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Abstract 

A facile ultra-rapid solution method was developed to fabricate ZnO nanosheets with tunable 

BET surface area and rich oxygen-vacancy defects. The addition of 1 molL-1 Na2SO4 led to an 

increase of BET surface area of ZnO nanosheets from 6.7 to 34.5 m2/g, through an 

electrostatic-controlled growth and self-assembly mechanism. Detailed analysis based on Raman 

scattering, room-temperature photoluminescence, X-ray photoelectron spectroscopy and electron spin 

resonance revealed that the as-prepared ZnO nanosheets were rich in oxygen-vacancies. Increased 

BET surface area led to a further increase of surface oxygen-vacancy concentration. The rich 

oxygen-vacancies promoted the visible-light absorption of the ZnO nanosheets, leading to high 

photocurrent responses and photocatalytic activities towards the degradation of rhodamine B (apparent 

rate constants, k=0.0179 min-1) under visible-light illumination (>420 nm), about 13 and 11 times 

higher, respectively than that of ZnO nanoparticles with few oxygen defects. In addition, the 

high-surface-area ZnO nanosheets could be effectively hybridized with Ag3PO4 nanoparticles, 

resulting in a further enhancement of the visible-light photocatalytic performance (k=0.0421 min-1). 

                                                      

# These two authors contributed equally. 
＊

 Corresponding authors. 

Email: xianglan@mail.tsinghua.edu.cn (L. Xiang); sxk7@psu.edu (S. Komarneni);  

mailto:xianglan@mail.tsinghua.edu.cn
mailto:sxk7@psu.edu
http://ees.elsevier.com/apcatb/viewRCResults.aspx?pdf=1&docID=21795&rev=1&fileID=666533&msid={6292F1B4-084E-47E4-B516-89325A1697B0}
abalolong
Typewritten Text
© 2016. This manuscript version is made available under the Elsevier user license
http://www.elsevier.com/open-access/userlicense/1.0/



 2 

This increase in performance was attributed to the increased visible-light absorption as well as the 

energy level matching, the latter leading to efficient charge transfer between oxygen-vacancy-rich 

ZnO nanosheet and Ag3PO4, suggesting a synergistic effect of surface oxygen vacancies and Ag3PO4 

coupling. 
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1. Introduction 

Semiconductor photocatalysis is a promising solution for many environment-related issues. Among 

various oxide semiconductor photocatalysts, ZnO has been intensively studied for degradation of 

organic pollutants due to its high quantum efficiency, nontoxic nature and low cost [1]. Unfortunately, 

intrinsic ZnO can only absorb ultraviolet light (5–7% of the total sunlight [2]) due to its wide band gap 

(3.2 eV) [3], which limits the photocatalytic efficiencies for practical applications. Research is now 

mainly focused on developing ZnO photocatalysts with high visible-light driven photo-activities via 

band-gap engineering. For example, doping of ZnO with various non-metal or transit-metal ions 

would make ZnO absorb photons of lower energy by generating narrower impurity bands [4-6]. 

Compared with the conventional doping methods, introducing oxygen-related defects into ZnO could 

also enhance the visible-light absorption, by creating defect states lying under the conduction band 

(CB) of ZnO without introducing any impurities, providing an effective approach for visible-light 

photocatalysis [7, 8]. Oxygen defect-rich ZnO was synthesized previously by chemical vapor 

deposition [9], plasma treatment [10], high-temperature annealing in atmospheres (e.g. H2, Ar) [11] 

and thermal decomposition of specific precursors (e.g. ZnO2) [8]. Besides the above methods 
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involving complicated procedures, there have been a few reports on the formation of ZnO 

nanostructures rich in oxygen defects by solution methods [12, 13], which are more attractive because 

of mild conditions and low energy consumption. Therefore, it is highly desirable to develop simple 

and controllable solution synthesis of oxygen defect-rich ZnO nanostructures. 

