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Band gap narrowing is of significance and advantage for 
potential visible light photocatalytic applications. Here we have 10 

reported an effective strategy for the large-scale synthesis of 
yellow ZnO mesocrystals with narrow band-gap (Eg = 3.09 eV) 
and visible light response using Zn(OH)F precursors. Raman and 
X-ray photoelectron spectroscopy (XPS) spectra reveal that a 
large amount of oxygen vacancies exist in the yellow ZnO 15 

mesocrystals, and the concentration of oxygen defects decreases 
with an increase of annealing temperature in air. Oxygen 
vacancies result in a narrowing band-gap and increase the visible 
light response of the yellow ZnO. Electron paramagnetic 
resonance (EPR) spectra confirm that abundant surface defects 20 

exist in yellow ZnO, leading to strong photoluminescence 
emission. The yellow ZnO mesocrystal is found to be efficient for 
photodecomposition of methyl blue (MB) under visible light 
irradiation. It is demonstrated that highly ordered porous 
mesocrystals are favorable for directional transport and high 25 

efficient separation of charge carriers. Notably, our yellow ZnO 
ring sample is very stable for at least one year. Therefore, our 
present work highlights the feasibility of simultaneously 
engineering of oxygen vacancies and visible light response for 
designing novel ZnO-based materials for solar energy conversion. 30 

 
Introduction 
 

More research interests have focused on the search for cost-
effective, sustainable and green energy sources to meet the global 35 

energy demands because of increasing environmental 
contaminations and growing threat of current energy crisis. The 
use of solar energy for complete removal of organic pollutants on 
highly effective photocatalysts has long been regarded as the 
ultimate solution in that semiconductor based photocatalysis 40 

takes place at ambient temperature via green chemical process.1 
The increasing demand for low cost and highly efficient materials 
capable of solar energy generation and conversion is much 
desired. Metal oxides, as a family of attractive and promising 
materials, have been widely investigated for photocatalytic 45 

applications owing to its relatively high chemical stability, 
abundance, low-cost and non-toxicity.   

  A mesocrystal is a quasi-single crystal consisting of individual 
nanocrystals (size within the mesoscale) as the subunits, these 
building blocks are vectorially aligned in a common 50 

crystallographyic mode and form an entirely new class of porous 
superstructures with rough surface and elongated electron 
diffraction pattern similar to that of a single crystal.2,3 
Mesocrystals highlight a general route to design a crystal 
morphology using anisotroptic subunits, and a new feasibility of 55 

constructing multifunctional materials with exciting properties. 
Now, mesocrystals have attracted interests in materials chemistry, 
life science and crystallization related fields. In recent years, 
some semiconductors have been prepared as mesocrystals.4,5 It is 
demonstrated that highly ordered porous mesocrystals are 60 

favorable for high efficient and directional transport of charge 
carriers.6  

Zinc oxide (ZnO), a typical n-type semiconductor with a 
relatively wide band gap (Eg = 3.24 eV at 300 K) and large 
excitonic binding energy (60 meV), has attracted a considerable 65 

interests owing to its potentials in UV laser devices, piezoelectric 
nanogenerators, sensors and biomedical labels. Recently, ZnO 
nanostructures have been used as an alternative to TiO2 for the 
UV photocatalytic degradation of organic pollutants due to their 
non-toxic and high photocatalytic efficiency.7 It is well known 70 

that bulk ZnO has a large band gap and can not be excited by 
visible light, which greatly restricts the photocatalytic reaction 
efficiency with visible light or solar light. Because of its no 
visible light response, it is of significance to extend ZnO 
nanomaterials to the visible light or solar light response for 75 

visible light photocatalytic degradation of contaminants and solar 
energy conversion devices.  

