeed crucial 

to improve solar conversion efficiencies [7]. Much effort has been devoted to extend 

the light absorption of different semiconductors using defect engineering [8, 9], metal 

doping [9, 10], nonmetal doping [9, 11], ect. Among these approaches, nonmetal 

doping is a novel and promising strategy to expand the light absorption from the UV 

into the visible region. This is because the impurity states of non-metal dopants are 

generated above the valence band.

Notably, in addition to the band-to-band absorption (similar to defect-free 

crystalline semiconductors), an amorphous structure with quantum fluctuations within 

the lattice can push extended electronic states into the empty gap region to form a tail 

state. This can produce Urbach-tail absorption, which creates the possibility to harvest 

a broader part of the solar spectrum [12-14]. The mediation of mid-gap states, which 

results from amorphization, is responsible for efficient carrier separation and the 

slightly prolonged carrier lifetime. This is crucial to improve photocatalytic activity [13]. 

However, some researchers stated that these localized states in the bandgap can trap 

the photoinduced carriers, which leads to effective charge recombination during 

photocatalytic reactions [15]. More importantly, the defect-induced localized states 

were found to weaken the photo-generated carriers’ oxidation- and reduction-

capacities in anatase TiO2 [16]. Hence, the suppression of the defect states in 

semiconductors was proposed to optimize the photocatalytic performance of several 

photocatalysts.

In this study, the production of ·OH radicals, holes, and ·O2
− radicals, using Nb2O5 
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in the photodegradation process, was monitored as a function of the excitation 

wavelength. The prepared carbon-doped Nb2O5 as well as the reference pure Nb2O5 

were analyzed using several analytical characterization techniques to investigate the 

crystalline structures, morphology, chemical composition, and optical properties. In 

order to understand the transfer pathway of photogenerated carriers in both pure and 

carbon-doped Nb2O5, ESR spectra were measured with monochromatic laser 

irradiation to record the generation of reactive species (including ·OH radicals, 

holes, ·O2
− radicals). Trapping experiments were also performed using pure and 

carbon-doped Nb2O5 and irradiation with four different monochromatic LEDs (to trap 

the produced reactive species in photodegradation of MB). We found that carbon 

doping not only reduces the bandgap energy of the material but also shifts the 

conduction band as well as the localized states in the forbidden gap upward. Due to 

the localized states, the absorption of photons can also occur for photon energies lower 

than the bandgap, which leads to the wavelength-dependent production of reactive 

species during the photocatalytic process. The obtained results suggest the presence 

of localized states in the forbidden gap has a profound impact upon the photocatalytic 

activity in the visible region.

2 Experimental 

2.1 Material and reagents

Niobium oxalate hydrate [C10H5NbO20], poly (vinyl pyrrolidone) (PVP), methylene 

blue (MB), disodium ethylenediamine tetra-acetic acid (EDTA-2Na), benzoquinone 

(BQ)，5,5-dimethyl-1-pyrroline N-oxide (DMPO)，ammonium oxalate (AO)，2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO), tert-butyl alcohol (TBA), and isopropanol (IPA) 

were purchased from Aladdin Reagent (Shanghai, China). All chemicals were of 

analytical grade and used as received without further purification. 

2.2 Synthesis of the catalysts

2.2.1  Synthesis of Nb2O5 nanoparticles

In a typical preparation, 1.076 g C10H5NbO20 was dissolved in 30 mL of distilled 

water during stirring at 60 °C for 30 min until the solution became clear. The 

transparent solution was then sealed into a 50 mL Teflon-lined autoclave and heat-

treated at 180 °C for 24 h. After the reaction had finished, the precipitate was collected 

using centrifugation and washed repeatedly with distilled water. Subsequently it was 
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dried in an oven at 90 °C for 24 h. The obtained powder was marked as 180NO. Finally, 

the powder was annealed for 40 min at a temperature of 300 °C in a tubular annealing 

furnace, and the obtained product was referred to as 300NO.

2.2.2  Synthesis of C-doped Nb2O5 nanoparticles

Typically, 1.076 g C10H5NbO20 was dissolved in 25 mL of distilled water, while 

stirring at 60 °C for 30 min until the solution became clear. This yielded solution A. 0.2 

g PVP was dissolved in 5 mL of distilled water to form solution B. Solution B was slowly 

dropped into solution A and stirred for 10 min and then hydrothermally treated at 180°C 

for 24 h. After the reaction was finished, the precipitate was collected using 

centrifugation, washed repeatedly with distilled water, and dried in an oven at 90 °C 

for 24 h. The obtained powder was referred to as 180NO-PVP. The powder was further 

annealed at 300 °C in air for 40 min, and the obtained product was named 300NO-

PVP.

