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Abstract

:

Zinc oxide (ZnO), with the unique chemical and physical properties of high chemical stability, broad radiation absorption range, high electrochemical coupling coefficient, and high photo-stability, is an attractive multifunctional material which has promoted great interest in many fields. What is more, its properties can be tuned by controllable synthesized morphologies. Therefore, after the success of the abundant morphology controllable synthesis, both the morphology-dependent ZnO properties and their related applications have been extensively investigated. This review concentrates on the properties of morphology-dependent ZnO and their applications in catalysis, mainly involved reactions on green energy and environmental issues, such as CO2 hydrogenation to fuels, methanol steam reforming to generate H2, bio-diesel production, pollutant photo-degradation, etc. The impressive catalytic properties of ZnO are associated with morphology tuned specific microstructures, defects or abilities of electron transportation, etc. The main morphology-dependent promotion mechanisms are discussed and summarized.
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1. Introduction


ZnO, because of its high electrochemical coupling coefficient, broad radiation absorption range, high chemical stability, and high photo-stability etc., is considered as an attractive multifunctional material [1,2,3,4]. Furthermore, ZnO shows attractive applications in optoelectronics, electronics, and laser technology because of its high bond energy (60 meV), broad band gap (3.37 eV), and high mechanical and thermal stability at room temperature [3,4]. Besides, the pyro- and piezo-electric properties of ZnO enable its utilization in sensors, converters and energy generators [5,6]. In addition, extensive research indicates that the properties of ZnO such as photoluminescence (PL), photovoltaics (the conversion of sunlight to electrical power), electron trapping, effective charge separation (charge transfer), the formation of defects, Lewis acid/base properties and strong metal-ZnO interactions, etc., establish its important roles in catalysis including photo-catalysis, photo-electronic catalysis, and thermo-catalysis [7,8,9,10]. Most importantly, all of these properties are related to its specific morphologies and nanostructures [7,8,9,10].



In most catalytic processes, ZnO is used as a carrier, and therefore, the catalytic properties related to the ZnO structure, especially surface structure, promoted great interest [8,10,11,12,13,14,15]. Campbell et al. studied the model catalysts, Cu-ZnO single-crystalline and highlighted that Cu-ZnO interactions control their interface structure and stability which is crucial to catalytic performance [16]. Additionally, the previous research indicated that the interface structure is highly morphology-dependent which contributes a lot to the extensive catalytic properties such as promoting the formation of active sites [17,18]. Besides, the optical properties including photoluminescent, cavity resonance feedback (lasing), ultrafast carrier dynamics, spontaneous emission, photo-detection, and wave guiding, have been reviewed in great detail, and are also related to ZnO nanostructures [19,20]. Furthermore, morphology-dependent ZnO electronic properties were also demonstrated by Y. Heo et al. [21]. Thus, it is of great interest to review the morphology-dependent ZnO properties and their roles in catalytic performance.



One- [22,23,24,25], two- [26,27,28,29,30], and three-dimensional [29,31,32] ZnO structures under explicit growth conditions have been successfully synthesized. Among them, one-dimensional structures are the main and largest group, including nano-rods [33,34,35], -tubes [36,37,38], -belts [39], -wires [40,41,42], -needles [43], etc. [41,42,44,45,46,47]. Besides, two-dimensional structures like nanopellets, nanosheet/nanoplate can also be obtained [48,49]. Examples of three-dimensional morphologies of ZnO include snowflakes, coniferous urchin, flower, dandelion, etc. [50,51,52,53]. Except for the explicit growth method, other preparation methods, such as the sol-gel process, vapor deposition, the hydrothermal synthesis, precipitation in aqueous solution, precipitation from microemulsions and mechano-chemical processes, also enable the synthesis of ZnO with different shape, size, and spatial structures. Furthermore, the progress of the synthesis, physical properties, surface chemistry, and applications in devices such as light-emitting devices, photodetectors, optical devices, solar cells, etc. have been extensively summarized [54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73]. Due to the unique properties of ZnO, it has not only been widely investigated in devices; it has also been extensively explored in wastewater treatment by photo-catalysis or water splitting [74,75,76,77,78,79]. However, the reviewed sewaste water treatments by photo-catalysis performed on ZnO are without special morphologies [74,75,76] or composite catalysts [77,78] and nanowires [79]. Recently, it was proved that element doping can modify the optical, electrical and magnetic properties of ZnO, so element doped ZnO has been reviewed by several groups [80,81]. Djerdj et al. summarized Co-doped ZnO particularly due to its popular applications in devices [80]. Besides, Samadi et al. made a comprehensive review on various element doping in ZnO, such as transition metal, rare-earth metal, and nonmetal etc., and also discussed their applications in photo-catalysis [81]. Nevertheless, the morphology effects have not been systematically investigated in the doped photo-catalysts. Therefore, although there are abundant reviews related to ZnO, there is still lack of a systematic summary on the applications of morphology controlled ZnO in catalysis.



