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bstract

In this paper, the degradation of an azo dye Orange G (OG) on nitrogen-doped TiO2 photocatalysts has been investigated under visible light and
unlight irradiation. Under visible light irradiation, the doped TiO2 nanocatalysts demonstrated higher activity than the commercial Dugussa P25
iO2, allowing more efficient utilization of solar light, while under sunlight, P25 showed higher photocatalytic activity. According to the X-ray
iffraction (XRD), X-ray photoelectron spectroscopy (XPS) and UV–vis spectra analyses, it was found that both the nanosized anatase structure
nd the appearance of new absorption band in the visible region caused by nitrogen doping were responsible for the significant enhancement of OG

egradation under visible light. In addition, the photosensitized oxidation mechanism originated from OG itself was also considered contributing
o the higher visible-light-induced degradation efficiency. The effect of the initial pH of the solution and the dosage of hydrogen peroxide under
ifferent light sources was also investigated. Under visible light and sunlight, the optimal solution pH was both 2.0, while the optimal dosage of
2O2 was 5.0 and 15.0 mmol/l, respectively.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes, which are characterized by the presence of one
r more azo bonds ( N N ), are among the most notorious
idespread environmental pollutants associated with textile,

osmetic, food colorants, printing, and pharmaceutical indus-
ries. Because of their non-degradability, toxicity, potential

utagenicity and carcinogenicity, wastewaters originating from
hese dyes production or application industries pose a major
hreat to the surrounding ecosystems and human beings’ health
1–3]. Environmental concerns and the need of meeting the strin-
ent international standards for rejecting wastewaters has made
he development of novel and cost-effective processes for the
urification of azo dyes effluents an issue of major technological

mportance.

Advanced oxidation processes (AOPs) have been proposed
nd widely investigated for the degradation of recalcitrant

∗ Corresponding author. Tel.: +86 373 3325971; fax: +86 373 3326336.
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aterials in wastewaters since the 1990s. Among them, TiO2
ediated heterogeneous photocatalysis has been showed to be

otentially advantageous as it may proceed at ambient condi-
ions and lead to the complete mineralization of many organic
ollutants to harmless products of CO2, H2O and mineral acids
4,5]. However, because of the relatively large band-gap, TiO2 is
ctivated only by ultraviolet light with wavelengths shorter than
87 nm, which constitutes only about 3–5% of the solar spectra.
ractically, this factor strongly limits the use of solar spectra as
light source. On the other hand, the conversion efficiency of

enerating UV light from electricity in a photocatalytic system is
sually less than 20% [6], and the utilization efficiency of these
lectricity-generated light photons to decompose the pollutants
s also no more than 5% [7,8]. In other words, less than 1%
lectrical energy is virtually utilized in an UV-photocatalytic
ystem. Obviously, UV light source should be avoided from
nergy saving point of view, and the most desired light source

ies ultimately on solar energy. From this viewpoint, develop-

ent of new approaches to sensitize TiO2 catalysts efficiently
ith the much larger visible light would be of great significance

or practical and widespread use.

mailto:sunjh@henannu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.11.062
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Nowadays, the methods for achieving the visible-light-driven
hotocatalysis are widely investigated [5,9]. One effective
pproach is based on modification of TiO2 by various metal ions
10,11] or non-metallic species such as nitrogen, carbon, sulfur,
oron, phosphor, fluorine, iodine [12–19], which can move the
pectra of TiO2 into the main part of solar spectra (λ > 380 nm).
mong these, the simplest and most feasible approach seems to
e nitrogen doping [12], that is, doping nitrogen atoms into sub-
titutional sites in the crystal structure of TiO2 (e.g., TiO2 − xNx)
y calcination in ammonia atmosphere or by a wet chemical
oute [20–25]. Another approach lies on photosensitization of
iO2 by a variety of colored organic compounds [9,26–28],
hich can be excited to the singlet or triplet states by visible

ight and then inject electrons into the conduction band of TiO2.
n condition that colored pollutants such as azo dyes were being
egraded, this photosensitized oxidation process being initiated
y the-dye-itself would be much fascinating.

