Published on 13 October 2017. Downloaded by University of Tennessee at Knoxville on 21/11/2017 19:40:009.

Dalton
Transactions

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2017, 46,

Two-step hydrothermally synthesized carbon
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15769 photocatalytic performancef
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In this study, carbon nanodots (C-dots)/WO3 photocatalysts were prepared via a two-step hydrothermal

method. The morphologies and optical properties of the as-prepared materials were investigated.

Compared with the prepared WO3 and C-dots, the C-dots/WO3 possessed stronger photocatalytic capa-

bility and excellent recyclability for photocatalytic elimination of Rhodamine B. For example, the achieved

first order reaction rate constant of 0.01942 min~* for C-dots/WQOsz was ~7.7 times higher than that of the

prepared WOsz. The enhanced photocatalytic activity of C-dots/WO= was attributed to the enhanced light
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1. Introduction

Recently, environmental issues have aroused worldwide atten-
tion. Using the photocatalytic property of semiconductor
oxides (such as TiO,, ZnO, CeO, and WOj3) under solar radi-
ation to deal with environmental pollutants has become an
attractive and potential method."* Among these visible active
semiconductor photocatalysts, tungsten trioxide (WOj3, a band
gap of 2.4-2.8 eV) is regarded as a promising catalyst due to its
good response to the solar spectrum, high oxidizing ability of
the holes in the valence band, low toxicity, and good
stability.””® However, the photocatalytic activity of pure WO; is
restricted by its high and fast electron-hole recombination
rate and low reducing ability of the electrons in the conduction
band. The enhanced photocatalytic activity of WO; has been
explored with effective modification approaches.”’® These
strategies involve morphology and/or crystal phase control,
metal/nonmetal elemental doping, noble metal/carbonaceous
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harvesting ability and efficient spatial separation of photo-excited electron—hole pairs resulting from the
synergistic effect of WOz and C-dots. The high photocatalytic activity of C-dots/WOs remained
unchanged even after 3 cycles of use. Meanwhile, a possible mechanism of C-dots/WOsz for the
enhanced photocatalytic activity was proposed.

material  deposition, = semiconductor  coupling  and
composites."” ™ Among these, carbonaceous materials/WOj
composites due to their unique structure and properties
display a significantly improved photocatalytic activity.
Enhanced photocatalytic activities have been demonstrated for
WO;/graphene and WOj3/carbon nanotube (CNT) composites.
For example, Farhadian et al.’* prepared a WO;/MWCNT nano-
composite for the degradation of naphthalene and found that
the CNTs significantly enhanced the visible light photo-
catalytic capacity of WO; through high electrical conductivity
of CNTs to reduce the electron-hole recombination rate. Khan
et al." reported obviously improved photocatalytic properties
of WO; nanorod/graphene with the high mobility of charge
carriers and unique transport performance of graphene
nanosheets.