2.3 Characterization 

Powder X-ray diffraction (XRD) patterns were recorded in the 20 ° ≤ 2θ ≤ 70 ° 

range using a Bruker D8 Advance diffractometer. The microstructures were 

investigated using a cold field scanning electron microscope (FE-SEM, Hitachi S4800, 

Japan). The X-ray photoelectron spectroscopy (XPS) was performed using a Thermo 

Scientific VG ESCALAB 250Xi photoelectron spectrometer with the Al Kα Line as 

excitation source and an energy step of 0.1 eV. The nitrogen adsorption-desorption 

measurements were conducted at 77.35 K using a Micromeritics ASAP 2460 surface 

area and porosity analyzer (Micromeritics Instrument Corporation). Each sample was 

degassed at 200 °C for 10 h prior to the adsorption and desorption measurements. 

The UV–visible diffuse reflectance spectra were recorded on a UV/Vis NIR scanning 

spectrophotometer (Hitachi, UV-4100) ranging from 200 to 800 nm. The steady-state 

photoluminescence spectra and time-resolved transient photoluminescence spectra 

were measured using an Edinburgh FLS980 fluorescence spectrophotometer with the 

325 nm line of a Xe lamp as excitation source. The electrochemical measurements 

were carried out on a CHI 760E electrochemical workstation (Shanghai, China) using 

a three-electrode system. ESR spectra were measured with a Bruker model JEOL JES 

FA200 spectrometer with 355 nm and 532 nm laser irradiation, respectively. 5,5-

dimethyl-1-pyrroline N-oxide (DMPO) was selected as the spin trap for the detection 

of the hydroxyl (·OH) and superoxide (·O2
−) radicals, and 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) was used to characterize photogenerated holes.
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2.4 Adsorption experiments

In a typical procedure, 20 mg photocatalyst was dispersed in 50 mL MB solution 

(50 ppm), and the suspension was stirred, magnetically, in the dark. 4 mL of the MB 

solution was sampled at certain time intervals, and the concentration was determined 

by monitoring its characteristic absorption at 664 nm using a UV-Vis 

spectrophotometer (Rigol Ultra-6100). The adsorption efficiency could be calculated 

with the following equation: D%=(C0-Ct)/C0*100, where C0 and Ct denote the initial and 

equilibrium concentrations of MB at times 0 and t, respectively, where t is the irradiation 

time.

2.5 Trapping experiments

Trapping experiments were performed using a PCX50A Discover multi-channel 

parallel photocatalytic reaction system. These were done to characterize the 

wavelength-dependent reactive species produced during the photodegradation of MB. 

A white-light LED (400 nm ≤ λ ≤ 800 nm) and four monochromatic LEDs (365 nm, 420 

nm, 535 nm, and 630 nm) with the same output power (5W) were used as light sources 

in the trapping experiments. Both Iso-propyl alcohol (IPA) and tert-butyl alcohol (TBA) 

were used as scavengers to capture the hydroxyl radicals (·OH) [17, 18]. 

Ethylenediaminetetraacetic acid disodium (EDTA-2Na) and ammonium oxalate (AO) 

were used to quench holes (h+) [19, 20]. Benzoquinone (BQ) was used as capture 

agent for the superoxide anion radical (·O2
-) [21]. In a typical procedure, 50 mL of MB 

solution (50 ppm), a certain amount of scavenger, and 20 mg of the photocatalyst were 

placed into a 50 mL bottle with a cap. Then, the photocatalytic reaction was carried out 

immediately. A 4.0 mL aliquot was separated at regular intervals (20 min), and the 

concentration was determined using a Rigol Ultra-6100 UV–Vis spectrophotometer.

3 Results and discussion

3.1Characteristics and properties of pure Nb2O5 and C-doped 

Nb2O5 

XRD was used to determine the crystalline phase of pure Nb2O5 and C-doped 

Nb2O5 nanoparticles - see Fig. 1. The diffraction peaks of 180NO at 2θ values of 22.73 

° and 46.40 ° correspond to the (001) and (002) planes of pseudo-hexagonal Nb2O5 

(JCPDS card No. 28–0317), respectively. The weak and wide diffraction peaks 

suggest low crystallinity. The diffraction peaks associated with the other facets, e.g., 
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(100), (101), (110), and (102), seem to be lost in the background due to very low 

intrinsic intensity. The sample 300NO, which was obtained by calcination of 180NO in 

air at 300 °C for 40 min, displays a similar XRD pattern as 180NO - except that the 

intensity of the diffraction peaks increased. 180NO-PVP and 300NO-PVP also display 

a similar XRD pattern as 180NO. These results suggest that PVP capping or 

calcination at 300 °C for 40 min did not significantly affect the crystal structure of Nb2O5 

nanoparticles.