The visible-light photocatalytic process strongly depends on the surface properties of oxide 

photocatalysts [14, 15]. Only the oxygen defects on the surface could serve as charge carrier traps 

where the charges transfer to the adsorbed species and prevent the photogenerated electron/hole (e-/h+) 

recombination while bulk defects only act as charge carrier traps where e-/h+ recombine during 

photocatalytic process [16]. A correlation of photocatalytic activity with the concentration of surface 

defects has been observed for TiO2 nanocrystals [14, 17]. Therefore, construction of an oxide 

photocatalyst with high surface to volume ratio would be beneficial to increase the content of surface 

oxygen defects, which prevent the e-/h+ recombination and improve the visible-light photocatalytic 

activity. Although the relationship between oxygen defects and visible-light photocatalytic 

performance of ZnO nanostructures was widely investigated [18-21], little or no work addressed the 

surface area effects in visible-light photocatalysis. The surface areas of the ZnO nanostructures used in 

the above studies were generally small (< 10 m2/g) or they were not reported. For example, the 

visible-light photocatalytic properties of ZnO tetrapods [18] and ZnO rods [12] were found to be 

induced by oxygen vacancies, however, the BET surface areas of the tetrapods and rods were only 2.2 

and 7.2 m2/g, respectively. Inspired by the above studies, the synthesis of ZnO nanostructures of high 

surface area and rich in oxygen defects could be an effective strategy to improve the visible-light 

photocatalytic performance. 
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In this work, we present a facile ultra-rapid solution synthesis of ZnO nanosheets with high BET 

surface area along with rich oxygen-vacancy defects. The BET surface area of ZnO was simply tuned 

by salt-addition, through an electrostatic-controlled self-assembly mechanism. Because of the rich 

oxygen-vacancies, the visible-light photocurrent responses and photocatalytic activities of the ZnO 

nanosheets were significantly improved compared to ZnO nanoparticles with few oxygen defects. 

Additionally, the hybridization of ZnO nanosheets with Ag3PO4 nanoparticles resulted in higher 

photocatalytic activities owing to the synergistic effect of surface oxygen vacancies and Ag3PO4 

coupling. The mechanisms for enhanced visible-light photocatalytic performance and the charge 

transfer process were also discussed. 

2. Experimental 

2.1 Photocatalyst preparation 

Commercial chemicals of analytical grade and deionized water with a resistivity > 18 MΩ•cm-1 

were used in all the experiments. Commercial ZnO nanoparticles (>99.5 %) were purchased from 

Sigma. 

ZnO nanosheets photocatalysts. ZnO nanosheet-assemblies were synthesized from the 

supersaturated zinc-bearing alkaline solutions, using ZnO and NaOH as the starting chemicals. ZnO 

(1.253 g) and NaOH (4.000 g) were dissolved into water (10.0 mL) at room temperature to form a 

solution containing 1.54 mol·L-1 Zn2+ and 10.00 mol·L-1 OH-. Two mL of the above solution was then 

diluted with 98 ml of water quickly at 60 oC to form a supersaturated system. The solution became 

cloudy immediately after mixing and was kept stirring at 60 oC for 1 min before centrifugation. The 

precipitates were then washed with deionized water and ethanol, and dried in an oven at 55 oC for 24 h. 
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The thickness and BET surface area of the ZnO nanosheets could be tuned by pre-dissolving of 

different amounts of Na2SO4 in water. The concentration of Na2SO4 in the synthesis solutions was 

adjusted in the range of 0-1.0 molL-1. 

ZnO/Ag3PO4 nanocomposites. The deposition of Ag3PO4 nanoparticles onto the ZnO nanosheets 

was carried out by an in-situ precipitation method. ZnO sample (0.15 g) was dispersed in 24 mL of 

0.005 molL-1 AgNO3 solution and sonicated for 30 min. Then 8 mL of 0.005 molL-1 Na3PO4 solution 

was added drop-wise to the above solution under vigorous magnetic stirring. The resulting yellow 

solution was kept stirring in dark for 2 hours, then centrifuged, washed with deionized water and 

ethanol, followed by drying in an oven at 55 oC for 12 h. For comparison, Ag3PO4 nanoparticles were 

prepared under the same conditions but without the addition of ZnO. 