For semiconductor photocatalysts, foreign metal or nonmetal 
element doping has been widely developed to tune the electronic 
and band structures of wide band gap metal oxides such as TiO2 80 

and ZnO. Besides doping with foreign elements, self-doping has 
also been used to tailor the electronic and band structures of 
semiconductors,8-13 such as oxygen-defective TiO2-x and SnO2-

x.
8,9 We have recently reported the Sn2+ self-doping of SnO2-x 

nanoparticle enables its efficient absorption in the visible light 85 

region and high photocatalytic activity. Justicia et al.11,13 carried 
out a series of first-principle calculations to evaluate the effect of 
oxygen defects on the electronic structures of TiO2-x, and found 
that the oxygen defects increase the gap states to generate a mini-
band below the conduction band. The electrons in these oxygen 90 

vacancy states are able to transport and make a contribution to the 
conduction by harvesting visible light.  

Previous studies found that ZnO color turned from white to 
yellow when ZnO was annealed at high temperature,14−17 This 
color change results from the formation of oxygen vacancies in 95 

ZnO by calcination. These works inspire us an idea to effectively 
extend the visible light absorption by introducing oxygen defects 
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in ZnO nanostructures. However, in previous studies, the oxygen 
vacancies in ZnO are not stable after high temperature calcination 
treatment, and ZnO gradually changes from yellow to white again 100 

when it is cooled down to room temperature. Moreover, the 
concentration of oxygen vacancies in ZnO samples is usually low, 
it might not be sufficient to substantially extend ZnO absorption 
to the visible light regions. Although there have been some 
studies on the relationship between the oxygen vacancies and 105 

photocatalytic performance of ZnO,18−22 the reports on defect-
driven band gap narrowing for ZnO are still limited.23-26  

Recently, Uekawa’s and Jobic’s works27−29 demonstrated that 
ZnO nanoparticles contained rich oxygen vacancies could be 
obtained by calcining zinc peroxide nanoparticles at temperature 110 

over than 513 K, which inspired us that it might be a simple 
strategy to incorporate oxygen vacancies into ZnO crystal lattices 
by annealing some specific precursors. Herein, we prepared 
yellow ZnO mesocrystals (ZnO-500) with abundant oxygen 
vacancies by annealing Zn(OH)F precursors at 500 ºC in air. The 115 

influences of annealing temperature on the concentrations of 
oxygen vacancies in as-made ZnO were systematically explored, 
as well as the oxygen vacancies driven visible light photocatalytic 
reactions. The results demonstrate that abundant oxygen 
vacancies in ZnO samples can efficiently expand the visible light 120 

absorption range of ZnO mesocrystals, thus improving visible 
light photocatalytic activity. Higher oxygen vacancy 
concentration indeed results in stronger absorption of visible light 
and band gap narrowing. Moreover, we propose a possible 
mechanism that is responsible for the narrowing of ZnO band gap 125 

and the improvement in visible light photocatalytic activity. 
 

Experimental Section 
 
Synthesis of Zn(OH)F precursor and yellow ZnO 130 

mesocrystal. 

 
All chemicals (hexamethylenetetramine (HMT), HF and zinc 

acetate dihydrate (Zn(AC)2•2H2O)) were of analytical reagent 
grade and used as received without further purification. 135 

In a typical procedure, 5 mmol of Zn (AC)2•2H2O was 
dissolved in 35 mL of deionized water. Then 5 mmol of HMT 
was added under stirring. The mixture was magnetically stirred 
for 10 min. And an aqueous solution of 400 µL HF (30 wt %) was 
gradually added under constant stirring. Then the solution was 140 

transferred into a 50 mL Teflon-sealed autoclave and maintained 
at 160 ºC for 6 h. After cooled to room temperature, the white 
Zn(OH)F product was separated from the solution and thoroughly 
washed several times by deionized water and dried at 60 ºC in a 
vacuum oven. The obtained Zn(OH)F precursors were calcined in 145 

the air at 500 ºC and 800 ºC for 2 h, and the obtained ZnO 
samples are labeled ZnO-500 and ZnO-800, respectively. 

ZnO-ref was obtained by the similar method with ZnO-500 
except that HF was not added in the reaction system. 

