 Indian Academy of Sciences

Bull. Mater. Sci.
(2021) 44:64
https://doi.org/10.1007/s12034-021-02353-1

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Facile and green synthesis of a ZnO/CQDs/AgNPs ternary
heterostructure photocatalyst: study of the methylene
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Abstract. A photocatalyst based on a ZnO/CQDs/AgNPs ternary heterostructure was synthesized by a green and easy
in-situ hydrothermal method. The carbon quantum dots (CQDs) were used in order to reduce AgNO3 to form silver
nanoparticles (AgNPs). The as-prepared photocatalyst was characterized by different techniques such as X-ray diffraction,
scanning electron microscopy, energy dispersive X-ray spectrometer, Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy and Bruner–Emmett–Teller. The optical properties of the nanocomposites were examined
using UV–visible spectrophotometer. The photocatalytic activity of ZnO/CQDs/AgNPs was evaluated by degradation of
methylene blue (MB) under UV light irradiation. The ternary heterostructure exhibits higher photocatalytic activity
compared to pure ZnO, ZnO/CQDs and ZnO/Ag. It was found that a degradation of 98.6% of MB was achieved within
50 min of UV light irradiation. Finally, a possible mechanism is proposed to explain the photodegradation of MB by this
nanocomposite.
Keywords.
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Introduction

Textile industry produces a large amount of effluents, which
contain various toxic and hazardous organic dyes such as
rhodamine B, methylene blue and methyl orange. These
effluents cause harmful effects to human as well as ecological systems.
To overcome these effects, various conventional
treatment methods were utilized to remove these contaminants including adsorption, coagulation and filtration.
Unfortunately, these methods transfer dyes from the
liquid phase to the solid phase causing secondary
pollution.
Therefore, advanced oxidation processes (AOPs), such as
heterogeneous photocatalysis methods, are an alternative to
complete destruction of dyes and other toxic molecules.
This process involves the generation of strongly oxidizing
radicals resulting in the complete mineralization of organic
pollutants [1,2]. Several semiconductors, such as TiO2,
ZnO, WO3 and Fe2O3, were used as photocatalysts for the
degradation of organic pollutants.