Concerning the most important technique of water photolysis, it is a sustainable technology to convert natural solar energy and water into chemical fuels and is thus considered a complete solution to the forthcoming energy crises. Furthermore, solar-powered water splitting using photo-electrochemical (PEC) cells is considered to be essential for the success of a hydrogen energy system [82,83,84]. In addition, in most water splitting research, photo-electrochemical (PEC) cells are focused on one-dimensional ZnO-based materials. Therefore, water splitting by ZnO photocatalysis is mainly concentrated on the development of ZnO band gap engineering, not the morphology [85,86,87,88,89,90,91,92,93,94]. Therefore, water splitting by ZnO photocatalysis is not covered here.



Besides, the extensively studied photocatalysis in waste water treatment and water splitting, ZnO is also utilized in very important energy related thermo-catalytic reactions, such as CO2 hydrogenation to fuels, methanol steam reforming to generate H2, bio-diesel production, etc. and photo-assisted electro-catalysis such as photoelectrooxidation of alcohol, etc.; however, no reviews coveres these morphology-dependent reactions.



Thus, this review mainly focuses on ZnO morphology-dependent catalytic processes and tries to reveal the relationship between catalytic performance and its morphology related properties. Moreover, the properties and catalytic applications of element doped ZnO with specific morphologies are also covered and discussed concurrently. The catalytic reactions not only cover the comprehensively explored photo-degradation of organic pollutants but also cover the synthesis of methanol, methanol steam reforming, alcohol oxidation, CO oxidation, hydro-desulfurization (HDS), bio-diesel production, photocatalytical removal of inorganic pollutants like NOx and Cr(VI) as well as photo-assisted electro-catalytic reactions, etc.