 150 

Photocatalytic activity measurements 

 
The photocatalytic activities of the samples were tested by the 

photocatalytic decomposition of methylene blue (MB) at room 
temperature with visible light irradiation. Typically, 40 mg of 155 

photocatalyst was dispersed in 40 mL of 10 mg/L MB aqueous 
solution in a reactor of double layer cooled by running water to 
keep the temperature unchanged. Prior to irradiation, the 
suspension was magnetically stirred in the dark for 1 h to ensure 
an adsorption/desorption equilibrium of MB on the surface of the 160 

photocatalyst. Then, the suspension was illuminated by the 500 
W Xe lamp combined with a UV cutoff filter (λ ≥ 400 nm) 

under stirring. At irradiation time intervals of 30 min, the 
suspension was withdrawn, and centrifuged to remove the 
photocatalyst. The degradation of MB was monitored with a UV 165 

1800PC spectrophotometer (Shanghai Mapada Instruments). 
Additionally, the recycle experiments were performed for five 
recycles to test the durability. After each cycle, the catalyst was 
centrifugation and used directly for the next test. 

Photoelectrochemical test systems were composed of a CHI 170 

660D electrochemistry potentiostat (Shanghai Chenhua Limited, 
China), a 300 W xenon lamp with cutoff filters (λ ≥ 400 nm), 
and a homemade three-electrode cell with using Pt wire as the 
counter electrode and Ag/AgCl as reference electrode, and 1 M 
Na2SO4 as electrolyte. ZnO-500, ZnO-800 and ZnO-ref 175 

electrodes were prepared by depositing suspensions (the 
concentration of sample dissolved by absolute ethanol is 10 
mg•mL-1) onto Ti foil using the doctor-blade coating method with 
a glass rod and scotch tape as a frame and spacer, respectively. 
The electrodes were annealed at 90 ºC for 24 h. During 180 

measurements, the electrodes were pressed against a □-shape of 
an electrochemical cell with a working area of 4.0 cm2. 

 
Characterization 

 185 

The X-ray powder diffraction (XRD) patterns of the products 
were performed on a Rigaku/Max-3A X-ray diffractometer with 
Cu Kα radiation (λ = 1.54178 Å), the operation voltage and 
current was maintained at 40 kV and 200 mA, respectively. The 
SEM images were taken using a field-emission scanning electron 190 

microscope (Hitachi S-4800) operated at an accelerating voltage 
of 5 kV. Transmission electron microscopic (TEM) images, high-
resolution transmission electron microscopic (HRTEM) images 
and the selected area electron diffraction (SAED) patterns were 
performed on a JEOL-2010 microscope with an accelerating 195 

voltage of 200 kV. UV-vis diffuse-reflectance spectrum was 
recorded with a UV-2450 spectrophotometer in the wavelength 
range of 200-800 nm at room temperature. BaSO4 was used as the 
reflectance standard material. The X-Ray photoelectron 
spectroscopy (XPS) was performed on a Perkin-Elmer RBD 200 

upgraded PHI-5000C ESCA system. Raman spectra were 
measured with a Perkin–Elmer 400F Raman Spectrometer using a 
514.5 nm laser beam. The electron paramagnetic resonance (EPR) 
spectra were recorded on a JEOL JES-FA200 EPR spectrometer 
(300 K, 9064 MHz, 0.998 mW, X-band). The g values were 205 

determined using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
standard. The photoluminescence emission spectra (PL) were 
recorded on a FLS920 spectrophotometer equipped with a 150-W 
xenon lamp as the excitation source at room temperature. 
Nitrogen adsorption measurements were performed at 77 K using 210 

a Micromeritics Tristar II 3020 M analyzer after the samples were 
degassed at 180 ºC for 6 h. The Brunauer-Emmett-Teller (BET) 
surface area was estimated by using adsorption data in a relative 
pressure range from 0.05 to 0.3. 
 215 