ZnO nanostructures were extensively studied because
of its many advantages, such as wide bandgap (3.37 eV),
physical and chemical stability, high absorption efficacy
of light radiations, facile production, low cost and nontoxicity [3–5]. However, the quick recombination of
charge carriers can significantly decrease the photocatalytic performance of ZnO. Therefore, special attention
should be given to overcome this drawback. This can be
made by fabrication of heterojunctions [6,7], doping with
metals [8,9] or hybridizing with carbon materials, such as
carbon nanotube, graphene and carbon quantum dots
(CQDs) [10–12].
CQDs, as a novel class of recently discovered carbon
nanomaterials with diameter less than 10 nm, have
attracted much attention in photocatalysis field due to
their various unique properties such as excellent electron
transfer, up-conversion, adsorption capacity, low-cost,
excellent biocompatibility and non-toxicity [13–15].
Thanks to their excellent properties, the CQDs were
successfully used to prepare ZnO/CQDs nanocomposites
that will offer a soft approach for enhancing the
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photocatalytic activity of ZnO [12,16,17]. Indeed, the
presence of CQD in ZnO has an important role: it can
facilitate the separation of charges [17], improve its
optical absorption in the visible light range [12] and
enhance its adsorption capacity of organic dyes [13]. To
achieve more efficient charge separation, the incorporation of noble metal nanoparticles (NPs) such as Au, Ag,
Pt, etc., into ZnO/CQDs is proving to be an effective and
promising strategy. Noble metal might serve as trapper of
excited electrons from valence band (VB) of ZnO. The
photogenerated electrons can be transferred from ZnO to
metal through ZnO–metal interface, which can facilitate
the interfacial charge transfer [18,19]. At the same time,
noble metal with the strongest surface plasmon resonance
(SPR) effect enhances the solar energy conversion efficiency by transferring the plasmonic energy from the
metal to the semiconductor [20,21]. Among the noble
metals, silver (Ag) is considered as the most inexpensive
material widely used to improve the efficiency of the
photocatalytic activity of ZnO/carbon materials.
Several ternary heterostructures of type ZnO/AgNPs/
carbon materials, such as ZnO/Ag/graphene, ZnO/Ag/
carbon nanofibres and ZnO/Ag/amorphous carbon, were
studied [22–25]. These studies have shown that the photocatalytic activity of binary composite ZnO/carbon can be
significantly enhanced when combined with AgNPs. This
was attributed to the reduction in the recombination rate of
the photogenerated charge carriers and the high adsorption
capacity of the carbon materials.
However, the ZnO/Ag/carbon ternary hybrid synthesis
method still suffers from problems of rigorous experimental
conditions. The synthesis method of some carbon materials
especially graphene and carbon nanotube were limited by
the requirement of special equipment, toxic reagents and
extremely expensive raw materials. Also, AgNPs were
generally prepared by a chemical reduction method utilizing
the reducing and stabilizing agents such as sodium
borohydrique, sodium formaldehyde sulphoxylate and
hydrazine, which are fundamentally non-ecological [26,27].
The development of facile, economical and green chemistry
methods to synthesize ZnO/Ag/carbon material has become
a major focus of researchers.
Herein, we developed a green and easy approach to
prepare ZnO/CQDs/AgNPs nanocomposites using in-situ
hydrothermal method. This method involved the CQDs as
the carbon source, reducing and stabilizing agent. The
CQDs were obtained by the chemical reaction of
D-fructose and NaOH. Photocatalytic activity of the
nanocomposites (ZnO/CQDs/AgNPs) was evaluated for
the removal of methylene blue (MB) from an aqueous
solution under UV light irradiation. Experimental results
have shown that the nanocomposite presents a high
efficiency compared to pure ZnO, ZnO/Ag and ZnO/
CQDs prepared with the same method and the same
conditions.
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Materials and methods
Chemicals and reagents

D-fructose (C6H12O6), sodium hydroxide (NaOH), zinc
acetate dehydrate [Zn(CH3COO)2H2O], silver nitrate
(AgNO3) and MB of analytical grade were received from
Sigma-Aldrich and used without additional purification.

2.2

Preparation of ZnO/CQDs/AgNPs nanocomposite

The ZnO/CQDs/AgNPs nanocomposite was synthesized by
a simple hydrothermal method. The silver nanoparticles
(AgNPs) were formed in the composite by chemical
reduction of AgNO3 with CQDs.
Initially, D-fructose (0.05 g) was dissolved in 10 ml of
NaOH (250 mM). The homogenous solution was transferred into a 20 ml Teflon-beaker and heated at 80C for
15 min. Afterwards, 0.55 g of Zn(CH3COO)22H2O was
dissolved in the previously prepared CQDs solution at room
temperature. The pH of the solution was adjusted to 10
through drop wise addition of 8 M NaOH aqueous solution
and stirring vigorously for 15 min. The mixture was heated
at 80C for 2 h. Then, 800 ll of AgNO3 solution (125 mM)
was added drop wise with vigorous stirring at 80C for 1 h.
The resulting product was separated by centrifugation,
washed with deionized water, dried at 80C and then dried
in the second time for 6 h at 200C. The brown-coloured
product was marked as ZnO/CQDs/AgNPs. For comparison, pure ZnO, ZnO/CQDs and ZnO/Ag were prepared by
similar method with the same conditions.
In order to investigate the influence of AgNPs amount on
the photocatalytic activity, the molar ratio of Ag:ZnO was
varied as 2:100, 3:100, 4:100 and 5:100, and the samples
were noted as ZnO/CQDs/AgNPs(x), where x is 2, 3, 4 and
5%.
2.3

