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a b s t r a c t
Y-doped ZnO nanoparticles as a visible-light-driven photocatalyst were successfully synthesized 
by a tartaric acid-assisted combustion method. The as-synthesized ZnO nanoparticles with and 
without Y dopant were characterized by X-ray diffraction, transmission electron microscopy, 
Raman spectroscopy, Fourier-transform infrared spectroscopy, X-ray photoelectron spectros-
copy and UV-Visible spectroscopy. ZnO with and without Y dopant can be indexed to pure phase 
of hexagonal wurtzite ZnO nanoparticles. The particle size of ZnO was decreased after being 
doped with Y. The average nanoparticles were 72.91 ± 24.68 nm, 24.05 ± 7.24 nm, 21.83 ± 4.90 nm 
and 21.55 ± 3.81 nm for pure ZnO, 1% Y-doped ZnO, 3% Y-doped ZnO and 5% Y-doped ZnO, 
respectively. The maximum absorption of Y-doped ZnO was red-shift because of the formation 
of shallow level inside band gap caused by impurities containing in ZnO lattice. The activity of 
as-synthesized samples was evaluated based on the photodegradation of methylene blue (MB) 
under visible light irradiation. In this research, 3% Y-doped ZnO nanoparticles exhibited the 
highest efficiency of 97.19% within 100 min. •OH and •O2

− radicals are main active species for MB 
degradation over Y-doped ZnO nanoparticles under visible light irradiation. The recycled test of 
3% Y-doped ZnO nanoparticles was proved that 3% Y-doped ZnO nanoparticles are excellent pho-
to-corrosion resistance and have stability for practical application under visible light irradiation.
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1. Introduction

Zinc oxide as an n-type semiconductor with wide 
band gap energy (3.37 eV) and high excitonic binding 
energy (~ 60 meV) is one of the most promising semicon-
ductor materials in the field of optoelectronic devices and 

solar energy conversion because it has excellent properties 
such as environmental material, high redox potential, low 
cost and high physical and chemical stability [1–4]. ZnO is 
an efficient photocatalyst in the degradation of numerous 
organic pollutants such as nitric oxide [1], orange G (OG) 
[2], methylene blue (MB) [3–6], rhodamine B (RhB) [4,7,8], 
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methyl orange (MO) [9,10] and chlorophenols [11] contain-
ing in water and air. It has high efficiency and mobility of 
photo-induced charge carriers [4,12,13]. Moreover, the pho-
tocatalytic application of ZnO is limited by high rate of pho-
togenerated electron–hole pair recombination and it is active 
in only UV radiation [9,11,14]. To solve this problem, rare 
earth metal doped in ZnO lattice acts as an electron acceptor 
to suppress the recombination of photogenerated electron–
hole pairs. It is responsive with visible light by producing 
impurity level within band gap, and the visible-light-driven 
photocatalytic reaction of ZnO is enhanced [2,4–6,9].

ZnO nanoparticles can be synthesized by different tech-
niques such as sol–gel [1,9,11], co-precipitation [3,4,6], hydro-
thermal reaction [7,13,14], combustion [15–17] and micro-
wave-assisted solution synthesis [18,19]. Among the various 
synthetic methods, combustion as exothermic redox reaction 
has some advantages over others. This method is used for 
large scale production because it has the utilization of heat 
release from combustion of metal nitrate acted as conven-
tional oxidant and oxidation reaction of hydrocarbon species 
as fuel which can lead to release an enormous amount of 
heat [15,20–22]. Tartaric acid as a fuel was commonly used in 
the synthesis of metal oxide nanoparticles because carboxyl 
groups of tartaric acid are required for the formation of metal 
ion complexes to obtain homogeneous polyester precursor 
whereas hydroxyl groups are necessary for subsequent poly-
esterification of carboxyl groups, resulting to the pure phase, 
size distribution and crystallinity of the products at a given 
calcination temperature [15,20,22,23].

In this work, a series of Y-doped ZnO nanoparticles were 
synthesized by tartaric acid assisted combustion method. 
The prepared samples were characterized for phase, mor-
phology and optical property. The photocatalytic perfor-
mance of as-synthesized Y-doped ZnO nanoparticles was 
evaluated through the degradation of methylene blue (MB) 
under visible light irradiation. The trapping experiment was 
also studied to investigate the photocatalytic activity.