Results and discussion 

 
The crystal structures of as-prepared Zn(OH)F precursor and 

the samples obtained after annealing under different temperatures 
were investigated by X-ray diffraction (XRD). As shown in 220 

Figure 1, the diffraction peaks of the precursor could be indexed 
to orthorhombic phase Zn(OH)F (JCPDS file No.32-1469). The 
samples obtained from annealing Zn(OH)F at different 
temperature all display a hexagonal wurtzite structure of ZnO 
crystals (JCPDS No. 36-1451) with well crystallinity. 225 
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Fig. 1 XRD diffraction pattern of the obtained ZnO with different 
annealing temperatures and ZnO-ref samples. 

 
The shape and microstructure of the samples were investigated 230 

by scanning electron microscopy (SEM). The Zn(OH)F precursor 
consists almost entirely of uniform hexagonal ring-like structures, 
as displayed in Figure 2a. These microrings have outer diameters 
of 5-9 µm, inner diameters of 2.5-4 µm. The hexagonal cross-
section of the outer shape and central hole are clearly seen. There 235 

is no obvious change of morphology for yellow ZnO denoted 
ZnO-500 (Figure 2b), which was obtained from calcining 
Zn(OH)F precursors at 500 °C in air for 2 h. Moreover, some 
pores can be found on the yellow ZnO rough surface, which were 
generated by the Zn(OH)F thermal decomposition.  240 

Transmission electron microscopy (TEM) was used to further 
examine the structures of yellow ZnO-500 mesocrystals. From 
Figure 2c, it can be found that each ZnO-500 ring has rough 
surface and many nanopores, in accordance with SEM 
measurements. High magnified TEM image (Figure 2d) displays 245 

that each ring is composed of abundant nanoplates and 
nanoparticles aligned along the same orientation. The selected 
area electron diffraction (SAED) pattern (inset of Figure 2d) 
recorded from the nanoparticles can be readily indexed as a 
hexagonal ZnO single crystal. From high-resolution TEM 250 

(HRTEM, Figure 2e) it is clearly shown that two nanoplates have 
the same crystallographic orientation along the [010] zone axis, 
confirming the formation of ZnO mesocrystals, this oriented 
nanostructure is favorable for directional transfer and efficient 
separation of electron and hole pairs.6  255 

The presence of pores in the ZnO-500 mesocrystals was 
confirmed by the nitrogen sorption isotherms and Barrett-Joyner-
Halenda (BJH) desorption analyses. As shown in Figure 3a, the 
isotherm is a type IV shape with a type H3 hysteresis loop at high 
relative pressures according to the IUPAC classification, which 260 

indicates that yellow ZnO-500 mesocrystal is mesoporous 
structures in the pore diameter range of 2-50 nm, which is a 
typical character of a mesocrystal. This result can be further 
demonstrated by the corresponding pore size distribution (Figure 
3b). It can be clearly seen that yellow ZnO-500 sample is 265 

mesoporous structures with the average pore size of 10.7 nm. The 
formation of mesopores results from the thermal decomposition 
of Zn(OH)F precursor. The porous structure could increase the 
photocatalytic activity of yellow ZnO-500 mesocrystals due to its 
large BET surface area (18 m2•g-1). It is notable that the yellow 270 

color of the obtained ZnO mesocrystals remains unchanged when 
kept in air for at least one year. 

 

 
 275 

Fig. 2 The SEM images of the Zn(OH)F precursor (a); yellow ZnO-500 
mesocrystals obtained by calcining Zn(OH)F at 500 °C in air for 2 h (b); 
TEM image of a single ZnO-500 ring (c); TEM (d, SAED inset) and 
HRTEM (e) images taken from a single ZnO-500 mesocrystal. 

 280 

 
Fig. 3 (a) Nitrogen adsorption-desorption isotherm and (b) the 
corresponding pore size distribution of the yellow ZnO-500. 
 