Characterization of materials

X-ray diffraction (XRD) measurements were carried out
using a Rigaku D/Max-kA X-ray diffractometer with Cu Ka
radiation (k = 1.54 Å) at 2h between 10 and 80. The
morphology and the surface element composition over the
desired surface of ZnO/CQDs/AgNPs were obtained using a
JEOL 6700 F scanning electronic microscopy (SEM) with a
field emission gun (FEG) system equipped with an energy
dispersive X-ray analyzer (EDX). Fourier transform infrared (FTIR) spectra were collected using an IR Affinity-1S
Shimadzu spectrometer. For analysis, 0.25 mg of the sample was mixed with 0.75 mg of KBr powder and the mixture
was pressed into a pellet using a hydraulic press. X-ray
photoelectron spectroscopy (XPS) was conducted with an
ESCALAB220 XL spectrometer from Vacuum Generators
featuring a monochromatic Al Ka X-ray source (1486.6 eV)
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and a spherical energy analyzer operated in the constant
analyzer energy mode. Textural properties were obtained by
nitrogen adsorption–desorption isotherms at room temperature on a Nova 2000e. Specific surface areas were determined according to Bruner–Emmett–Teller (BET) method.
Prior to analysis, samples were degassed at a temperature of
200C. The UV–visible (UV–vis) spectra were recorded by
Shimadzu spectrophotometer in the wavelength range
400–800 nm. The samples were dispersed in distilled water
at a concentration of 10-5 M.

2.4

Photocatalytic tests

Photocatalytic activity of different catalysts was studied
by photodecomposition of MB molecule under UV-light
irradiation (k = 365 nm, E = 3.4 eV) at room temperature. The power of the UV lamp used was 125 W and the
distance between the lamp and the reaction beaker was
fixed at 17 cm. Photocatalytic experiments were carried
out by mixing 50 mg of photocatalyst and 50 ml of MB
solution with an initial concentration of 10 mg l-1 in a
100 ml cylindrical reactor. Prior to irradiation, the suspension was treated by ultrasound for 10 min and stirred
for 30 min in dark to obtain the adsorption/desorption
equilibrium. During the irradiation, each 10 min, 2 ml of
mixture was periodically taken and centrifuged to separate the photocatalyst from the dye solution. The concentration of MB in the supernatant was determined by
measuring the intensity of the absorption peak at 663 nm
with a UV–vis spectrophotometer. The degradation efficiency was calculated by the following equation:
Degradation ð%Þ ¼

C0  C
 100;
C0

ð1Þ

where C0 is the initial concentration of MB and C the
residual concentration of MB after a certain irradiation
time.

2.5

3.
3.1
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Results and discussion
Characterization of CQDs

The CQDs were prepared by hydrothermal method using
D-fructose as a carbon source. The optical proprieties of
CQDs were investigated. Figure 1 displays the UV–vis
absorption spectrum of the CQDs solution. A broad absorbance in the region 250–380 nm is observed in absorption
spectrum; the peak at 289 nm was ascribed to the n–p*
transition of the C=O band and the p–p* transition of the
conjugated C=C band, indicating the formation of CQDs
[12].

3.2

Characterization of photocatalysts

3.2a Structure and morphology: The phase identification of
crystalline structure of the NPs was determined by XRD.
The XRD patterns of ZnO/CQDs and ZnO/CQDs/AgNPs
are shown in figure 2. Both samples exhibit the typical
diffraction peaks of hexagonal ZnO wurtzite structure by
comparison with the data from JCPDS card No. 65-3411.
The ZnO/CQDs/AgNPs sample exhibits other peaks at 38,
44.5 and 64.6, which can be assigned to the (111), (200)
and (220) planes of Ag, in accordance with (JCPDS card
No. 65-2871). The low intensity of the Ag peaks should be
ascribed to its low amount [19]. In addition, no shift in the
peak positions was observed after addition of Ag(NO3).
This indicates that Ag? ions do not substitute the Zn2? ions
or interstitial atoms [28]. The peaks of the CQDs were not
obviously observed in the XRD patterns of the nanocomposites due to their small amounts and low crystallinity of
CQDs in nanocomposite [12].
Figure 3 depicts SEM images obtained using backscattered electron (BSE) and secondary electron (SE) modes
of the ZnO/CQDs/AgNPs nanocomposite annealed at 200C