As shown in Fig.2, the morphologies of the photocatalysts were investigated using 

scanning electron microscopy (SEM). In Fig.2a, the hydrothermally synthesized Nb2O5 

nanoparticles (180NO) show a high degree of agglomeration, and most large particles 

are in fact agglomerates of much smaller particles. Many cavities can be clearly 

observed between the agglomerates, which can be considered an important parameter 

that affects the adsorption of the photocatalysts. All other Nb2O5 samples, including 

calcined Nb2O5 (300NO) and PVP modified Nb2O5 (180NO-PVP and 300NO-PVP), 

exhibit similar morphologies as pure Nb2O5 (180NO) - see Figs.2b, 2c, and 2d. The 

result indicates that neither calcination nor PVP modification had any clear effect on 

the morphology of Nb2O5 nanoparticles.

The N2 adsorption−desorption isotherms and the pore diameter distribution curves 

of pure Nb2O5 and C-doped Nb2O5 are shown in Figs. 3a and 3b, respectively. The 

distinct hysteresis loop for all four samples in Fig. 3a can be categorized as a type IV 

isotherm [22], which is a typical isotherm for mesoporous materials. The BET specific 

surface areas were calculated as 224.24 and 219.12 m2·g-1 for 180NO and 300NO, 

respectively. Interestingly, 300NO-PVP (248.19 m2·g-1) exhibits a much higher BET 

surface area than 180NO-PVP (200.39 m2·g-1). The pore-size distribution curves in 

Fig. 3b indicate that all the four samples mainly show a pore-size distribution ranging 

from 1 to 30 nm. This also confirms the presence of mesoporous features. The average 

pore diameter of the samples 180NO, 300NO, 180NO-PVP, and 300NO-PVP were 

measured to be 5.87, 6.72, 6.28, and 6.89 nm, respectively. 

XPS spectra of 300NO and 300NO-PVP are shown in Fig.4. For the Nb 3d 

spectrum (Fig. 4a) of 300NO, two peaks, which centered at binding energies of 207.3 

eV and 210.1 eV, could be assigned to Nb 3d5/2 and Nb 3d3/2, respectively, and resulted 

from the Nb spin-orbital doublet, in good agreement with those of Nb2O5 [23-25]. 

Compared with pure Nb2O5, a weak peak at 208 eV appeared in the XPS spectrum of 

the 300NO-PVP sample, which could be assigned to the Nb(3+)-O bond [26, 27]. No 

obvious Nb-C signal was observed in the XPS spectrum of 300NO-PVP. Note that the 
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intensity of Nb-C bond at about 203.9 eV was very low, even in the spectra of Nb2CTx 

MXene and the NbC powder [23, 26, 27]. The C1s spectra of 300NO and 300NO-PVP 

are similar (Fig. 4b). The three main peaks, which are located at 284.8, 286.4, and 

288.9 eV, can be assigned to graphitic carbon C-C, CHx, and O-C=O bonds, 

respectively [21, 24-28]. In Fig.4c, the O 1s spectra of both 300NO and 300NO-PVP 

can be deconvoluted into two peaks (530.2 and 532.1 eV), which correspond to the 

oxygen anion Nb-O bond in Nb2O5 and surface oxygen, respectively [24, 29].

Furthermore, valence band XPS (VB-XPS) was performed to determine the VB 

positions of 300NO and 300NO-PVP. As shown in Fig. 4d, by extrapolating the 

intersection of the tangent to the baseline of the VB-XPS curve, the VB edge energy 

(EVB) of 300NO was found to be 2.85 eV (vs. NHE). For the 300NO-PVP sample, the 

valence band position shifted by about 0.25 eV, towards higher energy (2.60 eV vs. 

NHE), compared to 300NO. According to the results above, we can conclude that the 

red shift is due to C doping. The same trend is also true for other C-doped 

semiconductors, including ZnO [30, 31] and TiO2 [32-34]. On the other hand, some 

new localized electronic states, which are typical for doped crystalline semiconductors 

and many amorphous semiconductors [12, 35-37], were observed above the valence 

band edge in both 300NO and 300NO-PVP - see Fig. 4d.

UV–Vis absorption spectra were carried out to study the light response of pure 

Nb2O5 and C-doped Nb2O5 photocatalysts. As shown in Fig.5a, the absorption edge of 

samples 180NO and 300NO were located at 397 and 399 nm, respectively, which 

suggests poor visible-light-harvesting capabilities. As for 180NO-PVP, a slight redshift 

at the absorption edge (407 nm) was achieved compared to sample 180NO. In 

particular, the C-doped 300NO-PVP exhibits remarkably improved light absorption, 

especially in the visible-light region, and its absorption range extends even above 800 

nm, which indicates a broad-spectrum response-characteristic. The bandgaps of the 

samples can be estimated from the UV–vis absorbance spectra using the Kubelka–

Munk equation. As shown in Fig.5b, the calculated bandgaps of all samples, 180NO, 

300NO, 180NO-PVP and 300NO-PVP were 3.34 eV, 3.32 eV, 3.29 eV, and 2.99 eV, 

respectively. The result suggests that C doping can induce clear bandgap-narrowing 

compared with pure Nb2O5. As a consequence, the absorption spectra of the C-doped 