2. Experimental procedure

0.01 mol Zn(NO3)2·6H2O and 0–5 wt.% Y(NO3)3·6H2O 
were weighted and dissolved in 50 mL C2H5OH solutions 
at room temperature. The two dissolved solutions were 
mixed under continued magnetic stirring. Subsequently, 
0.010 mol tartaric acid and 0.001 mol NaOH were weighted 
and dissolved in 50 mL C2H5OH at room temperature. 
Then, tartaric acid and NaOH solutions were also added 
to the mixed solution under continued magnetic stirring 
to form precipitates. In the end, the precipitates were fil-
tered, washed with distilled water and ethanol, and dried 
in an electric oven at 80°C for 24 h. The dried precipitates 
were calcined in an electric furnace with a heating rate of 
10°C/min at 600°C for 2 h.

Thermal analysis of dried gel was analyzed by ther-
mogravimetric analysis (STA 8000 Simultaneous Thermal 
Analyzer (TGA), PerkinElmer) in nitrogen atmosphere with 
10°C/min heating rate at TR-800°C. The phase of products 
was characterized by X-ray diffraction (XRD) on a Philips 
X’Pert-MPD X-ray diffractometer equipped with Cu-Kα 
radiation ranging from 10° to 80° at a scanning rate of 
0.005 deg/s. The morphology and elemental component were 

characterized by transmission electron microscopy (TEM) 
and selected area electron diffraction (SAED) taken on a 
JEOL JEM 2010 TEM with an acceleration voltage of 200 kV. 
Fourier-transform infrared spectroscopy (FTIR) of samples 
were analyzed by a Bruker Tensor 27 FTIR spectrometer at 
400–4,000 cm–1 with 4 cm–1 resolution. Raman spectra of sam-
ples were analyzed by a Horiba Jobin Yvon T64000 Raman 
spectrometer with 514.5 nm wavelength Ar green laser. The 
surface and oxidation state of elements of sample were ana-
lyzed by Axis Ultra DLD|Kratos–Kratos Analytical X-ray 
photoelectron spectroscopy (XPS) using monochromated 
Al Kα radiation (1,486.6 eV) as a providing source and using 
the C 1s electron peak at 285.0 eV as a standard. The opti-
cal properties of samples were studied by a PerkinElmer 
Lambda 25 UV-Visible spectrometer at room temperature.

The photocatalytic activities of ZnO with and without 
Y dopant were monitored through methylene blue (MB) 
degradation under visible light irradiation. Each 200 mg of 
ZnO with and without Y dopant was weighted and added 
in 200 mL 10–5 M MB aqueous solutions which were mag-
netically stirred in the dark for 30 min. Then visible light 
irradiation from 35 W xenon lamp was turned on and the 
suspension solution was collected every 20 min interval for 
100 min. The concentration of MB after photocatalytic reac-
tion was analyzed by UV-Visible spectroscopy (PerkinElmer 
Lambda 25 UV-Visible spectrometer) at 664 nm wavelength. 
The decolorization efficiency (%) was calculated by:

Decolorization efficiency %� � � �
�

C C
C

t0

0

100  (1)

where Co and Ct are the concentrations of MB before and 
after visible light irradiation.

3. Results and discussion

A suitable calcination temperature of precursor was 
analyzed by thermogravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) at TR-800°C at a heating rate 
of 10°C/min in nitrogen atmosphere with a flowing rate of 
50 mL/min as the results shown in Fig. 1. The TGA curve 
of precursor shows two steps of weight loss at TR-226°C 
and 226°C–542°C while the DTA curve of precursor shows 
an exothermic peak between 310°C–373°C with a max-
imum peak at 324°C. The first weight loss of precursor at 
TR-226°C is about 8.70% which is assigned to the loss of 
residual water containing in the precursor [15,17,20,21,24]. 
The second TGA step of precursor at 226°C–542°C shows the 
rapid decomposition process with weight loss of 55.54% due 
to the decomposition of hydrocarbon, carboxylic group of 
tartaric precursor and NO3

− residue, including the transfor-
mation of precursor to crystalline product [15,17,20,21,24]. 
The process is associated with the exothermic peak at 
324°C in DTA graph due to the pyrolysis process by trans-
forming metal- tartaric acid precursor into crystalline ZnO 
structure [17,22,24]. Above 542°C, the weight of precursor 
was no longer decreased. Thus, the suitable calcination 
temperature of precursor is 600°C in this research.