2.2 Characterization 

The morphology and microstructure of the samples were examined with a field emission 

scanning electron microscope (FESEM, JSM 7401F, JEOL, Japan) and a high-resolution transmission 

electron microscope (HRTEM, JEM-2010, JEOL, Japan) equipped with energy-dispersive X-ray 

spectroscopy. Powder X-ray diffraction (XRD) was used for phase identification using an X-ray 

powder diffractometer (Bruker-AXS D8 Advance, Germany) with CuK (=0.154178 nm) radiation. 

The Brunauer–Emmett–Teller (BET) surface areas of the products were determined using a nitrogen 

adsorption analyzer (Quadrasorb-S1, Quantachrome, USA) and the pore-size distribution was 

estimated by the Barrett-Joyner-Halenda method. The surface electric potential was measured with the 

zeta potential equipment (ZETAPALS, Brookhaven Instrument Corporation). Raman spectra were 

recorded using He-Ne laser excitation at 532 nm with a Horiba Jobin Yvon LabRAM HR800 Raman 
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spectrometer. Photoluminescence (PL) spectra were measured at room temperature on a Hitachi 

F-7000 luminescence spectrometer using a Xe lamp with an excitation wavelength of 325 nm. Surface 

composition of the samples was characterized by X-ray photoelectron spectrometer (XPS, PHI-5300, 

PHI, USA). Electron-spin-resonance (ESR) measurements were performed on a JEOL-TE300 

spectrometer operating at an X-band frequency of 9.4 GHz and UV-visible diffuse reflectance spectra 

were recorded on an Agilent UV-8453 spectrophotometer. 

The photo-electrochemical experiments were performed in a three-electrode quartz cells with 0.1 

molL-1 Na2SO4 electrolyte solution and recorded using an electrochemical system (CHI-660B, China). 

A xenon lamp equipped with an ultraviolet cutoff filter was employed as the visible light source 

(>420 nm; light intensity: 1 mW·cm−2). The working electrodes were prepared by drop-casting of the 

photocatalyst suspensions with a concentration of 10 mgmL-1 onto Ti foil and drying at 55 oC for 12 h. 

Platinum wire and Ag/AgCl were used as the counter and reference electrode, respectively. 

2.3 Photocatalytic activity measurements 

The photocatalytic activities were evaluated at 25 oC by the degradation of rhodamine B (RhB) 

under visible light irradiation from a 8 W Xe lamp equipped with an ultraviolet cutoff filter (>420 

nm). In a typical run, 10 mg of the photocatalyst was dispersed in 50 mL of RhB aqueous solution (10 

mg·L-1). Before irradiating, the above suspension was stirred in the dark for 30 min to achieve the 

adsorption-desorption equilibrium. The suspension was then illuminated under visible light, sampled 

at regular intervals of 10 or 15 min and centrifuged to remove the catalysts at 6000 rpm for 10 min. 

The UV-vis absorption spectra of the centrifuged solutions were measured by an Agilent UV-8453 

spectrophotometer to determine the concentration of RhB. The initial concentration (C0) was 
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considered to be the RhB concentration after adsorption equilibrium. 

3 Results and discussion 

3.1 Formation of ZnO nanosheets with tunable BET surface areas 

In this study, ZnO nanosheets with tunable thickness and BET surface area were controllably 

synthesized by a simple solution-based self-assembly approach using Na2SO4 as a growth modifier. 

The role of Na2SO4 concentration on the morphology of ZnO nanosheets was firstly examined by 

SEM and TEM. Fig. S1 and Fig. 1a-d show the low- and high-magnification SEM images, 

respectively of the ZnO samples formed in the presence of 0-1.0 molL-1 Na2SO4. The SEM results 

demonstrate that the obtained ZnO displays a hierarchical porous network structure composed of 

intersecting nanosheets. With the increase of Na2SO4 concentration from 0 to 1.0 molL-1, the size of 

the nanosheet-assemblies decreased from 5-10 m to 0.5-1 m and the thickness of nanosheets 

gradually decreased from 30-50 nm to 10-15 nm. Some of the nanosheets formed at [Na2SO4]= 1.0 

molL-1 became semi-transparent due to their ultrathin nature. The density of the assembled 

nanosheets also decreased with increasing Na2SO4 concentration. At [Na2SO4]=1.0 molL-1, the 

nanosheets were loosely assembled or even dis-assembled. The TEM observation (Fig. 1e and f) 

confirmed that the thickness of nanosheets decreased from 30-50 nm to 10-15 nm with increasing 