Raman scattering spectra were used to reveal the defects in the 285 

yellow ZnO mesocrystals. Figure 4 shows the room temperature 
Raman spectra of ZnO samples in the range of 200-800 cm-1. The 
Raman peaks at 438 and 383 cm-1 are attributed to the typical 
Raman vibration modes of the wurtzite phase ZnO.30,31 The peak 
at 331cm-1 is also observed and assigned to the multiple phonon 290 

scattering process.32 Besides these peaks, a small and suppressed 
peak at 585 cm-1 (Figure 4) has also been observed for ZnO-500, 
ZnO-800 and ZnO-ref samples, which results from the oxygen 
vacancies.33,34 The peak intensity of the yellow ZnO-500 at 585 
cm-1 is strongest among three samples, which implies that more 295 

oxygen vacancies exist in the yellow ZnO-500 mesocrystals. 
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Fig. 4 Room-temperature Raman spectra of ZnO-ref and ZnO obtained 
from annealing Zn(OH)F precursors at different temperatures. Red arrow 
points to the signal of oxygen vacancies.  300 

 
X-ray photoelectron spectroscopy (XPS) was used to probe the 

chemical states of oxygen for providing deep insight into the 
oxygen vacancies in the ZnO mesocrystals, XPS spectra of O1s 
are shown in Figure 5. The O1s spectra of the ZnO sample can be 305 

elucidated as the superposition of three peaks with Gaussian 
distribution, respectively appeared about 530.5, 531.9 and 533.4 
eV. The peak at 533.4 eV was previously ascribed to the presence 
of loosely bound oxygen on the surfaces of ZnO.35 The low 
binding energy component appeared at ca. 530.5 eV comes from 310 

the O2- ions in the wurtzite structure of a hexagonal Zn2+ ion 
array.36 The medium binding energy peak, centered at about 
531.9 eV, is attributed to O2- in the oxygen deficient regions 
within the matrix of ZnO.36,37 It is suggested that the intensity of 
this peak is correlated with the variation in the concentrations of 315 

oxygen defects. Consequently, the change in the intensity of this 
peak could be partly ascribed to the variation in the 
concentrations of oxygen vacancies. From the O1s spectra, it is 
can be clearly seen that the peak at 531.9 eV is much stronger in 
the ZnO-500 mesocrystals. The intensity of this peak decreases 320 

with increasing annealing temperature. As shown in Table S1 
(Supporting Information), the area ratio of the peak at 531.9 eV 
to the peak at 530.5 eV is ca 0.68 and 0.58, and the area ratio of 
the peak at 533.4 eV to the peak at 531.9 eV is ca 0.022 and 
0.011 for ZnO-500 and ZnO-800 samples, respectively. These 325 

results show that the oxygen vacancies and surface adsorptive 
oxygen in ZnO nanostructures decrease with an increase of 
annealing temperature, and more oxygen vacancies and surface 
adsorptive oxygen exist in the ZnO-500, which is consistent with 
the Raman spectra results. In general, F ion can be doped into 330 

ZnO in the synthesis or annealing process. Comparing XPS 
spectra of ZnO-500 and ZnO-800 (Figure S1), it is found that F 
signal peak appears in ZnO-500, but doesn’t appear in the ZnO-
800. As well known, fluorine is the most electronegative element 
and Zn-F binding energy is larger than that of Zn-O. When 335 

Zn(OH)F precursor is calcined at high temperature, some F atoms 
replace oxygen atoms and enter the crystal lattice. So, rich 
oxygen vacancies could be generated in ZnO-500 sample. 
Moreover, F is replaced gradually by O upon increasing the 
calcination temperatures, and then the concentration of oxygen 340 

defects such as ZnO-800 decreased. 