Carbon nanodots (C-dots) as a zero-dimensional carbon-
based nanomaterial possess fascinating physical and chemical
properties such as a large specific surface area, non-toxicity,
high aqueous solubility, photo-induced electron transfer,
redox properties, luminescence, the quantum-confinement
effect and physicochemical stability."®™"® C-Dots have been
regarded as a viable alternative to traditional semiconductor
quantum dots (QDs) in photocatalysis, photovoltaics, biosen-
sing and optoelectronics.’®*" To date, C-dots have been suc-
cessfully applied in conjunction with semiconductor nano-
particles (such as TiO,, Ag;PO, and Fe,O;) to improve their
photocatalytic ~ abilities in environmental and energy
fields.”>® The hybrid structures not only improve optical
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adsorption in the UV-visible region, but also suppress the
recombination of photoexcited electron-hole pairs, thus
enhancing the overall photocatalytic activity of the hybrid
composite.””*° The successful design of effective hybrid
photocatalysts depends upon two facts: extending the adsorp-
tion over the entire solar spectrum by matching the band gap,
and matching the conduction/valence band level of photocata-
lysts with the aid of the redox potentials of the photocatalytic
reactions.>' " Considering such outstanding performances of
C-dots, the combination of C-dots and WO; may be regarded
as an ideal strategy to construct an efficient and stable hybrid
photocatalytic system. For example, Shi et al.>® fabricated WOj
nanoflakes decorated with carbon quantum dots (CQDs) via a
seed-mediated solvothermal method in combination with sub-
sequent impregnation-assembling. The as-prepared CQDs/
WO; nanocomposites showed an obviously more enhanced
photocurrent than that of bare WO; for photoelectrochemical
solar energy conversion. Zhang et al>® and Yang et al®’
obtained carbon nanodots/WO; nanorods Z-scheme compo-
sites through a combination of a hydrothermal method with
subsequent surface deposition. The carbon nanodots/WO;
exhibited remarkably enhanced photocatalytic performance
for the photodegradation of rhodamine B (Rh B) and phenol
compared with pure WO; under UV, Vis or NIR irradiation.
The preparation method plays a vital role in the photocatalytic
activity of photocatalysts. The aforementioned methods to
obtain C-dots/WO; mainly are surface deposition which nor-
mally results in weak interfacial bonding between C-dots and
WO; and thus limits the effective separation and transfer of
photo-excited charges. Therefore, the exploration of a more
effective preparation method for C-dots and WO; with strong
interfacial bonding is imperative.

Herein, C-dots/WOj; hybrid composites were successfully
prepared through a two-step hydrothermal method. The mor-
phologies and crystalline structure of C-dots/WO; were investi-
gated by using SEM, TEM and XRD, respectively. The optical
and electronic properties of C-dots/WO; were examined by
using FT-IR, Raman and UV-VIS diffuse reflectance spectra.
Meanwhile, the photocatalytic property of the catalysts was
evaluated by decomposing Rh B in aqueous solution under
visible light irradiation. Remarkably, C-dots/WO; hybrid
photocatalysts exhibit enhanced photocatalytic activity and
good reusability. The analysis of the photocurrent response
and Nyquist plot confirms the effective separation and trans-
port of photo-excited electrons-holes induced by C-dots that
are responsible for the enhanced photocatalytic performance
of the C-dots/WOj;. Furthermore, a possible mechanism for the
enhanced photocatalytic activity of C-dots/WO; was proposed.

2. Experimental

Ascorbic acid (A.R. 99%), ethanolamine (A.R. 99%), sodium
tungstate dehydrate, Na,WO,2H,0 (A.R. 99.5%), sodium
chloride (A.R. 99.5%) and hydrochloric acid (A.R. 36-38%)
were purchased from Aladdin Industrial Corporation (China).
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Rhodamine B (Rh B) utilized in this work was obtained from
Hangzhou Tiankai Co. Ltd (China). All the reagents were used
as received without any further purification. Ultrapure water
was used throughout the experimental process.

2.1 Synthesis of C-dots

C-dots were prepared through a hydrothermal method. First,
4.41 g ascorbic acid (AA) and 4.60 g ethanolamine (EN) were
dissolved in ultrapure water (100 mL). Subsequently, the solu-
tion (100 mL) was transferred into a Teflon-lined autoclave,
which was maintained at 476 K for 12 h. Then, the autoclave
was cooled down to room temperature naturally. The prepared
solution was further dialyzed with a dialysis bag (retained
molecular weight: 1000) for 14 h and then freeze-dried. C-dots
were obtained.