Na2SO4 concentration from 0 to 1.0 molL-1. The HRTEM images along with the Fast Fourier 

Transform (FFT) pattern (Fig. S2) revealed the preferential growth of the nanosheets along [001], with 

(100) planes as exposed surfaces. The XRD patterns (Fig. S3a) of all the four samples can be indexed 

to würtzite ZnO (JCPDS 36-1451). The peak broadening and decreasing intensity of the (100) 

diffraction peaks (inset in Fig. S3b) indicated a decrease of the (100) crystallite size and poor 
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crystallization of ZnO. The relative intensity ratio of (100) to (002) (I(100)/I (002)) gradually decreased 

from 1.81 to 0.55 with increasing Na2SO4 concentration from 0 to 1.0 molL-1, which implies that the 

growth of ZnO in (100) orientation was inhibited in the presence of Na2SO4. These results are 

consistent with SEM and TEM observations, which showed a decreasing thickness of nanosheets with 

increasing Na2SO4 concentration.  

The variation in nanosheets’ size, thickness and density resulted in a variation of their BET 

surface areas and pore structures (Figs. 2a and b). The BET surface areas increased with increasing 

Na2SO4 concentration, i.e., the surface areas were 6.7, 18.1, 27.3 and 34.5 m2/g at Na2SO4 

concentrations of 0, 0.02, 0.1 and 1.0 molL-1, respectively. The BET surface area of the nanosheets 

obtained here in 1.0 molL-1 Na2SO4 was higher than many of those reported previously for ZnO 

nanosheets or even porous nanosheets [22-24]. The pore size distribution curves (Fig. 2b) revealed 

that the volume of the mesopores increased with increasing Na2SO4 concentration. In addition, the 

average size of the mesopores increased from ca. 15 nm to 30 nm, which is consistent with the SEM 

observation that showed the nanosheets being loosely assembled in the presence of concentrated 

Na2SO4. The ZnO nanosheet-assemblies with higher surface area and more open pore structures may 

also find applications as adsorbents or catalyst supports in addition to photocatalysts. All the above 

results indicated that the growth and self-assembly of the ZnO nanosheets could be affected by 

Na2SO4 addition under the present synthesis conditions. 
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Fig.1. SEM images (a-d) and TEM images (e, f) of the ZnO nanosheets formed in the presence of 

different Na2SO4 concentrations (molL-1): (a, e) 0; (b) 0.02; (c) 0.1; (d, f) 1.0. 

 

Fig. 2. N2 adsorption–desorption isotherms (a), pore size distributions (b) of the ZnO nanosheets 
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formed in the presence of Na2SO4 with different concentrations, inset in Figure 2a is the variation of 

specific surface area of the samples with Na2SO4 concentration; (c) variation of zeta potential of the 

ZnO nanosheets with Na2SO4 concentration; (d) summarized zeta potentials and specific surface areas 

of the samples formed under different conditions (the dashed line serves as a guide line). 

The effects of salt addition can be explained by an electrostatics-controlled growth and 

self-assembly mechanism. Insight into the time-dependent growth process of the ZnO nanosheets in 

the absence of Na2SO4 revealed that the nanosheets were formed by an ultra-rapid oriented attachment 

and self-assembly process, as revealed in Fig. S4. ZnO nanocrystals were immediately formed after 

dilution due to the high supersaturation (Fig. S4a), subsequently assembled into nanosheets by the 

two-dimensional oriented attachment process (Fig. S4b) with many nanocrystal-boundaries still 

remaining in the nanosheets (Fig. S4c), and further assembled into well-defined nanosheet-assemblies 