2. Applications to Thermo-Catalysis


2.1. Methanol Synthesis


The synthesis of methanol, higher alcohols, gasoline, and related higher hydrocarbons (Fischer-Tropsch-like reactions) through CO2 hydrogenation have received much renewed attention, especially methanol because of its indispensable position in the present fuel and chemical infrastructures [95]. Among the different kinds of studied catalystic systems, Cu/ZnO/Al2O3 based catalysts are the most promising ones [96,97]. According to previous publications, ZnO morphology plays a vital role in the catalytic performance of CO2 hydrogenation to methanol [10,18]. Schimpf et al. prepared Cu-Zn colloids and applied them to methanol synthesis [18]. Through a morphology controllable synthesis, spherical Cu attached to the truncated edges of triangular ZnO prisms was obtained and its methanol productivity (6408 μmolCH3OHgCu−1·h−1) was much higher than that of Cu-Al (2280 μmolCH3OHgCu−1·h−1) and traditional Cu/ZnO/Al2O3 (6222 μmolCH3OHgCu−1·h−1) catalysts. What is more, the catalyst active structure was determined as spherical Cu attached to the truncated edges of triangular ZnO prisms, which were proposed to serve as reservoir for ZnOx species and promote the catalytic activity. As already known, catalytic processes usually occur on the surface of the catalysts, and the impressive catalytic properties are usually due to the small catalyst size which leads to a high metal surface area, the high metal-support contacting efficiency, as well as the catalyst chemical composition. Except for the factors mentioned above, the strong metal-support interactions (SMSI) were also considered as a significant factor to influence catalytic performance [12,15,98,99]. Liao et al. reported significant morphology-dependent Cu-ZnO interactions and revealed their promotional effects on the catalytic performance of CO2 hydrogenation to methanol [10]. In their work, ZnO nanorods and nanoplates were synthesized and physically mixed with Cu nanoparticles and Al2O3 in order to test the catalytic properties of CO2 hydrogenation. The evident shape effects of ZnO on its interaction with copper were identified. The research demonstrated that the catalyst, Cu/ZnO nanoplate/Al2O3 with exposed polar ZnO (002) facet, exhibited much higher methanol selectivity (70%) compared with that of Cu/ZnO nanorod/Al2O3 (40%) catalyst. The advanced catalytic property was attributed to the strong interactions between (002) facet of ZnO plate and Cu, because the electrons of the ZnO nanoplate at the conductive band could transfer to the Cu Fermi level, increasing the concentration of oxygen vacancies. Furthermore, the higher electron trapping properties of ZnO nanoplate promote defects formation. In addition, different surface electronic structures were also thought to enhance SMSI [100]. All of these properties are related to the existence of polar ZnO nanoplate; therefore, the supported catalysts displayed superior CO2 hydrogenation activity to methanol. Very recently, ZnO hexagonal nanoplate loaded Cu nanoparticles were successfully modified by a heating approach and their catalytic performance was evaluated [101]. The as-prepared catalysts are highly selective for methanol production in comparison with Cu/rod-like ZnO which is due to the much stronger interactions between Cu and the exposed polar (002) facet in plate-like ZnO and a greater number of oxygen vacancies caused by the polar facets. Furthermore, CO2 was probably activated by the generated vacancies and the surface Cu species could facilitate molecular rearrangement (formate) and hydrogenation to produce methanol. Similarly, Lei et al. prepared different morphology ZnO structures (rod-like and filament-like) with Cu support and compared their catalytic activities for CO2 hydrogenation [102]. The Cu/ZnO (filament-like) catalyst displayed better catalytic activity which was due to stronger Cu-ZnO interaction and more oxygen vacancies caused by the higher exposure of the (002) polar face. Except for the morphologies mentioned above, a Cu-decorated ZnO nanotube model system was produced by Güder et al. to investigate the effects of ZnO morphology on the CO2 hydrogenation performance [103]. Although the engineered catalyst exhibited 70 times higher CO2 activation capability because of its high ZnO surface area compared with the commercial one, it showed a lower CH3OH yield. This is mainly because of the high surface mobility of Cu, where intermediate species, such as HCOO, HCOOH, H2COOH, HCO, H2CO, and H3CO, do not remain stable enough with moving particles to form CH3OH. Thus, a better catalytic performance is not only determined by the high support surface area, but also by the low surface mobility of Cu.