XRD patterns of ZnO with and without different weight 
contents of Y are shown in Fig. 2. The XRD pattern of pure 
ZnO sample shows nine diffraction peaks at 31.83°, 34.58°, 
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36.31°, 47.56°, 56.13°, 62.97°, 66.53°, 67.98° and 69.13° which 
can be indexed to (100), (002), (101), (102), (110), (103), 
(200), (112) and (201) crystal planes of hexagonal wurtzite 
ZnO structure in agreement with the JCPDS No. 36-1451, 
respectively [25]. When Y was doped in ZnO samples, 
they showed nine diffraction peaks at almost the same 
diffraction angles as those of pure ZnO sample. The 5% 
Y-doped ZnO sample showed the diffraction peaks located 
at 31.73°, 34.36°, 36.30°, 47.54°, 56.56°, 62.94°, 66.54°, 67.93° 
and 69.04° for the (100), (002), (101), (102), (110), (103), 
(200), (112) and (201) crystal planes of hexagonal wurtz-
ite ZnO structure (JCPDS No. 36-1451 [25]), respectively. 
The results indicated that Y3+ ions were uniformly distrib-
uted across the ZnO crystal lattice [2,5,6,9]. Clearly, three 

main diffraction peaks of Y-doped ZnO (Fig. 2b) showed 
the slight shift to lower diffraction angle because the ionic 
radius of Y3+ ion (1.019 Å [26–28]) is larger than the ionic 
radius of Zn2+ ion (0.74 Å [6,9,29,30]). Possibly, doped Y3+ 
ions were mainly substituted for regular Zn2+ lattice sites 
during combustion reaction [2,6,31]. Other phases such 
as Y2O3 and other impurities were not detected in these 
doped samples. The calculated unit cells of samples were 
a = 3.2436 Å and c = 5.1834 Å for ZnO and a = 3.2536 Å and 
c = 5.2156 Å for 5% Y-doped ZnO [2,4,6,9,32]. Thus, the unit 
cell of ZnO was enlarged after being doped with Y due to 
the lattice dislocation occurring in hexagonal ZnO lattice 
[2,6,32]. They should be noted that the intensities of dif-
fraction peaks of Y-doped ZnO were decreased with the 
increase of weight content of Y. Thus, the degree of crystal-
linity and crystallite size of the samples were decreased by 
the doped Y which was the redistribution and rearrange-
ment of surface atoms and alteration of surface bonds 
occurring inside [2,32]. The crystallite sizes of samples 
were calculated by the below Scherrer equation.

D �
K�

� �cos
 (2)

where D is the crystallite size, K is the dimensionless shape 
factor with a value close to unity, β is the full width at half 
maximum and θ is the diffraction angle of the (101) crys-
tal plane and λ is the wavelength of Cu Kα (1.54056 Å) 
[3,4,6,15,17]. The calculated crystallite sizes of samples 
were 38, 30, 26 and 24 nm for 0%, 1%, 3% and 5% Y-doped 
ZnO samples, respectively.

Wurtzite ZnO has hexagonal structure and belongs 
to the C4

6v space group with eight types of optical 
modes located at the middle (Γ point) of Brillouin zone: 
Γ = 1A1 + 2B1 + 1E1 + 2E2 where A1 and E1 belong to two 
polar branches [15,19,33,34]. In case of nonpolar E2, modes 

Fig. 1. TGA and DTA graphs of Zn-tartaric acid precursor 
with 5% Y dopant at TR-800°C in nitrogen atmosphere.