Electrochemical measurements

The electrochemical characterization was studied by electrochemical impedance spectroscopy (EIS) at open circuit
potential, using an Autolab PGSTAT-30 potentiostat/galvanostat controlled by a FRA Software. The electrochemical experiments were realized at room temperature in a
three-electrode glass cell filled with 0.5 M Na2SO4 electrolyte (100 ml), with a platinum wire as a counter electrode
and a saturated calomel electrode as a reference electrode.
The working electrode consisted one of the following
samples: ZnO, ZnO/Ag, ZnO/CQDs and ZnO/CQDs/
AgNPs. The amplitude of the sinusoidal signal was set at
10 mV and the frequency was varied from 10 kHz to
0.01 Hz.

Figure 1. UV–visible absorption spectrum of CQDs prepared
via hydrothermal method at 80C for 15 min.
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Figure 4. Energy-dispersive X-ray spectrum of ZnO/CQDs/
AgNPs nanocomposites.

XRD patterns of ZnO/CQDs and ZnO/CQDs/AgNPs.

Figure 3. SEM images in (a) back-scattered and (b) secondary
electron modes of ZnO/CQDs/AgNPs nanocomposites.

for 6 h. It is well known that the backscattered electronimaging mode allows having a chemical contrast on a sample
surface, while SE mode gives the surface morphology. In the

BSE image (figure 3a), bright spherical particles over the
ZnO/CQDs/AgNPs nanocomposite can be observed. They
can correspond to AgNPs, because Ag is the heaviest element
in the nanocomposite [29]. The average diameter of AgNPs
was approximately 20 nm. Figure 3b shows particles of
regular spherical structure. The particle sizes of ZnO/CQDs/
AgNPs were clearly of the order of nanometres (\50 nm).
The chemical composition of the ZnO/CQDs/AgNPs
composite was explored using energy dispersive X-ray
analysis (EDX). From figure 4, it can be seen that the
nanocomposite ZnO/CQDs/AgNPs consists of Zn, C, O
and Ag elements; and no peaks of other elements were
observed. The table in figure 4 gives the percentage of each
constituent element.
FTIR spectroscopy is used to identify the surface functional groups of the materials. Figure 5 depicts the FTIR
spectrum of CQDs and of the different photocatalysts prepared. The FTIR spectrum of CQDs shows peaks at 3454,
1641, 1405 and 1060 cm-1. The large band located at
3454 cm-1 is attributed to the hydroxyl (O–H) group. The
peaks at 1060 and 1405 cm-1 are assigned to the vibration
of C–O oxygen groups [12]. The band at 1641 cm-1 is
assigned to C=C stretching of polycyclic aromatic hydrocarbons [14].
The FTIR spectrum of the ZnO prepared by zinc acetate
precipitation in NaOH shows a large band at 3441 cm-1
attributed to (–OH) stretching of the surface adsorbed water
molecules. The other band at 424 cm-1 can be assigned to
the Zn–O stretching vibration modes [30]. The peaks at
1624 and 1380 cm-1 are most likely due to carboxylic
acetate attached to ZnO NPs [31]. Compared to CQDs, the
FTIR spectrum of ZnO/CQDs nanocomposite also shows
peaks at 3450, 1634, 1400 and 1055 cm-1. The peak at
421 cm-1 indicates the presence of ZnO, and the slight blue
shift of the peaks in the FTIR spectra of ZnO/CQDs
demonstrate extrinsic interaction between ZnO and CQDs
[12,32]. After addition of Ag(NO3), the bands and peaks
observed in the spectra of binary (ZnO/CQDs) remain but
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binary nanocomposites (ZnO/Ag and ZnO/CQDs). This can
be indicated that it has the smallest particle size. The small
size of the deposited CQDs and AgNPs both might contribute to the improved surface area of the ternary
nanocomposite [41].