(Fig. S4d). The whole self-assembly process was superfast and could be completed within only 1 

minute. The driving forces that assemble nanocrystals into nanosheets were generally attributed to 

anisotropic hydrophobic attraction or electrostatic interactions derived from dipole moments and 

surface charges [25, 26]. In the present case, hydrophobic attraction could be ruled out since no 

organic template/surfactant was added. Therefore, the surface charge of the nanocrystals may affect 

the oriented attachment process. Fig. 2c shows the variation of zeta potential of the ZnO nanosheets 

with Na2SO4 concentration. The zeta potential of the ZnO nanosheets dropped from -12.1 eV to -67.5 

eV with increasing Na2SO4 concentration from 0 to 1.0 molL-1. The zeta potentials indicate that ZnO 

became more negatively charged in the presence of Na2SO4, thus the attachment and self-assembly of 

the initial nanocrystals were hindered due to the electrostatic repulsion, which led to the formation of 
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thinner and smaller nanosheets with looser packing. Such effects could also be observed in the 

presence of other salts such as NaNO3, Na2CO3 and NaCl, as displayed in the SEM images in Fig. S5. 

The summarized data of zeta potentials and BET surface areas of the ZnO nanosheets under different 

conditions are shown in Fig. 2d. The clear correlation between BET surface areas and surface charges 

suggested that the growth and self-assembly of ZnO nanosheets were controlled by electrostatic 

process. The effects of salts addition on the attachment behavior of ZnO nanocrystals may be 

explained by Derjaguin Landau Verwey Overbeek (DLVO) theory, in which the main force between 

the nanocrystals were electrical double layer repulsion derived from the ion adsorption layers around 

the nanocrystals [27]. In the present case, the effects of Na2SO4 addition was more significant 

compared to other salts, which could be attributed to the preferential adsorption of SO4
2- onto the (100) 

planes of ZnO, as revealed in our previous work [28]. Such electrostatic-controlled synthesis strategy 

has also been employed in the hydrothermal growth of ZnO nanowires with tunable aspect ratios [29]. 

However, the electrostatic-mediated self-assembly of ZnO nanocrystals into three-dimensional 

hierarchical structures in a controlled manner has not been reported yet. The presently developed 

method may provide an alternative route to control the BET surface areas of solution-processed 

inorganic nanostructures. Moreover, the adsorbed inorganic ions in the current work (see EDS spectra 

in Fig. S6) could be completely removed by washing unlike many organic surfactants used in other 

works as growth modifiers [30, 31], which may inhibit the active sites of the photocatalysts. 

3.2 Identification of oxygen defects in ZnO nanosheets 

As shown above, ZnO nanosheets were formed from highly-supersaturated solution by an 

ultra-rapid self-assembly process [32]. Such a non-equilibrium synthesis process was generally 
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considered to lead to the generation of a high-concentration of defects [33-35]. Multiple techniques 

were employed to identify the defect states of the ZnO nanosheets with different BET surface areas 

formed in 0 and 1 molL-1 Na2SO4 solutions, which were denoted as ZNS-1 and ZNS-4, respectively. 

Commercial ZnO nanoparticles with an average diameter of 20 nm and a BET surface area of 43.4 

m2/g (denoted as ZnO NPs) were used as a reference (Fig. S7). Fig. 3a shows the Raman spectra of the 

different samples. Little difference was observed among the peaks located at 333 cm-1, 380 cm-1 and 

439 cm-1, which corresponded to 2E2(low), A1(TO) and E2(high) modes of ZnO, respectively. The 

E1(LO) modes (located at 582 cm-1) of the samples emerged as a red shift compared with that of the 

bulk ZnO (591 cm-1), which may be assigned to the oxygen deficiencies such as oxygen vacancies (VO) 

in ZnO [36]. The order of the intensities of E1(LO) mode was ZNS-4>ZNS-1>>ZnO NPs (inset in Fig. 

3a), indicating the much higher concentration of oxygen-related defects in ZnO nanosheets compared 

to ZnO nanoparticles. Fig. 3b shows the room temperature PL spectra of the samples. The ZnO NPs 

displayed an ultraviolet (UV) emission peak with maximal intensity at around 384 nm, which was due 

to the excitonic recombination of the photogenerated holes in the valence band (VB) and the electrons 

in the conduction band (CB) [37]. However, the characteristic UV emission was not clearly 

distinguished in the as-prepared nanosheets, indicating that high concentrations of defects were 

introduced into the samples. The multi-peak bands of the nanosheets in the range of 400-480 nm were 

generally ascribed to the recombination of the electrons from the shallow level donor of zinc 

interstitials (Zni) and a series of extended Zni states to holes in the valence band. In the green-yellow 

region, a very weak green emission centered at about 500 nm was observed for ZnO NPs, while the 

nanosheets exhibited intensive green-yellow emission centered at 550 nm, which could be divided into 
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two peaks, including the green emission at ~520 nm originated from singly charged oxygen vacancies 

(VO) and the yellow one at ~580 nm originated from doubly charged oxygen vacancies (VO) [35, 

38]. 