Fig. 2. XRD patterns of 0%–5% Y-doped ZnO samples synthesized by a tartaric acid-assisted combustion method over the 2θ range 
of (a) 10°–80° and (b) 30°–38°.
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of low frequency (E2L) are assigned to the Zn sub-lattice 
[15,19,33,34]. The other case, only oxygen atoms involve 
with high frequency mode (E2H) [15,19,33,34]. The inactive 
B1 mode is silent [15,19,33,34]. Fig. 3a shows the Raman 
spectra of the ZnO and 5% Y-doped ZnO samples at 200–
800 cm–1 at room temperature. Raman spectrum of ZnO 
without Y dopant shows peaks located at 335, 379, 404, 438, 
and 535 cm–1. The dominant Raman peak of ZnO without Y 
dopant at 438 cm–1 corresponds to the E2(high) mode of wurtz-
ite ZnO structure [13,15,19,33–35]. The low intensity peaks 
observed around 335 and 379 cm–1 are attributed to the sec-
ond-order Raman spectrum arising from zone-boundary 
phonons E2(high)–E2(low) and A1(TO) modes of wurtzite ZnO 
structure [13,15,19,33–35]. The weak Raman peak at 535 cm–1 
can be assigned to E1(LO) relating to the oxygen lattice dis-
tortion and defect in ZnO lattice such as oxygen vacan-
cies (VO) and zinc interstitials (Zni) [13,15,19,33–35]. They 
can be seen that the Raman spectrum of 5% Y-doped ZnO 
sample corresponds well to those of ZnO without Y dop-
ant. Moreover, the Raman peak at 438 cm–1 of 5% Y-doped 
ZnO was broadened owing to the disorder of ZnO lattice. 
It can be seen that the Raman peaks at about 500–700 cm–1 
of Y-doped ZnO samples become stronger which ascribed 
to the local vibrational mode of Y3+ substituted for Zn2+ in 
ZnO lattice and oxygen vacancies induced inside [29,34].

Fig. 3b shows FTIR spectra of ZnO and 5% Y-doped ZnO 
samples synthesized by combustion method. The FTIR spec-
trum of pure ZnO sample shows the sharp band at 427 cm–1 
related to the stretching mode of Zn–O [3,6,13,15,19,29,36]. 
The FTIR spectrum of 5% Y-doped ZnO sample was blue 
shift to 434 cm–1 due to the change of bond length upon the 
substitution of Y3+ for Zn2+. The results certified that Y ions 
were successfully incorporated in ZnO crystal structure 
[3,6,29,36–38].

The oxidation state of element containing in 3% 
Y-doped ZnO sample was analyzed by XPS (Fig. 4) using 
C 1s peak at 285.0 eV as the reference for calibration of 
binding energy. XPS survey spectrum of 3% Y-doped ZnO 

sample (Fig. 4a) was detected only the Y, Zn and O ele-
ments. Other elements were not detected in XPS analysis, 
indicating that the sample is very pure. Fig. 4b shows the 
XPS spectrum of Y 3d core level of 3% Y-doped ZnO. The 
sample shows four binding energy peaks at 156.83 and 
158.05 eV for Y 3d5/2 and 158.70 and 160.40 eV for Y 3d3/2, 
suggesting the formation of Y–O and Y–OH bonds in ZnO 
lattice because Y3+ ions were incorporated in the ZnO lat-
tice [39–42]. The two symmetric binding energies of Zn 2p 
core level (Fig. 4c) shows the strong peaks at 1,021.17 and 
1,044.29 eV for 3% Y-doped ZnO sample corresponding to 
Zn 2p3/2 and Zn 2p1/2 orbitals. The orbital splitting of Zn 
2p core level is 23.12 eV. Thus, the oxidation state of 3% 
Y-doped ZnO is divalent [6,9,16,32]. The asymmetric bind-
ing energy of O 1s core level (Fig. 4d) was de-convoluted 
into three peaks at 530.11, 531.49 and 532.40 eV for 3% 
Y-doped ZnO sample corresponding to Zn–O bond, oxy-
gen vacancy and chemisorbed oxygen species, respectively. 
It can be seen that strong oxygen defect containing in 3% 
Y-doped ZnO sample act as a sink for photo-induced elec-
tron and hole, which can lead to enhance photocatalytic 
activity of Y-doped ZnO [6,9,16,32].

The morphologies of ZnO and Y-doped ZnO were 
observed by TEM as the results shown in Fig. 5. In this 
research, all samples were composed of spherical nanopar-
ticles with different particle sizes. The particle size of sam-
ple was decreased with increasing in the concentration of 
Y dopant. The average and standard deviation of ZnO 
and Y-doped ZnO nanoparticles were 72.91 ± 24.68 nm, 
24.05 ± 7.24 nm, 21.83 ± 4.90 nm and 21.55 ± 3.81 nm for 
pure ZnO, 1% Y-doped ZnO, 3% Y-doped ZnO and 5% 
Y-doped ZnO, respectively. The selected area electron dif-
fraction patterns of ZnO and Y-doped ZnO samples inserted 
in Fig. 5 shows bright continuous concentric rings of dif-
fraction electron spots, indicating that all samples were 
well polycrystal. They can be indexed to the (100), (002), 
(101), (102) and (110) planes of hexagonal ZnO structure in 
accordance with the above XRD analysis.