Figure 5. FTIR spectra of CQDs, pure ZnO, ZnO/CQDs and
ZnO/CQDs/AgNPs.

with a slight shift and no absorption bands of Ag–O and
Ag2O can be observed indicating the metallic form of silver
[33].
The composition and the oxidation states of elements on
the surface of the ZnO/CQDs/AgNPs were studied by the
XPS technique. The XPS survey spectrum of ZnO/CQDs/
AgNPs is shown in figure 6a. The spectrum indicates the
presence of Zn, O, C and Ag. Figure 6b shows the highresolution XPS spectrum of Zn2p, which can be fitted with
two Gaussian curves with peaks located at 1021.90 and
1045.15 eV, which confirms the ?2 oxidation state of zinc
[34].
The C1s spectrum in figure 6c can be deconvoluted into
two Gaussian curves with peaks located at 285.46 and
289.6 eV, which are assigned to sp2 hybridized carbon and
C=O band, respectively [35,36]. However, no peak attributed to Zn–C bands was observed, indicating that CQDs do
not exist as a dopant [12,37]. The O1s spectrum in figure 6d
can be deconvoluted into two Gaussian curves with peaks at
530.53 and 532.16 eV. The peak centred at 530.53 eV is
attributed to the lattice oxygen of ZnO [34,38], and the peak
at 532.16 eV correspond to C=O band, which can be
ascribed to the oxygenic components of CQDs [39]. The
Ag3d spectrum in figure 6e shows two peaks centred at
373.94 and 367.93 eV, which can be ascribed to Ag3d5/2
and Ag3d3/2, respectively, corresponding to metallic Ag
[25,29]. This agrees well with the XRD and FTIR results.
N2 adsorption–desorption isotherms of all samples prepared are shown in figure 7. The isotherms of pure ZnO,
ZnO/Ag, ZnO/CQDs and ZnO/CQDs/AgNPs belong to type
IV with distinct hysteresis loops, which indicate the existence of mesoporous structure [40]. The calculated BET
surface areas of pure ZnO, ZnO/Ag, ZnO/CQDs and ZnO/
CQDs/AgNPs are 12.34, 17.09, 17.90 and 25.71 m2 g-1,
respectively. The ZnO/CQDs/AgNPs ternary shows the
highest surface area compared with pure ZnO and both

3.2b Optical properties: The optical properties of the prepared photocatalysts were measured using UV–vis absorbance and the results are presented in figure 8. As it can be
seen, the ZnO/CQDs/AgNPs nanocomposite displays typical absorbance in both UV and visible regions. In the UV
region, the peak located at 360 nm is assigned to the
intrinsic gap absorption of ZnO and the peak located at
about 280 nm was attributed to the n–p* transition of the
C=O band and the p–p* transition of the conjugated C=C
band of CQDs [42]. In the visible region, the typical
absorption band of AgNPs due to SPR is observed between
420 and 500 nm. As compared to pure ZnO, a blue shift of
12 nm was observed after addition of CQDs and Ag(NO)3.
This can be due to the small particle size of ZnO/CQDs/
AgNPs [18,34] in accordance with the BET results. On
another hand, when the CQDs were not used in the reaction
medium (spectra of ZnO/Ag), no plasmonic absorption
band of AgNPs was observed, indicating that the Ag? ions
do not reduce in the absence of CQDs.
The optical bandgap energy (Eg) of the nanocomposite
can be estimated based on Kubelka–Munk function by
plotting (aht)2 vs. ht and extrapolating the straight-line
portion of this plot to the ht axis, as shown in the inset of
figure 8. The bandgap of ZnO/CQDs/AgNPs nanocomposite is determined to about 3.22 eV. This means that incident
irradiation (of *3.4 eV) can easily generate electron–hole
pairs in the material.