2.2 Synthesis of C-dots/WO; and WO;

Hybrid photocatalysts were fabricated by a hydrothermal
method. Briefly, for a typical synthesis, 3.30 g Na,WO,-2H,0,
5.85 g NaCl, and different quantities of C-dots (0 mg, 5 mg,
10 mg, 15 mg, and 20 mg) were dissolved in 70 mL ultrapure
water. The pH value of the solution was adjusted to about 0.65
by drop-wise addition of concentrated HCI solution under con-
stant stirring. The obtained mixed solution was sealed in a
100 mL Teflon-lined stainless-steel autoclave, which was main-
tained at 453 K for 24 h. The resulting product was collected
by centrifugation, rinsed with ultrapure water and ethanol,
respectively, and dried at 333 K for 24 h. According to the
amount of C-dots solution used in this experiment, the syn-
thesized photo-catalysts were named WO; and C-dots/WO;-X
(x = 5, 10, 15, or 20), respectively. For comparison, pure WOj3
was obtained under the same experimental conditions in the
absence of C-dots.

2.3 Characterization

X-ray diffraction (XRD) measurement was performed on a D8
Advanced X-ray diffractometer (Bruker Germany) using Cu Ko
radiation at a scan rate of 0.02°r26 s™'. High-resolution trans-
mission electron microscopy (HRTEM) analysis was conducted
on a JEM 2100 microscope with an accelerating voltage of
200 kV. Surface morphology was analyzed by using an S-4800
field emission SEM (FESEM, Hitachi, Japan) with an accelerat-
ing voltage of 5 kV. FT-IR spectra were obtained by using a
VERTEX 80/80v FT-IR spectrometer. UV-VIS diffuse reflectance
spectra were obtained by using a UV-VIS spectrophotometer
(Shimadzu UV-2550, Japan). Raman spectra were obtained by
using a Renishaw inVia Raman spectrometer with a 532 nm Ar
ion laser. Photo-luminescence (PL) spectra were obtained by
using a Hitachi F-4500 luminescence spectrophotometer at
room temperature with an excited wavelength of 275 nm.
Photo-electrochemical measurements and photocurrent curves
were obtained using a standard three-electrode cell with an Ag/
AgCl (3.0 M KCl) reference electrode and a platinum foil as a
counter electrode on a CHI 660E electrode-chemical work-
station. Na,SO, (0.5 M) was used as the electrolyte solution. The
working electrode was prepared by the spin coating method on

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7dt03003g

Published on 13 October 2017. Downloaded by University of Tennessee at Knoxville on 21/11/2017 19:40:09.

Dalton Transactions

a 20 cm x 20 cm clean fluorine doped tin oxide (FTO). X-ray
photoelectron spectroscopy (XPS) was conducted on an
ESCALAB 250 spectrometer equipped with an Al Ka source.

2.4 Photocatalytic experiments

The photocatalytic activity of the as-prepared hybrid photocata-
lysts was evaluated by decolorization of rhodamine B (Rh B)
under visible light irradiation from a 300 W metal-halide
lamp equipped with a 420 nm cut-off filter. 30 mg hybrid
photocatalysts were dispersed into 100 mL Rh B (10 mg L")
aqueous solution, and continuously stirred in a completely
dark environment for 60 min to ensure the absorption-desorp-
tion equilibrium between the photocatalyst and Rh B. An
8-10 mL mixed solution for dye concentration analysis was col-
lected and centrifuged to remove the solid catalyst at 30 min
intervals. The concentration change of Rh B was monitored by
the optical absorption at 552 nm during the photoreaction
process.

In the free radicals trapping experiments, four different sca-
vengers were used for active oxidation species quenching
(namely, sodium chromate(vi) (0.05 mM, Aladdin, 98%) for
electrons, p-benzoquinone (BQ) (1 mM, Aladdin, 99%) for
'0,~, isopropanol (IPA) (0.5 mM, Aladdin) for "OH and
ammonium oxalate (AO) (0.05 mM, Aladdin, 99%) for holes).
The volume ratio of each scavenger and Rh B solution used in
the experiment was 1:100. The scavengers were added into a
100 mL Rh B (10 mg L™") solution before photo-irradiation.
The concentration of Rh B was measured at 30 min intervals.