 
Fig. 5 XPS spectra for O1s of the ZnO-500 and ZnO-800 samples 
obtained by calcination of Zn(OH)F. 
 345 

To investigate the influence of oxygen vacancies on the energy 
gap of ZnO samples prepared under different calcination 
temperatures, the optical properties of obtained ZnO mesocrystals 
were measured using UV-visible diffuse reflectance spectroscopy 
(DRS). From Figure 6a, it can be found that ZnO-500 sample 350 

obtained by annealing Zn(OH)F precursor display a red shift to 
longer wavelength over than 400 nm by comparison with the 
ZnO-ref. The UV-visible diffuse reflectance spectra of ZnO 
samples obtained at different annealing temperatures are shown 
in Figure S2. It can be found that ZnO samples exhibit a blue 355 

shift to shorter wavelength with annealing temperature increase 
(500→800 ºC). This wavelength shift is caused by the oxygen 
vacancies in ZnO-500 and ZnO-800 samples, already 
demonstrated by the Raman and XPS data analysis. The higher 
concentration of oxygen defects is, the more wavelength red-shift 360 

is. It is thus confirmed that the oxygen vacancies can effectively 
expand yellow ZnO mesocrystals to the visible light absorption. 
For ZnO samples, the extrapolated value (a straight line to the x-
axis) of Ephoton at α=0 represents absorption edge energy 
corresponding to Eg that is the band gap of the sample, which 365 

follows plots of (αEphoton)2 vs. the energy of absorbed light, 
here α and Ephoton gives the absorption coefficient and the 
discrete photon energy, respectively. Figure 6b shows the band-
gap value of 3.17, 3.09 and 3.17 eV for ZnO-ref, ZnO-500 and 
ZnO-800, respectively. The obtained ZnO-500 mesocrystal 370 

displays yellow color, in accordance with its narrow band. The 
band gap narrowing is much associated with the oxygen defect 
concentrations. According to the XPS and Raman results, ZnO-
500 sample with the higher oxygen vacancy concentrations has 
the narrower band-gap and could have the better visible light 375 

response than ZnO-800 and ZnO-ref samples, as discussed later. 
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Fig. 6  (a) Diffuse reflectance spectra and (b) the plots of (αhν)2 vs. (hν) 
of ZnO samples, the inset shows the pictures of ZnO-500 and ZnO-ref 
samples. 380 

 
Electron paramagnetic resonance (EPR) spectra were measured 

for the as-made ZnO samples to further examine the intrinsic 
defect centers generated during the annealing Zn(OH)F 
precursors. From the X-band EPR signals of the ZnO (Figure 7), 385 

it is found that they exhibit a similar type of paramagnetic defect 
centre, and showing a single EPR line at g = 1.95. On the other 
hand, the origins of these intrinsic defects have not been clearly 
unravelled. Rather, they were assigned controversially to shallow 
donors, singly ionized oxygen defects, Zn vacancies, oxygen and 390 
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Zn interstitials.38−41 The EPR signal at g = 1.99 is ascribed to 
surface defects. Because its g-value is close to that of a free 
electron, O2

- superoxide ions generated from the oxygen or from -
OH groups on ZnO surfaces were proposed,42 which are in 
agreement with IR data (Figure S3). However, this is currently 395 

under debate about the origin of the defect centre. According to 
previous literature reports,43, 44 the EPR data could be simply 
elucidated as a core–shell model, here the signal at g = 1.95 is 
due to the ‘bulk’ (core) contribution and the one at g = 1.99 
originates from the surface (shell) of the ZnO. According to the 400 

analysis of XPS, a large amount of deficient oxygen atoms exist 
in ZnO-500. So the defects in our ZnO samples can be simply 
attributed to oxygen vacancies and surface defects, and thus 
generating strong visible light photoluminescence (PL) emission, 
as shown in Figure 8. 405 
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Fig. 7 X-Band EPR spectra of ZnO mesocrystals and ZnO-ref recorded at 
140 K. 