3.3

Formation mechanism of nanocomposites

ZnO/CQDs/AgNPs nanocomposites were produced using a
facile and green chemistry approach. Based on the results of
characterization described above, one can say that the
CQDs and AgNPs do not exist as a dopant, but they are
dispersed among ZnO NPs.
A possible formation mechanism of this ternary
heterostructure can be proposed as follows: The transparent fructose solution exhibits a yellow colouration at
80C in the presence of NaOH, which indicates the formation of CQDs [12]. Upon addition of zinc acetate, the
Zn2? ions were formed in the solution and reacted with
OH– to form zinc hydroxide (equations (2 and 3)) [43].
The zinc hydroxide loaded with CQDs acts as a nucleation site for the growth of ZnO/CQDs nanocomposite
(equation 4) [17]. After addition of AgNO3, the suspension colour changed from yellow to brown indicating the
formation of AgNPs and consequently of ZnO/CQDs/
AgNPs nanocomposite. Firstly, Ag(I) ions were attracted
to the surface of ZnO by electrostatic interactions [25],
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Figure 6. (a) XPS survey, (b) Zn2p high-resolution, (c) C1s high-resolution, (d) O1s high resolution and (e) Ag3d
high-resolution spectra of ZnO/CQDs/AgNPs.

and then reduced to Ag(0) via electron transfer from the
CQDs to the metal ions (equation 5) [44,45]. This is similar to
that already reported, where the functionalized groups (hydroxyl, carboxyl and carbonyl) onto CQDs surface could

reduce HAuCl4 and H2PdCl4 to form PdNPs and AuNPs,
respectively [46,47]. The chemical processes for the formation of ZnO/CQDs/AgNPs are given by the following equations and described in figure 9.
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Figure 7. N2 adsorption–desorption isotherms of the as-prepared
pure ZnO, ZnO/CQDs, ZnO/Ag and ZnO/CQDs/AgNPs.

Figure 8. UV–visible spectra of pure ZnO, ZnO/Ag, ZnO/CQDs
and ZnO/CQDs/AgNPs. The inset is a plot of ðahmÞ2 vs. hm for
ZnO/CQDs/AgNPs.

CQDs þ ZnðCH3 COOÞ2 ! Zn2þ =CQDs þ 2CH3 COO
ð2Þ
Zn2þ =CQDs þ 2OH ! ZnðOHÞ2 =CQDs

ð3Þ

ZnðOHÞ2 =CQDs ! ZnO=CQDs þ H2 O

ð4Þ

ZnO=CQDs þ AgðIÞ ! ZnO=CQDs=Agð0Þ

ð5Þ

D

D

3.4

Photocatalytic activity

Figure 10 shows the spectra resulting from the photocatalysis of MB dye in the presence of 50 mg of ZnO/CQDs/
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AgNPs photocatalyst under UV-light irradiation. We found
that the absorption bands of MB at 663 and 292 nm
decreased with the increase of irradiation time and the
colour of the initial solution progressively changed from
blue to colourless. These bands disappeared completely
after 50 min of irradiation and no new bands appeared,
indicating that the chromophoric structure of MB was
decomposed [48].
Prior to the dye degradation studies, the adsorption tests
were carried out under dark conditions (figure 10b). The
adsorption rate of MB for ZnO is 7%, while it is 11, 25 and
38% for ZnO/Ag, ZnO/CQDs and ZnO/CQDs/AgNPs,
respectively. This indicates that introducing a suitable amount of CQDs can effectively improve the adsorption capacity of ZnO. The order of the adsorption capacity
was consistent with the order of surface area.
Figure 11 shows the photocatalytic activity of pure ZnO,
ZnO/CQDs, ZnO/Ag and ZnO/CQDs/AgNPs under UVlight irradiation. In the absence of photocatalyst (Blank
test), the degradation MB dye was only 9% within 50 min.
After the same irradiation time, the photodegradation percentages of MB dye obtained were 70.0, 78.0, 84.0 and
98.6% for pure ZnO, ZnO/CQDs, ZnO/Ag and ZnO/CQDs/
AgNPs, respectively. Thus, the photocatalytic activity of
ternary composite ZnO/CQDs/AgNPs is higher than that of
other photocatalysts. The high photocatalytic activity of the
ZnO/CQDs/AgNPs photocatalyst under UV-light irradiation
may be attributed to the synergistic effects of the high
separation efficiency of photogenerated charges caused by
the rapid photo-induced charge transfer and the high
adsorption capacity of ZnO/CQDs/AgNPs. Indeed, the
AgNPs and CQDs act as electrons sink and reduced the
recombination rate of the photogenerated electron–hole
pairs, which improves the photocatalytic activity of ZnO
[17,20,49].
To elucidate the effect of CQDs and AgNPs loading in
ZnO surface on the separation and charge migration, EIS
were recorded. In EIS, the radius of arc in Nyquist plot
represents the charge transfer resistance and the smaller
radius signifies more efficient charge transfer [50].
Figure 12 reveals that the arc radius of the EIS Nyquist plot
of ZnO/CQDs/AgNPs nanocomposite was smaller than
those of other photocatalysts, indicating that the charge
transfer of ZnO/CQDs/AgNPs composites is higher than
that of pure ZnO, ZnO/CQDs and ZnO/Ag, which is
required for efficient photocatalytic application.
On the other hand, the CQDs enhance the adsorption
capacity, which is related to the specific surface area [13].
The high surface area can provide more active sites in the
crystals, which can enhance electrons-transfer properties,
thus improvement of the catalytic activity [39,51]. In
addition, it allows to much more adsorption of organic
molecules, O2 and OH–. These last two species are
responsible for radical generation, which contribute efficiently to the degradation of organic molecules [52,53].
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Figure 11. Photocatalytic activities of the as-prepared pure ZnO,
ZnO/CQDs, ZnO/Ag and ZnO/CQDs/AgNPs nanocomposites for
the degradation of MB under UV-light irradiation with catalyst
(50 mg), MB (10 mg l-1).