Nb2O5 were widened and the overall light-absorption efficiency could be enhanced, 

which is consistent with the observed color change of the samples (from white to 

yellow). It is, thus, possible to enhance the photocatalytic activity of Nb2O5 through C 

doping. 
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The PL spectra of samples 300NO and 300NO-PVP are shown in Fig. 6a. Clearly, 

the fluorescence of 300NO-PVP is significantly lower than that of 300NO, which 

suggests successful suppression of the recombination of photogenerated charge-

carriers via C-doping. Time-resolved photoluminescence decay spectra were also 

measured – see Fig. 6b. The lifetimes of 300NO and 300NO-PVP were 3.7 and 4.1 

ns, respectively. The longer lifetime of intrinsic fluorescence (for C-doped Nb2O5) 

suggests a reduction in the radiative recombination of charge carriers compared to 

pure Nb2O5. Photoelectrochemical measurements, including transient photocurrent 

analysis and electrochemical impedance spectroscopy, were also conducted to study 

the charge transfer efficiency. Fig.6c shows the photocurrent densities of 300NO and 

300NO-PVP for visible-light irradiation. Pure Nb2O5 (300NO) generated a relatively low 

current-density. Compared to 300NO, the current density of 300NO-PVP can be 

substantially increased (about 100%), which suggests a higher separation- and 

transfer-efficiency of photogenerated charge-carriers. The transfer and recombination 

abilities of photogenerated electron-hole pairs of the photocatalysts could also be 

investigated using the electrochemical impedance spectra (EIS). Fig. 6d shows that 

the arc radius of 300NO-PVP was smaller than for 300NO. This suggests that the C-

doped Nb2O5 (300NO-PVP) has a higher photoinduced electrons-transfer efficiency. 

The MB adsorption (as a function of adsorption time) for different photocatalysts 

was measured – see Fig. 7. The obtained results indicate that these Nb2O5 

nanoparticles were very good adsorbents to facilitate MB elimination from aqueous 

solutions (as a result of their high specific surface area and mesoporous structures). 

Moreover, 300NO showed the highest removal efficiency for MB (almost 100%), which 

was achieved after 240 min. Both 180NO and 300NO displayed a higher adsorption 

capacity than 180NO-PVP and 300NO-PVP. A slightly lower adsorption capacity was 

achieved for 180NO compared to 300NO, which indicates that the calcination at 300 °C 

for 40 min did not significantly affect the mesoporous structure of the material. The 

same conclusion can be drawn after comparing the adsorption capacity of 180NO-PVP 

and 300NO-PVP: the former exhibited a slightly better performance. 

3.2 ESR and active-species-trapping experiments 

Electron spin resonance spectroscopy (ESR) was performed to investigate the 

wavelength-dependent generation of photoactive species in the photocatalytic process. 

Several key conclusions can be drawn, based on the experimental results presented 

in Fig. 8. (1) A clearly decreased TEMPO-h+ signal, and strong DMPO-•O2
− and 

DMPO-•OH signals in Fig.8a indicate that three main species of reactive free radicals, 
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h+, •O2
− and •OH, were produced using 300NO at 355 nm laser irradiation. In Fig.8b, 

the slightly decreased TEMPO-h+ signal, and the distinct characteristic peaks of 

DMPO-•O2
− verify that h+ and •O2

− were indeed generated using 300NO upon 

irradiation of 532 nm monochromatic light, while (at the same time) no DMPO-•OH was 

detected. (2) As shown in Fig.8c, all three main reactive species, h+, •O2
− and •OH, 

were detected separately for 300NO-PVP and 355 nm laser irradiation. The same 

reactive species were also detected, when the sample was irradiated with 532 nm 

monochromatic light - see Fig.8d. (3) Note that, for the same irradiation conditions, the 

signal of DMPO-•O2
− with 300NO-PVP photocatalysis was much stronger than for the 

300NO photocatalysis. This suggests that more active •O2
− radicals were produced 

with 300NO-PVP. The same trend is also true for •OH radicals. For TEMPO-h+ signals, 

the lower the intensity, the more h+ were produced [38]. 300NO-PVP shows a weaker 

TEMPO-h+ signal, which indicates a higher concentration of photogenerated holes 

than 300NO. (4) For both 300NO-PVP and 300NO, irradiation with 355 nm 

monochromatic light produced a much stronger DMPO-•O2
− signal than irradiation with 

532 nm. This suggests that more •O2
− radicals were produced in the former. A similar 

trend is also observed for the h+ and •OH radicals. 