Fig. 3. (a) Raman and (b) FTIR spectra of pure ZnO and 5% Y-doped ZnO samples.
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The optical property of ZnO with and without Y dopant 
was investigated by UV-Visible spectroscopy as the result 
shown in Fig. 6. The pure ZnO and Y-doped ZnO sam-
ples showed excellent UV absorption with the maximum 
absorption at 367 nm for ZnO and 374 nm for 5% Y-doped 
ZnO which is typically associated with charge transfer 
process from valence band to conduction band [2,4,6,8,16]. 
Moreover, the maximum absorption of Y-doped ZnO was 
red-shifted due to the formation of shallow level inside band 
gap caused by impurity containing in the lattice [4,6,43,44]. 
The energy gap was calculated using the equation: Eg 
(eV) = 1,240/λg. The band gap of sample was decreased from 
3.37 eV for ZnO to 3.31 eV for 5% Y-doped ZnO, indicating 
that Y dopant played the role in influencing the band gap 
of ZnO which is the benefit to enhance the photocatalytic 
activity of ZnO under visible light irradiation [2,4,6,43,44].

The MB as a dye model was selected to investigate 
the photocatalytic activity of the as-synthesized ZnO and 

Y-doped ZnO samples under visible light irradiation. Fig. 7 
shows the absorption spectra of MB in the presence of ZnO 
and Y-doped ZnO nanoparticles under visible light irradi-
ation for different lengths of irradiation time. Clearly, the 
intensity at maximum absorption wavelength of MB was 
deceased with increasing in the irradiation time from 0 to 
100 min. In this research, the 3% Y-doped ZnO nanopar-
ticles show the decrease of MB content faster than any 
other samples. The Y dopant played the role in degrading 
of MB dye photocatalyzed by ZnO nanoparticles under 
visible light irradiation.

Fig. 8a shows the degradation of MB photocatalyzed 
by pure ZnO and Y-doped ZnO nanoparticles illuminated 
by UV light. The Y-doped ZnO nanoparticles have the effi-
ciency higher than un-doped ZnO nanoparticles. Among 
them, the 3% Y-doped ZnO nanoparticles show the high-
est photocatalytic activity. The photodegradation of MB 
were 20.16%, 78.58%, 97.19% and 92.34% for pure ZnO, 

Fig. 4. (a) XPS survey spectrum and (b–d) high-resolution XPS spectra of Y 3d, Zn 2p and O 1s of 3% Y-doped ZnO, respectively.
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1% Y-doped ZnO, 3% Y-doped ZnO and 5% Y-doped ZnO 
nanoparticles, respectively. In particular, Y-doped ZnO 
nanoparticles absorbed photon which can lead to photo-ex-
cited electrons and photo-induced holes in conduction and 
valence bands of ZnO nanoparticles [2,5,6,9,29]. The Y3+ ion 
accepted the photo-excited electron and was transformed 
into Y2+ ion. The recombination of electron and hole was 
inhibited, the lifetime of electron and hole was lengthened, 
and the photocatalytic reaction was enhanced [5,6,9,29]. The 
Y2+ ion was oxidized by reacting with dissolved O2 to gen-
erate •O2

− radical while the photo-induced hole at valence 
band diffused to surface of Y-doped ZnO nanoparticles and 
reacted with OH−/H2O to produce •OH radical [5,6,9,29]. 
The •O2

− and •OH radicals played the role in degrading of 
MB to final products [5,6,8,9,29]. Fig. 8b shows the plot 
of ln(Co/Ct) vs. time for the degradation of MB photocat-
alyzed by ZnO and Y-doped ZnO nanoparticles under 
visible light irradiation. The photodegradation kinetics 
of MB over ZnO and Y-doped ZnO nanoparticles can be 
calculated by the Langmuir–Hinshelwood kinetic model 
[6,15,25,29]. For the linear graph with R2 > 0.95, the kinetic 

Fig. 5. TEM images and SAED patterns of the as-synthesized (a–d) 0%, 1%, 3% and 5% Y-doped ZnO samples, respectively.