Photocatalytic degradation of Orange G (OG) has been
eported in several studies [29–32], and many investigations
ocused widely on the UV-illuminated TiO2 processes [33–39].
agaveni et al. [40] conducted the degradation of OG using

ombustion-synthesized nano-TiO2 under solar light, and found
hat the initial degradation rates were 1.6 times higher than that
sing Degussa P25 TiO2. They attributed the enhanced photo-
atalytic activity to the crystallinity, nanosize, large amount of
urface hydroxyl species and reduced band-gap. Still no major
ffort has been made to study OG degradation driving by visible
ight.

In the present investigation, we have undertaken degradation
f OG on nitrogen-doped TiO2 (N-doped TiO2) photocatalysts
nder visible light and sunlight irradiation. The X-ray diffraction
XRD), X-ray photoelectron spectroscopy (XPS) and UV–vis
pectra were all used to characterize the catalysts and aimed
t finding the origin of the photocatalytic activity under differ-
nt light sources. The effect of the variables such as the initial
olution pH and the dosage of hydrogen peroxide were also
nvestigated.

. Experimental

.1. Reagents and photocatalysts

Azo dye OG, a reagent in molecular biology, C16H10

2Na2OS2 (7-hydroxy-8-phenlyazo-1, 3-naphthalenedisul-
onic acid disodium salt), was obtained from Shanghai Reagent
o. (Shanghai, China) and was used without further purifica-

ion. The molecular structure of OG and its UV–vis absorption
pectra are presented in Fig. 1. Tetrabutyl titanate (Ti(OBu)4,
9%, w/w), ammonia (28–30%, w/w), hydrogen peroxide
H2O2), nitric acid and sodium hydroxide were all of analytical
rade and obtained from Tianjin Kermal Chemical Reagents
o. (Tianjin, China). The commercial Degussa P25 TiO2 was
urchased from Germany Degussa Co. (Germany).
The N-doped TiO2 photocatalysts were prepared by calci-
ation of the hydrolysis product of Ti(OBu)4 with ammonia as
recipitator. Typically at room temperature, 20 ml of Ti(OBu)4
olution was hydrolyzed by dropwise addition of 10 ml aque-

t
a
t
i

Fig. 1. Molecular structure of OG and its UV–vis absorption spectra.

us ammonia with a rate of 1 ml/min under vigorous stirring.
fter continuously stirring for 30 min, the mixture obtained was

ransferred to a culture dish and dried at 373 K for 2 h in an oven.
inally, the yellowish N-doped catalysts particles were obtained

hrough calcinating the white powders in a muffle furnace at
23 K for 2 h. For comparison, we also obtained the non-doped
iO2 by the hydrolysis of Ti(OBu)4 with pure water using the
ame procedure as done for doped samples.

The obtained photocatalysts were ground in agate mortar
efore further analysis or use. All experiments were carried out
ith use of deionized water.

.2. Catalyst characterization

The crystal structures of the catalysts were analyzed by X-
ay powder diffraction. The XRD analysis was carried out on a
ruker-D8-AXS diffractometer system (Bruker Co., Germany)
quipped with a Cu K� radiation (λ = 0.15406 nm) and a graphite
onochromatic operation at 45 kV and 40 mA. The patterns
ere obtained at a scan rate of 0.020◦/0.4 s. The average crystal

ize was estimated by the Scherrer equation using the full width
t half maximum (FWHM) data after correcting the instrumen-
al broadening. The light absorption properties of the catalysts
ere studied by UV–vis spectroscopy. The UV–vis spectra were

ecorded on a Jasco V-550 spectrophotometer equipped with an
ntegrating sphere and using BaSO4 as reference. The elements
omposition of the catalysts and their corresponding chemi-
al states were investigated by XPS. The XPS spectra were
cquired with an Axis Ultra-Kratos spectrometer using Al K�
adiation as X-ray source, and all the binding energies were cal-
brated to the C1s peak at 284.8 eV of the surface adventitious
arbon.