It is generally believed that wide bandgap semiconductors, such as TiO2 

(Eg = 3.2 eV) [39-41] and ZnO (3.1 – 3.4 eV) [42-44], can only absorb short-wavelength 

ultraviolet light, and they have only low utilization-capability for visible-light energy. In 

this experiment, both h+ and •O2
− radicals were directly detected, using Nb2O5, upon 

irradiation with 532 nm monochromatic light. We found a 133 nm red shift with respect 

to its absorption edge (399 nm). This result can be explained using the previous 

valence-band analysis (see Fig. 4d), which showed that some localized states were 

lying above the valence-band edge of pure Nb2O5 (300NO). According to Shimakawa 

[12], an electron can be photoexcited from an isolated localized state to the conduction 

band and leaves behind a hole in the localized state. The resulting electrons can then 

react with O2 to form •O2
− radicals, while the photo-induced holes in the tail states 

cannot react with hydroxyl-ions (or H2O) to form •OH radicals. This is probably because 

the positions of the localized states are more negative than the standard redox 

potentials of •OH/OH− (+1.99 eV vs. NHE) and •OH/H2O (+2.38 eV vs. NHE) [45, 46]. 

A more detailed discussion is presented in Section 3.4.

In a typical trapping experiment, BQ, EDTA-2Na, and IPA are most commonly 

used as scavengers to quench •O2
−, h+, and •OH, respectively [47]. If the degradation 

activity is severely suppressed by (certain) scavengers, EDTA-2Na, for example, h+ is 
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considered the pivotal reactive species in the degradation process. Otherwise, h+ is 

not the major reactive species responsible for the photoreaction. In general, most 

conventional trapping experiments are performed under the assumption that the 

introduction of radical scavengers cannot affect the charge-transfer routes and the 

recombination rate of the photogenerated charge-carriers. On the other hand, many 

studies recently found a positive impact of the degradation rate occurred after the 

addition of certain scavengers - especially for hole scavengers such as AO [48-50] and 

ethanol [51], electron scavengers such as AgNO3 [49, 52, 53], and •O2
− scavengers 

such as BQ [53, 54]. This was found to be due to the decrease of the electron-hole 

recombination rate caused by the quenching effect of the scavengers. Hence, we 

propose a model that can describe the charge separation and transportation that 

occurs in a single-component photocatalyst in the radical-trapping experiments. It is 

based on the hypothesis that the electron-hole recombination rate depends on the 

addition of scavengers. This can help better interpret our experimental findings in the 

present study. 

In Fig. 9a, the photogenerated holes can react directly with the adsorbed 

hydroxide ions (or water) to produce the •OH radicals [45, 46], as follows: 

h+ + OH− → •OH        (1)

h+ + H2O → •OH        (2)

After IPA was added, it reacts with •OH radicals at a high rate to form inert 

intermediates (Reaction 3), which causes the termination of the radical chain reactions 

[55, 56]. Both Reactions, (1) and (2), can be sped-up due to the complete consumption 

of •OH radicals. More holes, however, are needed to react with OH− or H2O to form 

•OH radicals, and the recombination of photogenerated charge-carriers can be 

accordingly suppressed (to some degree) [56]. However, because the reported 

quantum yield for •OH production during the photocatalysis is much lower than for the 

hole generation [57], it can be concluded that the presence of IPA in the suspension 

has a limited effect on the recombination of photogenerated electron-hole pairs: 

•OH + (CH3)2CHOH → H2O++(CH3)2CHOH     (3)

The effect of the presence of AO is displayed in Fig. 9b. AO would capture the 

photogenerated holes in the valence band during the photocatalysis reaction and leave 

the photogenerated electrons in the conduction band. As a result, the recombination 

of photogenerated carriers can be mitigated effectively. It is confirmed by many studies 
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that the photocatalytic reduction reaction can be significantly enhanced by the addition 

of AO as hole scavenger [58-60]. Accordingly, more photogenerated electrons become 

available to produce •O2
− radicals for photocatalytic reactions, according to the 

equation: 

e- + O2 → •O2
−             (4)

BQ is very reactive toward •O2
− due to its ability to trap this anion radical via a simple 

electron-transfer mechanism, (5) [61]: 

BQ + •O2
− → BQ•− + O2

−       (5)

The consumption of •O2
− in the presence of BQ can promote the reaction rate of e- and 

O2 and cause more electrons to be trapped. Most of these electrons could instantly 

recombine with the photogenerated holes if there is no BQ. In this way, the addition of 

BQ can help prolong the lifetime of the photogenerated holes, which can directly 

participate in the photocatalytic reactions – see Fig. 9c.

In order to identify the active species of samples 300NO and 300NO-PVP, which 

are involved in the photodegradation of MB for different light-sources, a sequence of 

trapping experiments was carried out:

(1) Quenching ·OH radicals using IPA or TBA 

To evaluate the role of ·OH radicals in the photocatalytic process, both IPA (0.1 

mM) and TBA (0.1 mM) were used as scavengers. As shown in Fig. 10, independent 

of wavelength, the degradation efficiency of MB using the samples 300NO and 300NO-

PVP was almost not affected when IPA or TBA was added. Although the ESR 

spectrum in Fig.8a shows clear evidence of the production of ·OH radicals for 300NO 

and 355 nm laser irradiation, the addition of IPA or TBA neither decreased nor 

increased (clearly) the removal efficiency of MB upon irradiation with 365 nm LED light. 