 
Figure 8 shows room temperature photoluminescent (PL) 410 

spectra of ZnO samples. A broad strong defect emission band 
from 370 nm to 800 nm centred at about 544 nm (green) of ZnO-
800 is observed, which is different from the emission centred at 
613 nm (red) of the yellow ZnO-500. Some models have been 
proposed to unravel the origin of the defective emission in ZnO. 415 

Interstitial zinc and oxygen,45 electronic transition from an 
interstitial Zn to a Zn vacancy,46 and extrinsic impurities,47 and 
the singly ionized oxygen vacancy41,48,49 were hypothetically 
explained for the green PL in ZnO. For our ZnO samples, the 
EPR spectrum with a g factor of 1.99 displays broadening and 420 

asymmetric characteristics, indicating that different types of 
oxygen-related defects might exist in the ZnO samples, and there 
also exists O- anion adsorption on the ZnO surfaces.50,51 
Therefore, the singly ionized oxygen defects are most possibility 
for the green PL emission of the ZnO-800. The PL peak at ca 613 425 

nm in yellow ZnO-500 is suggested to be correlated with the 
intrinsic and excess oxygen due to chemisorptions, in accordance 
with the XPS analysis. 
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Fig. 8 Room temperature solid-state PL spectra of ZnO samples (λex= 325 430 

nm) 
 

Based on the above results and the effect of the oxygen 
vacancies on the electronic structures of ZnO23,24 and the oxygen 
vacancies (Vo¨) defect energy levels calculated by Zheng et al.,18 435 

Figure 9 displays the effect of oxygen vacancy concentration on 
the energy level diagram for as-made ZnO from Zn(OH)F 
precursor. The oxygen vacancy level is < 0.9 eV below the 
conductive band-edge, it has no obvious effect on the band gap of 
ZnO when the concentration of oxygen defects is low (Figure 9a). 440 

While abundant oxygen vacancies exist in ZnO, the oxygen 
vacancy level becomes delocalized and then overlapped with the 
conduction band edge, resulting in band gap narrowing (Figure 
9b), which induces ZnO more efficient harvest of the visible 
light. Taken together, the red shift of the absorption edge 445 

displayed in Figure 6 can be easily understood. 

 
Fig. 9 The influence of oxygen vacancy concentrations on the band 
structures of as-prepared ZnO from Zn(OH)F precursor. (a) low and (b) 
high concentration of oxygen vacancies. 450 

 
We performed the photocurrent response measurements on a 

photoelectrochemical test device prepared by drop casting ZnO-
500, ZnO-800 and ZnO-ref dispersed alcohol solution onto a Ti 
foil. The photoresponse of yellow ZnO-500 mesocrystal under 455 

visible light illumination is presented in Figure 10. It shows that 
the photocurrent increased stepwise in the on-off cycles, owing to 
the continuous increase of the charge carrier concentration with 
visible light illumination until saturation. This phenomenon can 
be explained by the “light soaking” effect, previously observed in 460 

the photoanodes made from wide band-gap metal oxides such as 
SnO2, TiO2, etc.52–54 This “light soaking” effect of visible light 
can be observed not only in charge generation but also in the 
charge decay after light switch-off. In addition, the photocurrent 
response of ZnO-800 and ZnO-ref samples display a relatively 465 

low efficiency of photon-to-photocurrent conversion with several 
on/off illumination cycles. The photocurrent conversion 
efficiency of ZnO-500 mesocrystals is ca. 4 times higher than that 
of ZnO-800. The improvement of the photocurrents found for 
yellow ZnO-500 has further demonstrated the ZnO-500 band gap 470 

decreasing, because abundant oxygen vacancies play a key role in 
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narrowing the band gap instead of the formation the active 
centers or trap centers. Higher photocurrent indicates lower 
recombination of photogenerated e/h pairs, efficient charge 
carrier transport, and more visible light absorption for ZnO-500 475 

electrode, all these finally contribute to the improved visible 
photocatalytic activity. It is well known that semiconductor 
photocatalysis occurs through a series of oxidation and reduction 
reactions which take place on the light excited surfaces of 
photocatalyst. In general, higher photocurrent means enhanced 480 

photocatalytic activity. These results have clearly shown the 
potential advantages of yellow ZnO-500 mesocrystals for highly 
improving photocatalytic activity.  
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Fig. 10 Current response vs time for the ZnO samples under chopped 485 

irradiation at a bias potential of 0.2 V vs Ag/AgCl (λ ≥ 400 nm). 
 