Fig. 6. UV-Visible absorption of ZnO and 5% Y-doped ZnO 
samples.
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Fig. 7. UV-Visible absorption of MB solutions photocatalyzed by (a–d) 0%, 1%, 3% and 5% Y-doped ZnO nanoparticles under visible 
radiation, respectively.

Fig. 8. (a) Decolorization efficiencies and (b) reaction kinetics for photodegradation of MB by 0%–5% Y-doped ZnO nanoparticles 
induced by visible radiation.
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reaction of MB degradation over photocatalyst is the pseu-
do-first-order kinetic model [6,13,15]. The rate constants 
of MB degradation over photocatalyst were 2.20 × 10−3, 
0.0152, 0.0346 and 0.0267 min−1 for pure ZnO, 1% Y-doped 
ZnO, 3% Y-doped ZnO and 5% Y-doped ZnO, respectively. 
Particularly, the 3% Y-doped ZnO nanoparticles have the 
highest rate constant for MB degradation. The rate constant 
of 3% Y-doped ZnO nanoparticles is 15.73 times that of pure 
ZnO nanoparticles. Y ion, an electron donor, reacted with 
adsorbed oxygen and led to prevent electron–hole recom-
bination [6,32]. In addition, the active species for MB deg-
radation photocatalyzed by Y-doped ZnO nanoparticles 
was investigated by the use of ethylenediaminetetraacetic 
acid disodium salt (EDTA-2Na), isopropyl alcohol (IPA) 

and benzoquinone (BQ) as the scavengers of h+, •OH and 
•O2

− (Fig. 9) [13,45,46]. When EDTA-2Na, IPA and BQ were 
added in the photocatalytic reactor, the photodegradation 
efficiencies were deceased to 86.23%, 13.75% and 25.78%, 
respectively. Clearly, •OH and •O2

− radicals are main active 
species for MB degradation over Y-doped ZnO nanoparti-
cles under visible light irradiation.

The photostability and reusability of 3% Y-doped ZnO 
nanoparticles were tested under visible light irradiation 
(Fig. 10). At the end of five recycles, the efficiency in degrad-
ing of MB photocatalyzed by 3% Y-doped ZnO nanopar-
ticles was reduced to 92.15%. Thus, the 3% Y-doped ZnO 
nanoparticles were stable enough for practical application. 
Furthermore, the phase and structure of reused 3% Y-doped 
ZnO nanoparticles at the end of the 5th recycle was analyzed 
by XRD (Fig. 11). It can be classified as hexagonal wurtzite 
structure of ZnO in agreement to the JCPDS No. 36-1451. 
The result indicated that the 3% Y-doped ZnO nanoparti-
cles were excellent photo-corrosion resistance and stable for 
practical application under visible light irradiation.

4. Conclusions

In summary, Y-doped ZnO nanoparticles as visible-light 
driven photocatalyst were successfully synthesized by 
a tartaric acid-assisted combustion method. All samples 
can be indexed to the pure phase of hexagonal wurtz-
ite ZnO nanoparticles with the sizes of 72.91 ± 24.68 nm, 
24.05 ± 7.24 nm, 21.83 ± 4.90 nm and 21.55 ± 3.81 nm for pure 
ZnO, 1% Y-doped ZnO, 3% Y-doped ZnO and 5% Y-doped 
ZnO, respectively. The 3% Y-doped ZnO nanoparticles exhib-
ited the highest MB degradation under visible light irradi-
ation because Y3+ ions as electron acceptors played the role 
in inhibiting the recombination of electrons and holes and 
enhancing the photocatalytic reaction. In this research, 3% 
Y-doped ZnO nanoparticles were excellent photo-corrosion 
resistance and have stability for practical application under 
visible light irradiation.

Fig. 9. Effect of different scavengers on the degradation of MB 
photocatalyzed by 3% Y-doped ZnO nanoparticles under visible 
radiation.

Fig. 11. XRD patterns of 3% Y-doped ZnO nanoparticles before 
and after photocatalytic reaction within five cycles.

Fig. 10. Stability and recyclability of the reused 3% Y-doped ZnO 
nanoparticles illuminated by visible light within five cycles.
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