The degradation reaction of MB dye followed the
pseudo-first-order kinetic model given by the following
equation:
ln

Figure 10. (a) UV–visible absorption spectra of MB before and
after irradiation in the presence of ZnO/CQDs/AgNPs as a function
of irradiation time under UV-light irradiation with catalyst
(50 mg), MB (10 mg l-1). Inset: MB decolourization with time,
(b) UV–visible absorption spectra of MB (10 mg l-1) in dark
without photocatalyst and in the presence of 50 mg of pure ZnO,
ZnO/Ag, ZnO/CQDs and ZnO/CQDs/AgNPs.

C0
¼ kapp t;
C

ð6Þ

where kapp is the reaction apparent rate constant (min-1).
The kapp values of the different photocatalyst are determined from the slope of the linear regression lnðC0 =CÞ vs.
time t (figure 13a). The calculated apparent rate constants
and correlation coefficients (R2) are listed in table 1. These
results indicate that kapp of the photodegradation of MB
using ZnO/CQDs/AgNPs composite was approximately 2.5,
3.2 and 3.6 times higher than those of the ZnO/Ag, ZnO/
CQDs and pure ZnO, respectively.
The reusability of the catalyst is one of the important
factors that directly affect the cost of process. To determine
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the photostability of ZnO/CQDs/AgNPs, four repeated
successively MB degradation reactions under UV-light
irradiation were performed. After four cycles, the degradation percentage obtained was 95% (figure 13b). It means
a loss of photocatalytic activity of about 3%, which indicates that ZnO/CQDs/AgNPs photocatalyst has high photostability and reproducibility.
The effect of different AgNPs amount on the dye
degradation was studied by varying the quantity of AgNPs
from 2 to 4%, while keeping the constant amount of CQDs
(0.05 g). The obtained results, presented in figure 14a, show
that the photocatalytic degradation efficiency increases with
the increase of AgNPs content up to 4%, then decreases
with the further increase of AgNPs amount. This result
indicates that the AgNPs introduced into ZnO/CQDs
nanocomposite act as an electron–hole separation centre
below 4% and act as charge carrier recombination centres
above 4%. Similar results were reported by Zhang et al
[21].
Other studies showed that higher AgNPs density caused
the retard in the access of UV-light irradiation to ZnO
surface, resulting in a reduced amount of photo-excited
charge carriers and thus decreasing photocatalytic performance [18,54].
The effect of the initial concentration of MB on the
photodegradation efficiency was also studied by varying the
initial dye concentration from 10 to 40 mg l-1. The results
are summarized in figure 14b. The photodegradation rates
of MB decreases with increase in initial dye concentration.
When the initial concentration increased, the adsorption of
dye molecules on the surface of the photocatalyst increases
and the active sites for the generation of hydroxyl radicals
reduces [55]. In addition, the higher concentrations of dye
reduce the number of photon that reaches the surface of the
photocatalyst [56].
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Figure 13. (a) Pseudo-first-order kinetic plots of ln(C/C0) vs.
irradiation time for different photocatalysts under UV-light
irradiation: in the absence and presence of 50 mg of pure ZnO,
ZnO/CQDs, ZnO/Ag and ZnO/CQDs/AgNPs ([MB] = 10
mg l-1). (b) Cycling experiments in the photocatalytic degradation
of MB in the presence of 50 mg ZnO/CQDs/AgNPs under
UV-light irradiation. The initial concentration of MB is 10 mg l-1.