A similar result was observed for 300NO-PVP: The ·OH scavengers showed only a 

minor effect on the degradation rate of MB for the different wavelengths. However, the 

ESR spectra in Figs.8c and 8d show strong ·OH signals for 300NO upon irradiation 

with 355 and 532 nm light. The results indicate that the ·OH radicals, which were 

produced by both 300NO and 300NO-PVP, played a very limited role in the 

decomposition of MB at any wavelength.

(2) Quenching ·O2
- radicals via BQ

0.1 mM BQ was added to the suspension to act as scavenger of ·O2
- radicals and 

to study its potential impact on the photocatalytic reaction. As shown in Fig. 10a(i) and 

10a(ii), upon irradiation with 365 and 420 nm LED light, the photocatalytic degradation 
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of MB for 300NO was significantly boosted by adding BQ, and 100 % MB was removed 

in 20 min. As shown in Fig. 10a(iii), the enhancement of the photocatalytic degradation 

of MB (by adding BQ) weakened after irradiation with 535 nm LED light. In Fig. 10a(iv), 

BQ shows no apparent effects on the photocatalytic degradation reaction upon 

irradiation with 630 nm LED light. As shown in Fig. 10b(i), under 365 nm LED light 

irradiation, the photocatalytic degradation of MB over 300NO-PVP was enhanced after 

adding BQ, and 100 % MB was removed within 40 min. For 420 nm LED light irradiation 

(Fig. 10b(ii)), the removal efficiency was further enhanced, and all MB molecules were 

completely removed in 20 min. As shown in Figs. 10b(iii), only 92% MB was removed 

in 80 min after irradiation with 535 nm LED light. Under 630 nm irradiation, the removal 

efficiency was only slightly improved compared to the control - see Fig. 10b(iv). Figs. 

10a(v) and 10b(v) show the trapping experiments performed with white-light for the 

samples 300NO and 300NO-PVP, respectively. When trapping ·O2
-, for both 300NO 

and 300NO-PVP, the addition of BQ greatly improved the removal efficiency of MB. 

(3) Quenching holes using AO or EDTA-2Na

The effect of EDTA-2Na and AO as hole scavengers in the photocatalytic activity 

of samples 300NO and 300NO-PVP was studied. For both 300NO and 300NO-PVP, 

in most cases, the addition of AO resulted in a higher reaction rate than for EDTA-2Na. 

This suggests that AO is a stronger hole-scavenger and has a better ability to trap 

holes. For sample 300NO, the enhancement in the photocatalytic reaction (by adding 

AO) is not clear when 365 nm, 630 nm, and white LEDs were used as light sources. 

However, the removal efficiency was notably improved compared to the control upon 

irradiation with 420 and 535 nm LED lights. Both the high adsorption capacity as well 

as the high photodegradation rate of 300NO likely affected the active species trapping 

experiments. For 300NO-PVP, the enhancement effect on the MB removal (by adding 

AO) was almost equivalent to using four monochromatic LEDs as well as the white 

LED as light sources. About 92% MB was successfully removed within the first 20 min. 

(4) Wavelength dependency of holes and superoxide radicals (•O2
−)

Based on these findings and the discussed results shown in Fig. 9, the boosted 

removal efficiency (by adding AO) can be ascribed to the production of excess •O2
−, 

which is due to trapping of holes. On the other hand, the enhanced photoactivity in the 

presence of BQ can be attributed to the improved survival rate of photogenerated holes. 

The photogenerated holes for 300NO were very active at 365 and 420 nm. At 535 

nm, the role of the photogenerated holes became less important. At 630 nm, perhaps 

the photogenerated holes were inactive for MB. In 300NO-PVP, it is more clearly seen 
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that the photogenerated holes are crucial in the 365-420 nm range. Subsequently, they 

become less important with increasing wavelength.

For 300NO, although the trapping experiment was affected by the high adsorption 

capacity and high photodegradation rate of the material, •O2
− were certainly produced 

at 365 nm (according to the ESR results) at 355 nm. In addition, •O2
− was apparently 

active during the photodegradation of MB at 420 and 535 nm and probably plays a 

(negligible) role at 630 nm according to the results of the trapping experiments. For 

300NO-PVP, •O2
− showed little wavelength dependence and it was consistently active 

at wavelengths ranging from 365 to 630 nm. 

3.3 Photostability and reusability evaluation

To check the stability and efficiency of the photocatalytic performance of the 

300NO and 300NO-PVP, repeated runs of photocatalytic degradation experiments of 

MB, under white light, are carried out - see Fig.11. AO and BQ were also added to 

further examine their roles in the enhancement of the photocatalytic degradation. 