2.2. Methanol Steam Reforming (MSR)


Methanol steam reforming (MSR) has been extensively studied for hydrogen production [104,105,106,107], primarily because of low sulfur content, low carbon/hydrogen ratio, and the relatively low reforming temperature (200–300 °C) of methanol. In order to achieve a compact and highly efficient fuel cell system, a MSR catalyst with high activity and selectivity is essential [108]. ZnO has also been considered as an effective catalyst component for methanol reforming to hydrogen [109,110,111,112,113]. Being similar to the methanol synthesis, the catalytic system of MSR is also commonly made up with Cu-Zn-Al. Lin et al. designed a core-shell nano-structured catalyst, a ZnO nanorod (NR) core with Cu nanoparticles shell (NPs, NR@NPs), and tested their properties for the MSR reaction [113]. The as-synthesized Cu-ZnO catalyst achieved a high methanol conversion rate of about 93% which is apparently higher than the commercial one. The superior catalytic property and stability of ZnONR@CuNPs was mainly due to the large surface area of the core-shell nanostructure which enhanced the Cu dispersion and facilitated the surface contact efficiency between the catalysts and reactants. Apart from the traditionally used Cu-ZnO system, Karim et al. considered the effects of ZnO morphology on the PdZn catalytic system [114]. In their research, Pd supported on ZnO nanorod catalyst showed the highest catalytic activity compared to anomalous and surface etched ZnO. The authors stated that the catalytic activity was greatly influenced by the ZnO morphologies instead of the Pd particle size or Pd-Zn alloy particle size/composition. The larger the amount of faceted ZnO, the higher is the catalytic activity. Furthermore, the morphology controlled ZnO not only served as the support and Zn source for the Pd-Zn alloy formation, but also facilitated one of the intermediate formation steps in MSR. Then, Zhang et al. intensively investigated the effects of ZnO surface polarity (needle-like ZnO crystallites predominantly exposed non-polar facets and commercial ZnO without any dominant facets) on the catalytic properties of MSR [13]. Different from the research mentioned above, they stressed the significant roles of Pd-Zn alloy. CO selectivity was determined by the PdxZny alloy structure and particle size which could be influenced by ZnO non-polar facet. Pd-rich phases (PdxZny, x > y) were formed predominantly at low Pd loadings on both ZnO-N (mainly non-polar facets) and ZnO-P (no predominant polar facets) supports, resulting in high CO selectivity. With similar Pd loading, Pd/ZnO-P gave lower CO selectivity than Pd/ZnO-N. This was due to more facile stability of Pd-Znβ(x/y = 1) on polar ZnO (0001) instead of non-polar facets, which led to a higher CO2 selectivity. In addition, the particle size of PdxZny alloy has been reported to be correlated to the CO selectivity in MSR. Much smaller PdxZny alloy size was observed on ZnO-N, which also showed higher CO selectivity. Also, this result was in accordance with previous studies [114,115,116]. Obviously, ZnO morphology has a great impact on the Pd-Zn alloy structure and product selectivity. Interestingly, Halevi et al. [117] also reported the effects of polar (plate-like) ZnO on the formation of Pd-Zn alloy and product selectivity for MSR. In their research, 50% higher specific activity and ~70% CO2 selectivity was obtained over plate-like ZnO supported Pd catalyst compared with the commercial one, with a lower amount of ZnO polar surfaces (Figure 1). The The density functional theory (DFT) calculation study indicated that the lowest activation energy and highest specific activity over plate-like ZnO based catalyst was ascribed to the higher proportion of ZnO polar facets. Then, the thermal reduction was found to reduce CO2 selectivity over plate-like ZnO, which also caused defect formation and surface reconstruction. This suggested that the MSR active sites on ZnO are defects formed on the polar facets of ZnO. Eblagon et al. studied the influence of the different morphologies of ZnO (prevalent nanorods from Sigma-Aldrich, spherical nanoballs were assembled by nanosheets obtained by calcination of ZnO in O2, air, N2, and H2) on the catalytic performance of ZnO supported Pd catalysts in the MSR reaction [118]. The most active and ultraselective catalyst was Pd/ZnO-calcined in H2. The superior catalytic performance was attributed to the high amount of oxygen vacancies which acted as additional active sites for water adsorption and subsequent activation, and also drastically suppressed the formation of CO by replenishment of oxygen vacancies, thus leading to high H2 selectivity in the MSR reaction.