 

Fig. 3. Raman spectra (a) and room-temperature PL spectra (b) of ZNS-1, ZNS-4 and ZnO 

nanoparticles. Inset in Figure 3a is the enlarged E1(LO) modes. 

Since Raman and PL spectra give information on both bulk and surface oxygen defects, XPS and 

ESR spectra were employed to further characterize the surface properties of the ZnO samples. Fig. 4a 

shows the high-resolution O1s spectra of the three samples. Two species centered at the banding 

energies of ca. 530.2~530.3 eV and 531.6~531.7 eV were denoted as O1 and O2, respectively. The 

species of O1 were originated from the lattice oxygen anions (O2-) in würtzite structure, while the 

species of O2 belonged to the Ox
- ions (O- and O2

-) in the oxygen-deficient regions caused by VO on 

ZnO surface [39]. The ratios of O2 species on the surface of ZnO NPs, ZNS-1 and ZNS-4 were 13.9, 

46.8 and 54.1%, respectively, indicating that the as-prepared ZnO nanosheets had a high concentration 

of surface oxygen vacancies. Fig. 4b shows the ESR spectra of the three samples. The signal with 

g-factor=2.01 is close to the free-electron value (g~2.0023), which was previously attributed to an 

unpaired electron trapped on a surface oxygen vacancy site [40]. This is because the surface oxygen 

vacancy is prone to adsorb atmospheric O2 molecules and form ·O2
− to generate such a signal [41]. 
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The nanosheets had a much higher ESR signal at g=2.01 in contrast to ZnO NPs. All the results 

discussed above confirmed the existence of a high concentration of oxygen vacancies in the 

as-prepared ZnO nanosheets. Moreover, a higher concentration of surface oxygen vacancies was 

observed for ZNS-4 compared with ZNS-1 owing to its higher surface to volume ratio, suggesting that 

increasing the BET surface area of ZnO was an effective method to enrich its surface oxygen 

vacancies, which are useful to the visible-light photocatalytic process. 

 

Fig. 4. High-resolution O1s XPS spectra (a) and ESR spectra (b) of ZNS-1, ZNS-4 and ZnO NPs. 

The optical properties of ZNS-1, ZNS-4 and ZnO NPs were examined by UV−visible diffuse 

reflectance spectroscopy to evaluate the effect of oxygen vacancy on the absorption characteristics, as 

shown in Fig. 5a. ZnO NPs only absorbed the light with <420 nm owing to its intrinsic wide band 

gap, while the absorption curves of as-prepared ZnO nanosheets exhibited a red shift to longer 

wavelength compared to the ZnO NPs reference while the ZNS-4 sample showed the highest 

absorption in visible-light region (>420 nm). The large absorption tail occurring in the visible-light 

regions of the ZnO nanosheets was attributed to the rich oxygen vacancies, which generated a 

defect-isolated state of about 0.8 eV below the conduction band of ZnO, promoting the visible-light 

absorption [42, 43]. Therefore, we can conclude that the visible-light absorption of ZnO could be 

effectively improved by introducing oxygen vacancies, and the absorption capacity was related to the 
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concentration of oxygen vacancies. 

 

Fig. 5. (a) UV-Vis diffuse reflectance spectra of of ZNS-1, ZNS-4 and ZnO NPs; (b) photocurrent 

response of the ZNS-1, ZNS-4 and ZnO NPs electrodes under the irradiation of visible-light (>420 

nm). 

The photocurrent responses of the samples were tested on a photoelectrochemical test device to 

further investigate the activity of ZnO in visible-light region. Fig. 5b shows the photocurrents 

responses of ZNS-1, ZNS-4 and ZnO NPs as a function of time with visible light-on and -off cycles. 