3. Results and discussion
3.1 Crystal structure and morphology characterization

Fig. 1 shows a comparison of the XRD pattern for the as-pre-
pared WO; and C-dots/WO;-X materials. The hexagonal struc-
ture of WO; (JCPDS no. 35-1001) and the orthorhombic struc-
ture of WO;-0.33H,0 (JCPDS no. 33-1387) are found in the as-
prepared WO, and C-dots/WO,.*® The strong XRD diffraction
peaks confirm that the WO; and C-dots/WOj; possess high
crystallinity. A significant phase transition can be found
between the XRD patterns of WO; and C-dots/WO;, demon-
strating that C-dots have played an important role in the
growth of WOj; crystals. The introduction of C-dots has a nega-
tive effect on the formation of the hexagonal structure of WO,
and this effect becomes gradually significant with increasing
content of C-dots. Meanwhile, with the increase of C-dots
content, the intensity of all diffraction peaks slightly declined
resulting from the C-dots on the surface of WOj; that
obstructed the coherent scattering.*”

The TEM image indicates that the as-prepared C-dots
possess an irregular spherical shape (Fig. S17), while the
HRTEM image of the C-dots shows a clear lattice fringe with a
lattice spacing of 0.328 nm. This lattice fringe corresponds to
the (002) crystal plane of graphitic carbon.*® Furthermore, the
particle size distribution of C-dots was also determined. As
shown in Fig. S2,1 the average diameter of C-dots was 10 nm

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of WOz and C-dots/WOs-X.

with a particle size distribution from 6 to 14 nm. Fig. 2 shows
the SEM images and digital photos of WO; ((a) and (b)) and
C-dots/WO; ((c¢) and (d)). It can be noted that WO; (white
powder) consists of a block-like body covered with granular
particles, and the C-dots/WO; (black powder) mainly consists
of a rod-like body with about 1 pm length. The color difference
between WO; and C-dots/WO; testified that the C-dots were
successfully generated on the surface of WO; via a two-step
hydrothermal process. In order to further understand the
microstructure of the C-dots/WO; hybrid material, the TEM
images of C-dots/WO; with different scales are obtained
(Fig. 3(a) and (b)). The C-dots with about 10 nm diameter are
observed on the surface of rod-like WO;. For the rod-like WO3,

CLpm

1 pm 200 nm

Fig. 2 SEM images of (a)/(b) WOs and (c)/(d) C-dots/WOs3. The inset in
(a)/(c) shows the digital photos of WOz and C-dots/WOs, respectively.
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Fig. 3 TEM images of C-dots/WOs: (a) low magnification and (b) high
maghnification.

the measured lattice fringe of 0.376 nm is due to the (020)
interplanar spacing of WO;.° The crystalline lattice spacing of
about 0.328 nm corresponds to the (002) crystal plane in the
C-dots identification.>® The lattice fringe spacing of some
C-dots cannot be found as their quasi-spherical nanostructure
possesses amorphous to nanocrystalline cores.

3.2 Spectrum analysis

FT-IR spectra are used to reveal the chemical bonds and func-
tional groups on C-dots, WO3, and C-dots/WO;. As shown in
Fig. 4(a), the absorption peaks of the C-dots at 3406,
2925-2866, 1631, 1436-1320 and 1046 cm™" correspond to the
stretching vibration of O-H, CH,, C=0, epoxy C-O and alcoxyl
C-0 bonds, respectively.’® These peaks are also observed for
graphene achieved by the Hummer method, indicating a
similar microstructure between C-dots and graphene.*® The
characteristic peak of hydroxyl is still present for WO; at about
3500 cm™', which is mainly attributed to the absorbed and/or
crystal water. The absorption peak of WO; at 1624 cm™" is
associated with the stretching vibration of the W=0 bond."?
Particularly, the broad absorption peaks of WO; at
600-900 cm™" originate from the stretching vibration of the
W-0O-W bond.*® The spectrum of C-dots/WO; mainly presents
the characteristic peaks of WO;, which are due to the less
C-dots content.