Besides the MSR reaction, the impressive morphology-dependent promotion effects of ZnO were also found on combined reforming hydrogenolysis (CRH) of glycerol by Hu et al. [11]. Hexagonal ZnO disk- and rod-crystals with different length to diameter aspect ratios were controllably prepared and employed as co-catalysts with rapidly quenched skeletal NiMo catalyst in the CRH of glycerol. The data demonstrated that non-polar facets contributed to the prominent selectivity of the hydrogenolysis products and high production rate of 1,2-propandiol (1,2-PDO). Furthermore, there was an excellent linear relationship between the TOF of 1,2-PDO and the surface area of ZnO (100) non-polar facets. Further investigation indicated that CO2 was chemisorbed on ZnO (100) non-polar facets to form a stable tridentate carbonate species. The C atom of CO2 bonded to O anion in non-polar (100) facets, both O atoms of CO2 formed the equivalent bonds with Zn cations nearby. This CO2 chemisorption mode altered the occupied and unoccupied surface of Zn sites, leading to a more electron-deficient unoccupied Zn cation, enhancing the Lewis acidity of non-polar facets. In contrast, ZnO (001) polar facets terminated solely with Zn2+ or O2− ions, so such a type of CO2 adsorption mode cannot be adopted. Therefore, on the non-polar facets, this type of CO2 adsorption-enhanced Lewis acidity greatly accelerated the dehydration of glycerol to acetol and the intermediate transformation to 1,2-PDO, which was considered to contribute to the significant morphology-dependent promotion effects of ZnO.




2.3. Biomass Related Catalytic Reactions


With the decrease of petroleum reserves and the increase of environment protection consciousness, bio-diesel, as a renewable energy source, has been considered to be a significant alternative to petroleum based diesel fuel over recent years [119,120]. Bio-diesel produced through hydrolysis-esterification reactions has attracted great interest [121,122,123]. Liu et al. prepared perfect hexagonal sectional ZnO “multi-level tower” (Figure 2) based catalysts to produce bio-diesel [124]. In comparison with ZnO particles, the multi-level tower ZnO achieved 73.5% bio-diesel yield, about 60% higher than that of ZnO particles. They believed that multi-level tower ZnO predominantly exposed active O2− on (10   1 ¯   0), (   1 ¯   100), (01   1 ¯   0), and (0002) facets. As reported, O2−, in the layer structured Mg-Al hydrotalcites and MgO, is considered as the predominantly strong basic sites to catalyze bio-diesel production [125]. Besides, methanol molecules prefer sticking to ZnO facets with higher concentration of O atoms, such as (102) and (103) facets. On the contrary, ZnO (112) facets contains higher concentration of Zn and the adsorption of carbonyl groups are preferred [126,127]. Thus, these surfaces were considered as the active centers of trans-esterification and esterification reactions [128]. According to this research, it is the ZnO predominantly exposed active basic O2− on (10   1 ¯   0), (   1 ¯   100), (01   1 ¯   0) and (0002) facets that contribute to the apparent increase of the catalytic activity and bio-diesel yield. Except for bio-diesel production, the transformation of biomass derived products to value added chemicals is also very attractive in the biomass chemical industry, for example, the conversion of bio-ethanol to acetaldehyde or acetone. Zhang et al. investigated the influence of needle-like and flake-like ZnO (ZnO-N and ZnO-F, respectively) on the catalytic performance of bio-ethanol conversion to acetone [129]. There is a large amount of water in bio-ethanol and they found distinct water activation on polar/non-polar facets of ZnO nanoparticles. Water was strongly adsorbed on ZnO (001)/(00   1 ¯   ) polar facets, which prohibits the formation of the oxygen vacancy and thus the adsorption/dissociation of H2O on the ZnO-F. Thus, the conversion rate of ethanol to acetaldehyde on ZnO-F is much higher than that on ZnO-N. However, the subsequent acetaldehyde conversion to acetone via the ketonization pathway mainly occurs on the ZnO (100) non-polar facet on which water dissociation is highly favored. Therefore, acetone selectivity on ZnO-N with dominant (100) non-polar facets is always higher than that on ZnO-F with (001)/(00   1 ¯   ) polar facets. In comparason, ethanol conversion to acetaldehyde was also explored and a structure-surface-sensitivity phenomenon was observed [130]. The results indicated the presence of particular acidic hydroxyl groups on the polar surfaces are responsible for the high selectivities to minor products, ethylene, and condensation products. Therefore, it is necessary to minimize the polar surface extension as well as control the acid-base properties in ZnO materials to optimize the dehydrogenation performance towards acetaldehyde as the main product.