Table 1. Pseudo-first-order rate constants (kapp) and their correlation coefficients (R2) obtained for the photodegradation of MB.
Photocatalyst
MB without catalyst
Pure ZnO
ZnO/CQDs
ZnO/Ag
ZnO/CQDs/AgNPs

kapp (min-1)

R2

0.001
0.023
0.026
0.033
0.083

0.95
0.99
0.98
0.97
0.96

3.5 Mechanism of MB photodegradation by the ZnO/
CQDs/AgNPs ternary composite
The enhanced photocatalytic activity of ZnO/CQDs/AgNPs
heterostructure for the MB degradation can be explained as
follows.
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The UV–vis curves (figure 8) show that ZnO/CQDs/
AgNPs nanocomposite absorbs more particularly in UV
range. When the nanocomposite is irradiated by UV light,
the electrons (e–) in the VB of ZnO can be excited to the
conduction band (CB), leaving a hole (h?) in VB. The
photogenerated electrons can be transferred from ZnO CB
to AgNPs and to CQDs, because the energy level of CB of
ZnO is higher than the new Fermi energy level of the ZnO/
CQDs/AgNPs ternary heterostructure [17,54,57]. The
transfer of the electrons from AgNPs to CQDs was also
reported because the work functions of Ag (4.26 eV) is
lower than that of the CQDs (4.5 eV) [39,58]. The electrons
accumulated on the surface of CQDs and AgNPs react with
O2 molecules presented on the surface of these nanocom•
posites to form radicals (O–•
2 ), and subsequently form OH
radicals [59]. The holes photogenerated in the VB can react
with H2O or OH– to form a strong oxidizing agent: OH•
•
radicals. These O–•
2 and OH radicals are responsible for the
further degradation of dye molecules [40]. The degradation
mechanism proposed is illustrated in figure 15 and the
chemical reactions involved are as follows:
ZnO þ hm ! e ðCBÞ þ hþ ðVBÞ




ð7Þ


e ðCBÞ þ AgNPs þ CQDs ! e ðAgNPsÞ þ e ðCQDsÞ
ð8Þ
e ðCQDsÞ þ O2 ! CQDs þ O
2


e ðAgNPsÞ þ O2 ! AgNPs þ

O
2



O
2 þ H2 O ! OH þ HO2
þ



ð9Þ
ð10Þ
ð11Þ

þ

h ðBVÞ þ H2 O ! HO þ H

ð12Þ



OH þ MB ! Degradation products ðCO2 þ H2 O Þ
ð13Þ
Figure 14. (a) Effect of AgNPs content on the photocatalytic
activity of ZnO/CQDs/AgNPs nanocomposite. (b) Effect of initial
concentration of MB dye on the photocatalytic activity of ZnO/
CQDs/AgNPs nanocomposites.

Usually, hydroxyl radicals (OH•) are widely considered
as a primary oxidized species in photocatalytic process
[57,60]. In order to confirm this proposition, the

Figure 15. Mechanism of MB photocatalytic degradation by ZnO/CQDs/AgNPs ternary
heterostructure under UV-light irradiation.
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promising photocatalyst for applications to eliminate the
organic pollutants from waste water.
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