Raman spectra are utilized to analyze the structures of WO;
and C-dots/WO;. As shown in Fig. 4(b), the peak at 242 cm™" is
attributed to the W-O-W bending vibration of bridging oxygen
[6(W-O-W)], while the peaks at about 680 and 806 cm™" are

View Article Online
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considered to be from the stretching vibration of O-W-0O [1(O-
W-0)].*® The peak located at around 950 cm™" originates from
the stretching mode of the terminal W=O bond, which is
regarded as a typical peak of tungsten trioxide hydrates.”® The
position of the characteristic peaks of WO; is almost not
affected by the introduction of C-dots. However, the intensity
of characteristic peaks is weakened with increasing C-dots due
to the influence of the fluorescence signal of C-dots.

Fig. 5 shows the UV-VIS diffuse reflectance spectra of the
WO; and C-dots/WOj3; hybrid materials. The spectrum of WO;
exhibits the fundamental absorption band in the UV region,
and the absorption edge is approximately 420 nm."°
Remarkably, the C-dots/WO; showed a significant enhance-
ment of light absorption at a wavelength of 400-500 nm due to
C-dots absorbing visible light, and this light harvesting capa-
bility was enhanced with increasing C-dots content. The
enhanced light absorption of the C-dots/WO; heterostructure
results in more electron-hole pairs formed under irradiation
and leads to an enhanced photocatalytic activity. Zhang et al.*®
also found that C-dots can endow the C-dots/WO; nanorods

— WO,
— C-dots/WO;-5

— C-dots/WO05-10
— C-dots/WO0;-15
—— C-dots/W0;-20

Absorbance (a.u.)

200 250 300 350 400 450 500
Wavelength (nm)

Fig. 5 UV-VIS diffuse reflectance spectra of the three samples.
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Fig. 4 FT-IR spectra and Raman spectra of WOz and C-dots/WOs3 photocatalysts.
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with intense and wide adsorption across the UV-Vis region.
The enhanced light-absorption capacity implies a more output
of photo-excited electron-hole pairs. The optical band gap (E,)
of a semiconductor can be estimated from the classical Tauc
approach.”> As shown in Fig. S3,7 the E, values of pure WO,
and C-dots/WO;-15 were determined to be 2.75 and 2.71 eV,
respectively. The small difference of E, values between pure
WO; and C-dots/WO;-15 is related to the crystal structure of
the materials.

Photocurrent measurement was carried out to evaluate the
electron-hole recombination in the as-prepared samples.
Fig. 6(a) displays the photocurrent-time (I-t) curves of WO;
and C-dots/WOj3-15. It is noteworthy that the C-dots/WO;-
15 have a stronger photocurrent response than that of WO;.
The photocurrent intensity of C-dots/WO3-15 was ~3.2 times
higher than that of pure WO;. This phenomenon suggests that
the C-dots/WO; hybrid material has a higher separation rate of
photoexcited electrons-holes under visible light irradiation.?”
The C-dots as an excellent electron-acceptor can attract the
photogenerated electrons on WO;, and thus inhibit the recom-
bination of electrons and holes. Meanwhile, the electrode
kinetics of the photocatalytic processes on the samples was
evaluated by electrochemical impedance spectroscopy (EIS)
(Fig. 6(b)). As shown in Fig. 6(b), one semicircle in the
medium-frequency range is observed. This semicircle is
ascribed to the charge transfer reaction between the electrode
and electrolyte. The diameter of the semicircle in Nyquist plots
is the embodiment of electrical resistance for charge transfer
(Ret) between the electrode and the electrolyte. An equivalent
circuit (Fig. 6(b), inset) was used for fitting the electrochemical
impedance spectra. The R . values of WO3 and C-dots/WO3-15
are calculated to be 1182.4 and 467.5 ohm, respectively.
Compared with the Nyquist plot of WO;, the C-dots/WO;-15
shows a remarkably decreased charge transfer resistance (Re),
demonstrating that the introduction of C-dots improved the
separation and transport efficiency of photogenerated elec-
tron-hole pairs."> Based on the above experimental results, it
is believed that the C-dots as excellent electron acceptors can
reduce the probability of electrons-holes recombination,
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which favors the photocatalytic activities of WO; by effective
charge separation.®*?