.3. Experimental setup and procedures

For experiments under visible light, the photoreactor is shown
n Fig. 2. Light was provided by a 500 W Xenon-arc lamp
Shanghai Jiguang Co., Shanghai), which emitted almost exclu-
ively light at λ > 400 nm. The lamp was placed in the inner

ube, which was surrounded by the second tube connected to

water bath to maintain the solution at 298 ± 1 K. The third
ube was filled with 2 mol/l NaNO2 solution to avoid ultraviolet
rradiation. The photocatalytic reactions took place in the outer
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Fig. 2. Photoreactor employed under visible light irradiation: (1) xenon lamp;
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Ti2p, O1s, N1s, and C1s, respectively. And the mass concen-
tration of these four elements Ti, O, N and C was 34.92, 57.08,
1.76, 6.24%, respectively. Whereas, in the non-doped samples,
nitrogen was completely absent.
2) air outlet and reactant inlet; (3) glass cooling jacket with water; (4) interlayer
ith NaNO2 solution; (5) outer vessel for reaction mixture; (6) aeration board;

7) discharge outlet; (8) gas flowmeter; (9) buffer bottle and (10) air compressor.

essel. And the reaction solution was stirred by the bubble of
tmosphere air with a flow rate of 0.2 m3/h through the aeration
oard at the bottom.

The sunlight experiments were carried out in 1500 ml beakers
etween 12:00 and 14:00 during the months of November (win-
er season) at latitude 35◦19′ North and longitude 113◦54′ East
Xinxiang, Henan province in China). The solution was stirred
ith magnetic stirrer.
Initial reaction mixture was 1000 ml of 25 mg/l OG solution

ontaining 1.00 g/l catalysts, with different initial pH values and
2O2 dosages. Before irradiation, the solution was first ultra-

onicated for 15 min, and then stirred for 45 min in the dark
o ensure adsorption equilibrium between the catalysts and the
olution. Then irradiating and timing, samples were taken at
iven intervals, centrifuged (3500 rpm for 10 min) and subse-
uently filtered through a 0.45 �m membrane filter to remove
he catalysts.

The concentration of the remaining dye in the solution was
etermined by measuring the absorbance intensity at 476 nm
Lambda-17 spectrophotometer, PerkinElmer) and with the use
f calibration curves. The degradation efficiency of OG was
efined as follows (Eq. (1)):

egradation efficiency(%) = C0 − Ct

C0
× 100% (1)

here C0 is the concentration of OG after adsorption equilibrium

n the dark (t = 0), and Ct is the concentration of OG at reaction
ime t (min).

All these experiments were conducted in triplicates and the
esults were showed at the mean values. F
aterials 155 (2008) 312–319

. Results and discussion

.1. Photocatalyst characterization

.1.1. Structure analysis
Fig. 3 shows the XRD patterns for the N-doped and the

on-doped catalysts. Only the diffraction peaks identified as an
natase structure were observed without any contamination from
ther phases such as rutile or brookite structure. By applying the
cherrer equation, the average particle sizes were estimated to
e 14.0 and 15.3 nm for the doped and non-doped TiO2, respec-
ively. It is notable that, even the doped samples exhibit typical
tructure of TiO2 crystal without any detectable dopant related
eaks. This may be caused by the lower concentration of the
oped species, and moreover, the limited dopants may have
oved into either the interstitial positions or the substitutional

ites of the TiO2 crystal structure [41].

.1.2. X-ray photoelectron spectroscopy
XPS analysis was used to determine the chemical states and

oncentration of each element possibly existing in the samples.
ig. 4 shows the XPS survey spectra of the doped and the non-
oped TiO2. Elements of Ti, O, N and C were confirmed to exist
n the doped nanoparticles by the four peaks at binding ener-
ies of 458.8, 530.1, 398.7 and 284.8 eV, which were related to
ig. 3. XRD patterns of (a) the N-doped TiO2, and (b) the non-doped TiO2.
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ig. 4. XPS survey spectra of (a) the N-doped TiO2, and (b) the non-doped
iO2.

To investigate the chemical states of N atoms in the doped
iO2, we measured N1s core levels with XPS spectra (Fig. 5).
wo peak structures at binding energies of 400.2 and 398.7 eV
ere observed. The first peak at binding energy of 400.2 eV was

ssigned as the molecular chemisorbed �-N2 [12,42]. The latter
eak was considered arising from Ti N bonds in TiO2 [12,22].
y comparing with the typical binding energy of 396.9 eV in
iN [43], the latter peak was 1.8 eV higher and, therefore, was

ttributed to the 1s electron binding energy of the N atom in
he environment of O–Ti–N. This shift of binding energy might
e explained by the fact that, when N atom substituted for O

Fig. 5. N1s XPS spectra of the N-doped TiO2.
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ig. 6. UV–vis absorption spectra of (a) the N-doped TiO2, (b) Degussa P25
iO2, and (c) the non-doped TiO2.

tom in the initial O–Ti–O structure, the electron density around
was reduced compared to that in the N–Ti–N structure of

iN crystal, because of the much higher electronegativity of O
tom.