The photocatalytic activity of as-made ZnO sample was 

conducted by photodegradation of methyl blue (MB) dye under 
visible-light irradiation, together with ZnO-ref for a comparison. 490 

Before light irradiation, the suspension was stirred in the dark to 
reach the sorption equilibrium of MB molecules on the 
photocatalyst, no obvious color change was found owing to little 
adsorption of MB over the catalyst. The contents of MB 
molecules were measured from the maximum absorption peak at 495 

λ = 664 nm using UV-Vis absorption spectra. C/C0 was utilized 
to represent the degradation efficiency, where C and C0 is MB 
concentration at time t and 0, respectively. As shown in the 
Figure 11a, yellow ZnO-500 mesocrystals display the highest 
visible light photocatalytic activity among three samples and 500 

about 85 % of MB dye molecules were decomposed within 3 h. 
The characteristic absorption peak of MB at 664 nm disappears 
gradually under visible light illumination (Figure 11b). ZnO-500 
sample exhibits high visible light photo-degradation rate owing to 
the narrow band-gap arising from rich oxygen vacancies. 505 

 

 
Fig. 11 (a) Comparison of photodecomposition of MB with different 
photocatalysts under visible light irradiation. (b) UV-Vis spectra of MB in 
aqueous ZnO-500 dispersions as a function of irradiation time with 510 

visible light (λ ≥ 400 nm). 
In order to verify the stability and reusability of yellow ZnO-

500 photocatalyst, we did recycling experiments by assessing the 
degradation of MB under the same conditions during the cycling 

experiments. As displayed in Figure 12, yellow ZnO-500 for the 515 

degradation of MB exhibits a high activity and good stability 
after five cycling tests, about 78% of the original MB was 
decomposed, while it was 85 % for the first run, revealing that 
yellow ZnO-500 is stable enough under repeated photocatalytic 
reaction. From the XRD pattern and SEM image (Figure S4) of 520 

yellow ZnO-500 after being reused for five times, it is found that 
yellow ZnO-500 morphology and structure did not change, which 
also confirms the stability of yellow ZnO-500 mesocrystal during 
recycling the photocatalytic process. 
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Fig. 12 Cycling runs in the photodegradation of MB in the presence of 
yellow ZnO-500 mesocrystal under visible light irradiation. 
 
Conclusions 

 530 

In summary, we have synthesized a novel yellow colored ZnO-
500 mesocrystals by fabricating Zn(OH)F precursors. The high 
concentration of oxygen vacancies in yellow ZnO-500 
mesocrystals builds an impurity level near the conduction band 
and induces the band gap narrowing, which results in yellow 535 

colored ZnO. It is found that highly ordered porous ZnO-500 
mesocrystals are favourable for directional transport and high 
efficient separation of charge carriers. The photocurrent response 
tests under visible light illumination demonstrated the enhanced 
visible light absorption capability of yellow ZnO-500 540 

mesocrystals, which exhibits good photocatalytic activity and 
stability in photo decomposition of MB. More importantly, 
yellow ZnO-500 mesocrystal is very stable for at least one year in 
air. Our present strategy has some advantages, such as simple, 
convenient, controllable, and reproducible. It is believed that this 545 

work may also be applicable to fabricate other nanostructures 
based on defect engineering and provide potential applications of 
tailored solar energy conversion devices with a low cost. 
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In this work, we present a novel and facile approach to prepare yellow ZnO mesocrystals from 

Zn(OH)F precursor. The as-prepared yellow ZnO show narrow band-gap (Eg = 3.09 eV) and visible 685 

light photocatalytic activity, which is due to the existence of abundant oxygen vacancies and 

vectorially aligned nanoparticles. 
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