During the first cycle, the removal efficiency of MB with 300NO and 300NO-PVP, 

without adding AO or BQ, were both nearly 100%. In the second cycle, the removal 

rate of MB dye for 300NO significantly decreased to 66.01%. It was increased to 93.30% 

and 71.53%, however, in the presence of 0.1 mM BQ and 0.1 mM AO, respectively. In 

addition, the degradation percentages for 300NO-PVP significantly increased (from 

65.12% to 90.95% and 78.01%) with the addition of 0.1 mM BQ and 0.1 mM AO, 

respectively. It is generally believed that the high adsorption capacity of the 

photocatalyst can positively affect its photodegradation by providing more accessible 

reactive sites. However, some researchers argued that excessive adsorption of dye 

molecules on the surface of catalysts might reduce the formation rate of reactive 

species and hinder the penetration of incident light, which can make the 

photodegradation worse [62-64]. Our findings agree with this viewpoint in the sense 

that the long-term cyclability in photocatalytic application can become worse after 

excessive adsorption of pollutant molecules on the surface of the photocatalysts. 

3.4 Photocatalytic mechanism

To understand the photocatalytic mechanism, the electronic structures of 300NO 

and 300NO-PVP were analyzed. According to the UV–Vis absorbance spectra of 

300NO and 300NO-PVP (Fig. 5b), we calculated their bandgaps (Eg) to be 3.32 and 

2.99 eV, respectively. The potentials of the valence bands, EVB, were obtained as 

2.86 eV and 2.60 eV vs. NHE for 300NO and 300NO-PVP, respectively - see Fig. 4d. 

Electronic copy available at: https://ssrn.com/abstract=3960517



Therefore, the CB positions of 300NO and 300NO-PVP were determined, respectively, 

-0.47 and -0.39 eV vs NHE. This was done using the empirical formula: ECB = EVB−Eg. 

For sample 300NO, the production of •O2
− radicals and h+, at wavelengths greater 

than the absorption edge (399 nm), can be explained by the presence of localized 

states in the forbidden gap - see Fig.12a. These localized states can be produced by 

disorder, which can be created by e.g., oxygen vacancies and oxygen interstitials [12, 

65-68]. Oxygen vacancies create some new discrete energy levels near the conduction 

band, while oxygen interstitials introduce localized states near the valence band [12, 

65-69]. Upon irradiation with 365 nm monochromatic light, an electron can be excited 

from the valence band to the conduction band, leaving a hole in the valence band. 

Upon irradiation with 420, 535 ,and 630 nm monochromatic light (because the photon 

energies are much lower than the bandgap energy of 300NO), the presence of 

localized states provides two different channels for light harvesting: (1) excitation of 

electrons from the localized states near the valence band to the conduction band; (2) 

excitation of electrons from the localized states above the valence band to the localized 

states below the conduction band. The lower the photon energy, the lower is the 

probability for electrons transfer to the conduction band. If the potential for electrons in 

the localized states is more negative than E(O2 / •O2
−) (-0.33 eV vs NHE) [45, 46], they 

can react with O2 to form •O2
− radicals. If the position of the localized states above 

valence band is more positive than the standard redox potentials of •OH/OH− (+1.99 

eV vs. NHE) and •OH/H2O (+2.38 eV vs. NHE) [45, 46], the resulting holes can react 

with hydroxyl ions or H2O and form •OH radicals. 

As for sample 300NO-PVP, carbon doping can significantly affect the electronic 

structure of the material [11, 32, 70-75]. Moreover, bandgap-narrowing can be induced, 

which may account for the red shift of the absorption edge toward the visible, and more 

localized occupied states can be introduced within the forbidden gap. As shown in 

Fig.12b, an electron can be excited from the valence band to the conduction band, and 

a hole is left behind in the valence band under the irradiation of 365 nm monochromatic 

light. Upon irradiation with 420, 535, and 630 nm monochromatic light, the photon 

energies were not high enough to excite electrons from the valence to the conduction 

band. The light harvesting behavior of 300NO-PVP is very similar to that of 300NO: (1) 

excitation of electrons from the localized states above valence band to conduction 

band; (2) excitation of electrons from the localized states above valence band to the 

localized states below the conduction band. Due to bandgap narrowing as well as the 

presence of more localized occupied states within the gap, the photogenerated 
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electrons (or holes) are more likely to take part in redox reactions to produce •O2
− or 

•OH radicals compared to 300NO. For example, the photon energy associated with 

535 nm (2.32 eV) is large enough to excite electrons in 300NO-PVP from a localized 

state slightly lower than E(•OH/OH−) (+1.99 eV vs. NHE) to a localized level that is 

close to the standard redox potentials of E(O2 /•O2
−) (-0.33 eV vs NHE). Both •O2

− and 

•OH can likely be created using 300NO-PVP under these conditions, while, at the same 

time, only •O2
− can be produced using 300NO.