.1.3. UV–vis diffuse reflectance spectroscopy
Optical absorption spectra of the N-doped, non-doped and

25 TiO2 are shown in Fig. 6. The absorption measurements of
he N-doped TiO2 powders showed a new absorption band in
he visible range of 400–550 nm, whereas the non-doped TiO2
nd P25 TiO2 only exhibited the fundamental absorption edge
f TiO2, which is located in the UV region at about 387 nm. By
omparing the spectra of the N-doped TiO2 with the non-doped
iO2, it was found from the case of non-doped TiO2 that, C
toms appeared not to affect the optical absorption properties of
iO2. Thus, we attribute this new absorption band to the doped
itrogen. Furthermore, the color of the doped powders was vivid
ellow while the non-doped and P25 powders were both white.
nd in general, the color of a solid is determined by the position
f its absorption edge; a shift of this absorption edge towards a
igher wavelength can result in absorption in the visible range
f spectra. For the colored N-doped samples, this shift could
e ascribed to the doping of N atoms [44]. This also strongly
upported the conclusion that the appearance of a new absorption
and in the visible region in the doped powders was originated
rom the nitrogen doping.

.2. Degradation of OG

To explore the photo-degradability of OG on the N-doped
iO2 catalysts under visible light and sunlight irradiation, a
eries of experiments were performed according to the similar
rocedure. P25 TiO2, which was always used as standard mate-
ials to evaluate the activity of TiO2 nanoparticles synthesized
hrough other routines, has been reported being capable of pho-
osensitized oxidation of azo dyes under visible light [26–28].

o herein, P25 TiO2 was used as referent. In addition, consider-

ng the similar procedure in synthesis and the slight differences
n compositions, the photocatalytic behavior of non-doped TiO2
as also measured.
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ig. 7. Photodegradation of OG under (a) visible light (pH = 2.0, [H2O2] =
.0 mmol/l) and (b) sunlight irradiation (pH = 2.0, [H2O2] = 15.0 mmol/l).

.2.1. Visible-light-induced degradation of OG
Fig. 7(a) shows the photodegradation of OG on different cat-

lysts under visible light irradiation. Obviously, the N-doped
iO2 exhibited the highest degradation efficiency with 96.29%
f OG being degraded in 150 min, while P25 showed 42.55%
onversion and the non-doped TiO2 showed less than 13.0%
onversion in the same test period. Compared with P25, which
s considered as excellent and standard photocatalysts, the
nhancement in OG degradation under visible light using the N-
oped TiO2 is certainly significant. Such results can be explained
rom several aspects.

Firstly, it was demonstrated from the relatively lower degra-
ation efficiency with the non-doped TiO2 that C atoms existing
n it or even in the doped TiO2 would be not the origin of visible
ctivity. This conclusion coincides with the zero optical absorp-
ion properties of the non-doped catalysts in the visible range
s shown in Fig. 6. And the new absorption band observed in
he visible range as discussed in Section 3.1.3 might just be the
eason for the great improvement in OG degradation for the N-

oped TiO2. It is just nitrogen doping that lowered the bandgap
nergy of the N-doped TiO2 and lead to the red shift of cata-
ysts’ absorption band. Thus, the doped catalysts could absorb
isible light and be activated to generate pairs of electrons–holes

3

r

aterials 155 (2008) 312–319

h+–e−), which would participate directly in the photocatalytic
eactions.

Secondly, the smaller particle size of the doped TiO2, which
ould lead to the increase of active sites on the TiO2 surface,
rovided another powerful explanation.