3.3 Photocatalytic activity of C-dots/WO; nanocomposites

The photocatalytic activity of the as-prepared nanocatalysts
was evaluated by the degradation of Rh B aqueous solutions.
The relationship of the photodegradation rates with respect to
time was investigated by using Langmuir-Hinshelwood
models.'® The degradation rate equation can be expressed as
eqn (1):

—dC _ kL—HKadC
dt 14 KuC'

(1)

where K,q is the adsorption coefficient of the photodegrada-
tion reaction, k;_y is the reaction rate constant and C is the
concentration of solution at a given time t.

C

In (C—) = I(ad(c — Co) + kL—HKadt (2)
0

where C, is the initial concentration of Rh B in aqueous solu-

tion. Because the K,4C is very small, the above equation can be

simplified and integrated as:

In (E) = ki_nukKaat = kt (3)
Co
where k = k;_yK,q is the first order reaction rate constant.

Fig. 7(a) illustrates the photocatalytic degradation perform-
ance of Rh B solution for C-dots/WO; nanocomposites with
different amounts of C-dots under visible light irradiation (4 >
420 nm). There is no photocatalytic degradation of Rh B in the
absence of the catalyst, indicating that the photolysis of Rh B
can be ignored. Meanwhile, WO; and C-dots both represent a
limited photocatalytic activity in degrading the Rh B in solu-
tion. Although the C-dots possess a mass of functional groups
on the surface, the C-dots display a limited absorption
efficiency. This unsatisfactory absorption efficiency is attribu-
ted to the limited specific surface area due to the aggregation
of C-dots.”® It is interesting that these C-dots/WO; photocata-
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Fig. 6 Photocurrent responses (a) and Nyquist plots of electrochemical impedance (b) under visible light irradiation. Insert in (b) shows the corres-

ponding equivalent circuit.
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Fig. 7 Photocatalytic degradation of Rh B solution for WOz and
C-dots/WO3 under visible light irradiation (1 > 420 nm).

lysts exhibit high photocatalytic activities under visible light
illumination. The photocatalytic activities of C-dots/WO;
initially increase with increasing C-dots amount, but decrease
when the C-dots amount reaches a higher level. For example,
the Rh B removal efficiency of the C-dots/WO;-15 was ~94.4%
after 2 hour visible light irradiation, while the corresponding
efficiencies of pure WO; and C-dots were 26.0% and 7.8%,
respectively. Table 1 shows the amount of residual Rh B and
the first order reaction rate constants of different photocata-
lysts. Fig. 7(b) shows the linear fitting curves between
—In(C/Cy) and reaction time, indicating the first order kinetic
of the prepared photocatalysts. Through data comparison, it
can be concluded that the C-dots significantly enhanced the
photocatalytic activity of C-dots/WO;. The first order reaction
rate constant of 0.01942 min~" was achieved in the presence of
15 mg C-dots, which was ~7.7 times higher than that of WO;.

3.4 Stability and reusability of C-dots/WO3; nanocomposites

The stability and reusability are vital to the practical appli-
cations of photocatalysts. Here, the stability and reusability of

15774 | Dalton Trans., 2017, 46, 15/69-15777
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Table 1 First order reaction rate constant of the prepared
photocatalysts