Furthermore, the role of holes in the photocatalytic reaction declined with 

increasing wavelength, while •O2
− showed little wavelength dependency, especially for 

C-doped Nb2O5. This is probably because the localized states near the valence band 

were more diffuse than those near the conduction band, which means that the 

oxidative potential of photogenerated holes was more susceptible to photon energy. 

Most importantly, most of the localized states near the conduction band are likely more 

negative than the standard redox potentials of E(O2/•O2
−) (-0.33 eV vs NHE). As a 

result, the photogenerated electrons in the localized states have a high probability to 

react with O2 and produce •O2
− radicals. 

4. Conclusions

In this contribution, both pure and carbon-doped Nb2O5 were prepared using a facile 

calcination-assisted hydrothermal method. Both were chosen as model photocatalysts 

to detect the production of reactive species as a function of excitation wavelength. The 

main results can be summarized as follows:

(1) Carbon doping can not only shift the top of the valence band of Nb2O5 upwards 

(for band-gap narrowing) but also increase both the separation and transfer 

efficiency of photogenerated charge-carriers. 

(2) Due to localized states, the absorption of photons can also occur for photon 

energies that are lower than the bandgap, which can lead to the wavelength-

dependent generation of reactive species in the photocatalytic process. All 

three main active species, ·OH radicals, holes and ·O2
− radicals, could be 

created at 355 nm for both pure and C-doped Nb2O5. Only h+ and •O2
− radicals 

were produced, however, using pure Nb2O5 at 532 nm (which is well beyond 

its absorption edge of 399 nm), while, at the same time, all the three reactive 

species can be produced using C-doped Nb2O5.

(3) •O2
− and h+ were suggested to be the main active species among the 

decomposing MB molecules, while •OH appears of minimal significance. The 

photogenerated holes were crucial for the range of 365-420 nm. Nevertheless, 
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they became less active with increasing wavelength. •O2
− showed little 

wavelength dependence, and they were consistently active from 365 to 630 nm, 

especially for C-doped Nb2O5.
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Fig.1. XRD patterns of the samples 180NO (a), 300NO (b), 180NO-PVP (c), and 300NO-PVP 

(d). The JCPDS card for the pseudo-hexagonal Nb2O5 (JCPDS card No. 28–0317) is also 

shown for comparison.
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Fig.2. SEM micrographs of the samples 180NO (a), 300NO (b), 180NO-PVP (c), and 300NO-

PVP (d).
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Fig.3. (a) N2 adsorption/desorption isotherms, and (b) the corresponding pore size distribution 

curves of 180NO, 300NO, 180NO-PVP, and 300NO-PVP.

Fig.4. High-resolution XPS spectra comparison of (a) Nb3d, (b) C1s, and (c) O1s peaks 

between 300NO and 300NO-PVP; (d) valence band XPS curves of 300NO and 300NO-PVP.
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Fig.5. (a) UV–Vis absorption spectra, and (b) calculated bandgaps of 180NO, 300NO, 

180NO-PVP and 300NO-PVP.

Fig. 6. Photoluminescence spectra (a), and fluorescence emission decay curves (b) of 300NO 
and 300NO-PVP, excitation at 325 nm; Photocurrent responses (c) and electrochemical 
impedance spectroscopy (d) of 300NO and 300NO-PVP under visible light irradiation.
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Fig. 7. Adsorption kinetics for MB (initial concentration: 50 ppm) using 180NO, 300NO, 
180NO-PVP and 300NO-PVP.
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Fig. 8. ESR spectra of the TEMPO-h+ adducts, DMPO-•OH adducts, and DMPO-•O2
− 

adducts, recorded with 300NO under 355 nm (a) and 532 nm (b) laser irradiation; ESR 
spectra of the TEMPO-h+ adducts, DMPO-•OH adducts, and DMPO-•O2

− adducts, recorded 
with 300NO-PVP using 355 nm (c), and 532 nm (d) laser irradiation.

Electronic copy available at: https://ssrn.com/abstract=3960517



Fig. 9. Proposed charge separation and transportation mechanism for a single-component 
photocatalyst trapping (a) •OH, (b) h+, and (c) •O2

− active species. This mechanism is based on 
the hypothesis that the addition of scavengers can lead to a decrease in electron-hole 
recombination. 
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Fig.10. Active-species-trapping experiments using 300NO (a), and 300NO-PVP (b), upon 
irradiation with 365 nm (i), 420 nm (ii), 535 nm (iii), 630 nm (iv), and white (v) LED lights;

Fig.11. Recyclability of 300NO and 300NO-PVP for the degradation of MB (50 mg/L) and 
white light irradiation.

Fig.12. Schematic illustration of the transfer pathway of photogenerated carriers for different 
energy levels in 300NO (a), and 300NO-PVP (b), at different wavelengths. The dashed lines 
represent the localized states presented in the forbidden gap. 
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