In addition, certain degradation efficiency achieved with P25
nd the non-doped TiO2 demonstrated another reason called
hotosensitized oxidation mechanism. It suggests that under
isible light, the adsorbed dye is excited to appropriate sin-
let (1Dye*) or triplet (3Dye*) states, subsequently the electron
s injected from the excited dye molecule onto the conduction
and of the TiO2 particles, whereas the dye is converted to the
ation dye radicals (Dye•+) that undergoes degradation to yield
roducts as follows (Eqs. (2)–(5)) [5,26–28]:

ye + hν(visible light) → 1Dye∗ + 3Dye∗ (2)

Dye∗or3Dye∗ + TiO2 → Dye•+ + TiO2(eCB
−) (3)

iO2(eCB
−) + O2 → O2

•− + TiO2 (4)

ye•+ → degradation products (5)

here the cation dye radicals can readily react with hydroxyl
ons (OH−) undergoing oxidation with HO• species or inter-
ct efficiently with O2

•−, HO2
• or HO• species to generate

ntermediates that ultimately lead to CO2.

.2.2. Solar light induced degradation of OG
Fig. 7(b) illustrates the photodegradation of OG on different

atalysts under sunlight irradiation. It was observed that under
unlight, the degradation efficiency of OG with P25 was higher
han that with the N-doped TiO2, whereas it was exactly the
pposite being observed under visible light. And the non-doped
iO2 also induced 36.24% of OG degradation in 60 min.

Compared with the light sources, the most essential dis-
inctness of them is the existence of UV light in the sunlight.
herefore, we could contribute the relatively higher photocat-
lytic efficiency of OG on P25 to the UV light existing in
olar light. And this conclusion could be further confirmed by
he stronger optical absorption of P25 in UV region than the
oped TiO2, which was observed in Fig. 6. In addition, the high
ispersibility and the well-developed crystallinity of P25 TiO2
ontaining anatase and rutile phases in a ratio of 80:20, which
eant a low density of recombination centers, were probably

nother reason [45].
Thus, the imperfections of such synthesized catalysts should

e pointed out to be that, although the N-doped TiO2 can be
xcited by both visible and UV light and exhibited significant
egradation efficiency under visible light, its degradation effi-
iency of OG was still not comparable with P25 under sunlight
rradiation.

.3. Effect of operational parameters under different light
ources
.3.1. Effect of solution pH
The wastewater from textile industries usually has a wide

ange of pH values. Generally, the pH of the solution is an
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HO + HO → H2O2 (13)
ig. 8. Effect of pH on degradation of OG with the N-doped TiO2

nder (a) visible light ([H2O2] = 5.0 mmol/l) and (b) sunlight irradiation
[H2O2] = 15.0 mmol/l).

mportant parameter in the photocatalytic processes, since it
ot only plays an important role in the characteristics of textile
astewater, but also determines the surface charge properties
f TiO2, the size of aggregates formed, the charge of dye
olecules, adsorption of dyes onto TiO2 surface and the con-

entration of hydroxyl radicals. Hence, the photodegradation of
G on the N-doped TiO2 was studied in pH range from 1.5 to
.5. Fig. 8 demonstrates the effect of pH on the degradation of
G under different light sources. It was found that decrease of

olution pH from 6.5 to 2.0 increased the degradation efficiency
f OG from 31.67 to 98.98% at 150 min under visible light
nd from 8.00 to 99.37% at 60 min under sunlight. Further
ecrease of solution pH from 2.0 to 1.5 would decrease the
egradation efficiency under both light sources. Thus, the pH
f solution significantly influences the degradation of OG and
.0 was the optimal solution pH under both the visible light and
unlight.

According to the point of zero charge (Pzc), the surface

harge property of TiO2 changes with the change of solution
H. The pHPzc for TiO2 is widely reported at 6.25–6.90. Thus,
iO2 surface is presumably positively charged in acidic solu-

ion (pH < pHPzc) and negatively charged in alkaline solution
l
i

aterials 155 (2008) 312–319 317

pH > pHPzc) as given in Eqs. (6) and (7) [46,47]:

H < pHPzc: TiOH + H+ � TiOH2
+ (6)

H > pHPzc: TiOH + OH− � TiO− + H2O (7)

The OG dye in solution is negatively charged as the
ulphonated group existing in its structure is hydrolyzed. Due to
he electrostatic attraction, the acidic solution favors adsorption
f OG dye onto TiO2 surface, and the degradation efficiency of
G increases accordingly.
However, further lowering the solution pH (below 2.0) cre-

tes the agglomeration of TiO2 particles, which will reduce the
urface area available for dye adsorption and photon absorption
48]. Moreover, at low pH the concentration of H+ is in excess,
nd the H+ ions interact with the azo linkage ( N N ), which is
articularly susceptible to be electrophilic attacked by hydroxyl
adical, decreasing the electron densities at azo group [49]. Con-
equently, the reactivity of hydroxyl radical by electrophilic
echanism decreases.