ZnO NPs electrode showed very weak photocurrent response under visible-light irradiation (λ > 420 

nm), while the as-prepared ZNS-1 and ZNS-4 samples of ZnO nanosheets showed much larger 

photocurrent responses, which are about 9 and 13 times higher, respectively than that of ZnO NPs (Fig. 

5b). This suggests that ZNS-1 and ZNS-4 samples are expected to have enhanced generation and 

separation efficiency of photogenerated carries under visible-light. The highest photocurrent of ZNS-4 

could be attributed to the highest concentration of surface oxygen vacancies derived from the 

increased surface to volume ratio, which may lead to the improved visible-light absorption and surface 

oxygen-vacancy-mediated electrons/holes generation and separation [16]. 

3.3 Photocatalytic performance and mechanisms 

The photocatalytic performances of ZNS-1, ZNS-4 and ZnO NPs were evaluated by degradation 
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of RhB under visible-light irradiation (λ > 420 nm). As shown in Fig. 6a, the ZnO NPs reference 

shows very low activity in photodegradation due to its poor visible-light absorption capacity, and only 

about 9.4 % of RhB was degraded after 90 min of irradiation, even though it has a larger BET surface 

area (43.4 m2/g). In contrast, the degradation ratio of RhB was 35.3 and 55.1 % for ZNS-1 and ZNS-4 

after 90 min, respectively. The enhanced visible-light photocatalytic activity could be explained by the 

oxygen vacancy-enhanced visible-light absorption and charge separation. When defect-rich ZnO 

nanosheets were under visible-light illumination, the electrons in the VB could be excited to the 

oxygen vacancy induced defect energy level due to the lowered energy difference (E=2.4 eV). The 

holes left behind in the VB can react with water adhering to the surfaces of ZnO to form hydroxyl 

radicals (•OH) which can result in the oxidation of the organic dye, while the photogenerated electrons 

could get trapped in the surface oxygen defects working as electron acceptors, leading to the 

occurrence of the redox reactions [19]. Therefore, the surface oxygen defects not only improve the 

visible-light absorption of ZnO, but also act as the active sites for photocatalytic reactions, which 

facilitated the e-/h+ separation and prevented their recombination. Therefore, the ZNS-4 sample with 

highest concentration of surface oxygen vacancies exhibited significantly enhanced visible-light 

photocatalytic activity, as expected. 
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Fig. 6. (a, b) Photocatalytic degradation of RhB under visible-light irradiation in the presence of 

different ZnO or ZnO/Ag3PO4 nanocomposite samples; (c) apparent rate constants (k, min-1) of the 

tested samples determined by the pseudo first-order kinetic equation; (d) schematic illustration of the 

band structure and charge-transfer process of oxygen defect-rich ZnO coupled with Ag3PO4 under 

visible-light illumination. 

Sheet-like structures with high surface areas can easily combine with other functional particles 

through the two faces of the sheets, which is another approach to further enhance the visible-light 

photocatalytic activity [23]. Although the activation of ZnO under visible-light irradiation by 

hybridization with various materials including noble metal nanoparticles, narrow band-gap 

semiconductors and carbon nanometerials [44-46], have been widely reported, there were only a few 

reports related to the synergistic effect of surface oxygen defects of ZnO by hybridizing with a second 

phase. For example, enhanced photocatalytic activities were achieved by hybridization of oxygen 

defect-rich ZnO nanostructure with Ag nanoparticles [21] or graphene nanosheets [16]. However, such 

synergistic effect has not been reported yet for defect-rich ZnO coupled with other narrow band-gap 
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semiconductors. Herein, therefore, we also investigated the synergistic effect of surface oxygen 

defects by combining Ag3PO4 as a second phase, i.e., ZnO/Ag3PO4 nanocomposites as a case study. 

Ag3PO4 nanoparticles were deposited onto the surfaces of ZnO nanosheets by a simple in-situ 

precipitation method. Representative XRD pattern of the as-obtained ZNS-4/Ag3PO4 nanocomposite 

confirmed the coexistence of ZnO and Ag3PO4 phases (Fig. S8a). The TEM and HRTEM images (Figs. 