Amount of residual Rh B First order reaction

Samples after 2 h irradiation (%) rate constant (min)
No catalyst 0.9829 0.00015
C-Dots 0.9180 0.00072
WO, 0.7407 0.00250
C-Dots/WO3-5 0.5233 0.00625
C-Dots/WO3-10 0.3766 0.00917
C-Dots/WO;-15 0.0609 0.01942
C-Dots/WOj3-20 0.2285 0.01358

the as-prepared photocatalysts are assessed by recycled photo-
degradation experiment of Rh B solution. After each photo-
degradation cycle, the photocatalysts were collected according
to the following procedures: rinsing with ultrapure water, cen-
trifugation, and desiccation at 353 K for 7 hours. The residual
photocatalysts were reused in the next photodegradation reac-
tion, and the same amount of recollected C-dots/WO; powders
were used in the photodegradation reaction under the identi-
cal conditions. Fig. 8 shows the recyclability of C-dots/WO;-15
in the photocatalytic decomposition of Rh B. The photo-
catalytic activity of C-dots/WO;-15 remained constant after 3
cycles under the same conditions. From the results, it is clear
that C-dots/WO,-15 photocatalysts exhibited high stability and
reusability for visible light degradation of Rh B solution, even
after re-using the photocatalysts three times.

3.5 Photocatalytic mechanism

Photoluminescence (PL) spectra have an extensive application
in the characterization of charge transfer, migration and
recombination processes in photocatalysts.> A weaker intensity
suggests a smaller recombination probability of electron-hole
pairs.” Fig. 9 shows the PL spectra of pure WO; and C-dots/
WO; hybrid materials. Both reveal an emission peak centered
at around 470 nm. The significantly reduced intensity of this

=
~ -

1
Time (h)

Fig. 8 Recycled degradation of Rh B solution for C-dots/WO3-15 under
visible light irradiation (1 > 420 nm).

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7dt03003g

Published on 13 October 2017. Downloaded by University of Tennessee at Knoxville on 21/11/2017 19:40:09.

Dalton Transactions

= WO,

o C-dots/WO;-5
a2 C-dots/WO;-10
v C-dots/WO;-15

Intensity (a.u.)

1
300 350 400

450 500
Wavelength (nm)

Fig. 9 Photoluminescence spectra of photocatalysts.

Intensity (a.u.)

C-dots/WO;-15

6
Binding E

Fig. 10 XPS valence band spectrum.

8 10 12 14
nergy (eV)

View Article Online

Paper

emission band due to the C-dots anchored on the WO; surface
indicates efficient transfer of the photoexcited electrons from
WO; to C-dots. This agrees well with the experimental results
of the photocatalytic test, which confirms that the C-dots suc-
cessfully inhibit the recombination of electron-hole pairs and
thus enhance the photocatalytic capability of WOs;.
Furthermore, the VB gaps (E,) of the as-prepared samples were
determined through the XPS valence band spectra. The E,
values of WO; and C-dots/WO;-15 were calculated to be
approximately 2.95 and 2.92 eV, respectively (Fig. 10). The
corresponding CB gaps (E.) of WO; and C-dots/WO;-15 were
estimated at 0.20 and 0.21 eV, respectively, according to E. =
E, — E,. As we all know, an appropriate band gap and the
proper matching of the CB and VB levels are vital to the
desired photocatalysts,”” and a relatively high CB gap is favor-
able to the formation of heterostructures and charge-carrier
transport.’

Meanwhile, free radicals trapping experiment is used to
reveal the roles of the main active oxidation species (AOSs) in
the photocatalysis process over WO; and C-dots/WO;-15
(Fig. 11).*>*" The AOSs (namely, e, "0,”, 'OH and h*) were
quenched using four different scavengers: sodium chromate,
BQ, IPA and AO. As shown in Fig. 11(a), e~ and h' play the
important role in the photocatalytic reaction of WO;, while
‘OH and 'O,  were scarce. In the C-dots/WO;-15 system
(Fig. 11(b)), all four types of AOSs were found in the photo-
catalytic reaction. The influences of the scavengers on the reac-
tion rate were in the order of AO (for h*) > IPA (for "H) > BQ
(for "0,7) > sodium chromate (for e7). h", "OH and "0,” made
a major contribution to the photocatalytic degradation of Rh
B, while the concentration of e~ was reduced significantly. The
behaviors of these AOSs in the C-dots/WOj;-15 have been con-
sidered as a consequence of the fast electron transfer rate.
The fast electron transfer has a positive effect on the gene-
ration of "OH from both h™ and "O,”, which enhances the
photo-degradation rate. Compared to the C-dots/WO;-15
system, almost no "OH and "O,” were generated in the WO;
system, indicating that pure WOj; is not capable of generating
these AOSs under visible light irradiation. The introduction of