.3.2. Effect of dosage of H2O2

One practical problem in using TiO2 as photocatalysts is the
ndesired electron–hole recombination, which in the absence of
roper electron acceptor or donor, is extremely efficient and thus
epresents the major energy-wasting step thereby limiting the
chievable quantum yield. One strategy to inhibit electron–hole
ecombination is to add irreversible electron acceptors to the
eaction system, and usually H2O2 was used for this purpose.
he effect of H2O2 dosage on photodegradation of OG on the N-
oped TiO2 under different light sources was investigated. The
esults are shown in Fig. 9. The results indicated that there was an
ptimal dosage of H2O2, at which the degradation efficiency of
G on the N-doped TiO2 attained the height. Below the optimal
osage, the enhancement of degradation by addition of H2O2
ould be attributed to the increase of reactive hydroxyl radical
oncentration according to the following Eqs. (8) and (9) [50]:

iO2(eCB
−) + H2O2 → TiO2 + •OH + OH− (8)

2
•− + H2O2 → OH− + •OH + O2 (9)

But when H2O2 presented at higher dosage, the degradation
fficiency of OG decreased. This was because the very reactive
OH radicals and valence band holes could be consumed by
2O2 itself as given in Eqs. (10)–(12) [5,51]. At the same time,

adical–radical recombination as a competitive reaction must be
aken into account, as described in Eq. (13) [52].

OH + H2O2 → HO2
• + H2O (10)

OH + HO2
• → O2 + H2O (11)

iO2(hVB
+) + H2O2 → TiO2 + O2 + 2H+ (12)

• •
As both •OH and hVB
+ are strong oxidants for organic pol-

utants, the photocatalytic degradation of OG will be inhibited
n the condition of excess of H2O2. Furthermore, H2O2 can
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ig. 9. Effect of dosage of H2O2 on degradation of OG with the N-doped TiO2

nder (a) visible light (pH = 2.0) and (b) sunlight irradiation (pH = 2.0).

e adsorbed onto TiO2 particles to modify their surfaces and
ubsequently decrease its catalytic activity [53].

Compared with the optimal dosage of H2O2, which is
.0 mmol/l, 15.0 mmol/l under visible light and sunlight, respec-
ively, it is found that they are not identical with each other as
he optimal solution pH exhibited. This may result from the dif-
erence in wavelength and intensity of the two light sources.

hat’s more, the UV light existing in the sunlight has higher
nergy intensity to excite the catalysts and will generate more
lectron–hole pairs, which may need different dosage of elec-
ron acceptors, such as H2O2. Thus, the optimal dosage of H2O2
ay vary with the change of light sources, and in order to keep

igher photodegradation efficiency, it is necessary to choose the
ptimal dosage of H2O2 under different light sources.

. Conclusions

Treatment of simulated wastewater containing azo dye OG

sing photocatalytic process has been taken into consideration
n the present study. The N-doped TiO2, prepared by the cal-
ination of the hydrolysis product of tetrabutyl titanate with
mmonia as precipitator was used as catalysts, and artificial

[

aterials 155 (2008) 312–319

isible light and natural sunlight were used as light sources.
he XRD analysis showed that the catalysts were nanosized
natase structure. The XPS and UV–vis spectra indicated that
he nitrogen doping caused the new absorption band appeared
n the visible region. The degradation efficiency of OG with
he N-doped TiO2 was much higher than that with P25 under
isible light irradiation. It is considered that not only the new
bsorption band in visible range originated from the nitrogen
oping and the smaller particle size, but also the photosensitized
xidation mechanism originated from the azo dyes themselves
ontributed to the higher visible-light-activity. In contrast, P25
xhibited higher photocatalytic activity under sunlight irradi-
tion. Based on the experimental results presented above, it
as been found that the initial solution pH and the addition of
2O2 both significantly influenced the degradation efficiency of
G. And the optimal solution pH was both 2.0 under the two

ight sources, while the optimal dosage of H2O2 was 5.0 and
5.0 mmol/l under visible light and sunlight irradiation, respec-
ively. Based on these results, it will be of significance to explore
he operational parameters under different light sources.
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