S8b and c) revealed that Ag3PO4 nanoparticles with diameters of 5-30 nm were coated onto the 

surfaces of ZnO nanosheets. UV-vis spectrum (Fig. S8d) indicated that the absorption in the 

visible-light region of the ZNS-4/Ag3PO4 nanocomposite increased significantly due to the narrow 

band gap of Ag3PO4 (2.45 eV), which can absorb light with a wavelength of less than 503 nm [47]. 

The increased visible-light absorption of the nanocomposites led to the enhancement of the 

visible-light photocatalytic activities, as shown in Fig. 6b. The apparent rate constants of the tested 

samples were determined by the pseudo first-order kinetic equation (Fig. S9) and displayed in Fig. 6c 

and these results clearly demonstrate the photocatalytic activity order of the samples. For 

ZNS-1/Ag3PO4 and ZNS-4/Ag3PO4 samples, the photodegradation ratio of RhB increased to 81.1 and 

96.6% after 80 min of irradiation. The determined rate constants for the above two samples were 

0.0205 and 0.0421 min-1, respectively, which are higher than that of either ZnO nanosheets or Ag3PO4 

samples, indicating the enhanced visible-light photocatalytic activity of the ZnO/ Ag3PO4 

nanocomposites. However, the ZnO NPs/Ag3PO4 sample showed much lower activity compared to 

solely Ag3PO4 even though the total weight of the photocatalyst was kept constant (10 mg), due to the 

low loading amount of Ag3PO4 (~10.0 wt%) on ZnO NPs with few defects, which are not active in 

visible light. These results implied that surface oxygen defects of ZnO played a critical role of in the 
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photocatalytic performance of the nanocomposites. Therefore, the enhanced visible-light 

photocatalytic activity of ZnO nanosheets/Ag3PO4 nanocomposites could be attributed to not only the 

increased visible-light absorption, but also the synergistic effect of surface oxygen vacancies and 

Ag3PO4 coupling. The VB and CB positions of Ag3PO4 vs. NHE (normal hydrogen electrode) are 2.9 

and 0.45 eV [48], lower than the VB (2.6 eV) and oxygen defects energy level (0.2 eV) of ZnO, 

respectively, thus an energy level matching is established between Ag3PO4 and ZnO with rich 

oxygen-vacancies, as illustrated in Fig. 6d. Under visible-light illumination, the electrons in VB of 

ZnO and Ag3PO4 could be excited to the oxygen-vacancy defect energy level of ZnO and CB of 

Ag3PO4, respectively, thus leading to highly increased visible-light absorption. On the other hand, the 

excited electrons in the defect energy level of ZnO would transfer to the CB of Ag3PO4, and the holes 

in the VB of Ag3PO4 would transfer to the VB of the ZnO. Such spatial separation of the 

photogenerated electrons/holes within the nanocomposite by a direct Z-scheme mechanism 

significantly reduced the electron-hole recombination ratio, which promoted the subsequent redox 

reactions leading to a much higher visible-light photocatalytic performance of the nanocomposites [49, 

50]. These results suggest that ZnO nanostructures with rich oxygen vacancies are more suitable for 

constructing functional nanocomposites for visible-light photocatalysis applications. 

4 Conclusion 

In summary, ZnO nanosheets with high surface area and rich oxygen vacancies were synthesized 

via a salt-assisted ultrarapid solution method. An electrostatic-controlled self-assembly mechanism 

was proposed for the effects of salt addition. The results obtained by Raman, PL, XPS and ESR 

analyses indicated that the as-prepared nanosheets had much higher concentration of oxygen 
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vacancies compared to ZnO nanoparticles. The increased BET surface areas achieved here contributed 

to the increase of surface oxygen vacancies, which could improve the visible-light absorption and act 

as active sites for photocatalytic reactions, leading to the enhancement of photocurrent and 

photocatalytic activities of the ZnO nanosheets under visible-light illumination. Hybridization of ZnO 

nanosheets with Ag3PO4 nanoparticles further improved the visible-light photocatalytic activity, which 

was attributed to the efficient charge transfer between ZnO and Ag3PO4 through energy level matching, 

suggesting a synergistic effect of surface oxygen vacancies and Ag3PO4 coupling. 
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