0.80 - —®— Sodium chromate
—— BQ
—A— [PA
| —v— AO
—&— No scavenger
1 L

0.70

1.0

(b)

C-dots/WO;-15

crc,

—&— Sodium chromate
—e— BQ

—A— IPA

—¥— AO

0.0 - —&— No Scavenger

0.0

0.5

1.0 v
Irradiation time (h)
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Fig. 11 Trapping experiment of active species during the photocatalytic degradation of Rh B over WOz and C-dots/WO3-15 under visible light

irradiation.
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Fig. 12 Schematic illustration of the photodegradation mechanism of
the C-dots/WO3; nanocomposite.

C-dots favors the formation of "OH and "O,~ in the C-dots/WQO;
system.

Fig. 12 illustrates the possible mechanism of C-dots/WO;
for the photocatalytic degradation of Rh B under visible light
irradiation. In this aqueous photocatalytic degradation system,
the electrons (—) are delocalized from the conduction band
(CB) to the valence band (VB) under visible light irradiation,
and the holes (+) on the VB might react with the OH™ in the
water to form "OH radicals. The generated "OH radicals can
initiate the oxidation degradation of Rh B later. Unfortunately,
only a few delocalized electrons can take part in this oxidation
degradation reaction due to the quick recombination between
the delocalized electrons and holes on the VB. Thus, the
efficient separation and transfer of photo-excited charge play a
vital role in the photocatalytic activity of the catalyst. The
appropriate integration between WO; and C-dots results in an
efficient separation and transfer of photo-excited charge from
WO; to C-dots. The C-dots act as the electron-acceptor to
capture the delocalized electrons and hinder the recombina-
tion of the electrons and holes, which enhances the reaction
probability of holes on the VB with the OH™, and provides
more "OH radicals for target degradation reaction. Meanwhile,
the C-dots/WO; exhibits an enhanced light harvesting capacity,
implying that more photo-excited electron-hole pairs were
created under visible light irradiation. Therefore, the C-dots/
WO; nanostructure shows superior photocatalytic activity com-
pared to pure WO; under visible light irradiation.

4. Conclusions

Herein, C-dots/WOj; hybrid materials have been prepared by a
two-step hydrothermal method. The as-prepared C-dots/WO;
possesses enhanced photocatalytic activity for the photodegra-

15776 | Dalton Trans., 2017, 46, 15/69-15777
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dation of Rh B under visible light irradiation compared with
WO;. Experimental analysis confirmed that C-dots not only
play a vital role in the enhanced light-absorption capability of
C-dots/WO3, but also act as an electron acceptor to attract the
electrons generated on WOj;, thus hindering the recombina-
tion of electron-hole pairs. The enhanced photocatalytic
activity was attributed to two factors: enhanced light harvest-
ing ability and effective separation of photo-excited electron—
hole pairs. In addition, a possible photocatalytic mechanism
for the photocatalytic reaction of C-dots/WO; was proposed.
The combination of WO; and C-dots leads to an efficient sep-
aration and transfer of photo-excited charge from WO; to
C-dots. C-Dots can act as an electron-acceptor to capture the
delocalized electrons and hinder the recombination of the
electrons and holes, which enhances the reaction probability
of holes on the VB with the OH™, and provides more "OH rad-
icals for target degradation reaction. Besides, the introduction
of C-dots endows C-dots/WO; with an enhanced light harvest-
ing capacity, due to which more photo-excited electron-hole
pairs were created under visible light irradiation. Meanwhile,
this study provides a new strategy for the design and fabrica-
tion of high performance photocatalysts in the energy and
environmental field.
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