2.4. CO Oxidation


The CO oxidation reaction is a simple but important reaction and it is usually utilized as a probe reaction to investigate various catalytic theories. Shape-dependent promotion effects have been extensively explored especially over rod-shaped oxides [131,132,133,134,135,136]. Liu et al. [137] synthesized Au/ZnO-NW (ZnO nanowires) and Au/ZnO-P (powders) and evaluated their catalytic properties for CO oxidation. Au/ZnO-P provided higher CO oxidation activity with a rate of 2.09 molCOgAu−1·h−1 at 100 °C but dramatically decreased to 0.52 and 0.062 molCOgAu−1·h−1 (an activity drop of around 4- and 34-times) when calcined at 400 °C and 600 °C, respectively. However, only 1.6- and 7-times decreases were observed over Au/ZnO-NW catalyst, when calcined at 400 °C and 600 °C, respectively. Generally, the low energy (10   1 ¯   0) facet predominated ZnO-NW is more stable than ZnO-P, which consists of various highly active high-energy surfaces. So, when calcined at high temperature, although there are much stronger interactions between Au nanoparticles and ZnO-P, Au on ZnO-P are less resistant to sintering than those on ZnO-NW due to the high activity of ZnO-P. Therefore, Au/ZnO-NW with relatively weaker interactions between Au and ZnO-NW displayed higher stability at high pretreatment temperature. In addition, Liu et al. further explored the catalyst stability [138]. After calcination at 600 °C, the CO oxidation rate decreased about 30-times on Au/ZnO (powder) but only about 4-times on Au/ZnO (nanowires). They claimed that the well-defined surface structure of the ZnO NWs and their strong interfacial interactions with Au NPs are beneficial for the formation of a heteroepitaxy structure. Besides, the impressive stability was ascribed to the unique interactions between Au NPs and the (10   1 ¯   0) nano facets of the ZnO NWs.



Liu et al. studied the CO oxidation reaction over ZnO nanorods supported Au catalysts and proposed the existence of O-SMSI and R-SMSI between ZnO nanorods and Au nanoparticles [139]. The O-SMSI in Au/ZnO occurred under oxidative pretreatment conditions while the R-SMSI took place in reductive pretreatment conditions, the same as the classical SMSI (Figure 3). Both SMSI effects in the Au/ZnO system however do invoke mass transportation and charge re-distribution. In the O-SMSI, under oxidative pretreatment conditions, the formation of Au-O-Zn linkages are vital in driving ZnO to the Au surface; while the formation of Au-Zn alloy was thought to be of great importance in the R-SMSI. Also, the existence of O-SMSI or R-SMSI might be led by the n-type semiconductor properties or non-polar surface of ZnO. It is interesting that Au/ZnO with R-SMSI showed a lower CO oxidation activity compared with that of with O-SMSI. Therefore, it was claimed that the catalytic activity greatly depends on the formation of Au-O-Zn linkage or Au-Zn alloy under different pretreatment conditions.



Besides, three different morphologies of ZnO, prepared by chemical vapour deposition (ZnOCVD), two commercial samples from Strem Chemicals (ZnOSC) and Evonik (ZnOEV), were used to support 1 wt % Au to explore the SMSI in CO oxidation [140]. At room temperature, the best results were obtained over ZnOCVD which showed a CO oxidation activity of 2 molCOgAu−1·h−1. Its high-resolution electron microscopy images indicated a lot of Au nanocrystals epitaxially oriented on ZnO rods which means the SMSI lead to such a unique structure, and the unique metal-support interactions were proposed to be associated with the enhanced catalytic activity. Recently, Liu et al. [141] designed a new method to produce highly dispersed Au clusters on ZnO meso-crystal through a ZnO defect-mediation method. Au clusters were supported on and/or doped in defect-rich twin-brush ZnO (TB-ZnO) meso-crystals (Figure 4), marked as Au/ZnO:Au. This sample exhibited remarkably high activity in CO oxidation about 8.21 molCO/gAu·h (or 9.35 × 10−5 molCO/gcat·s). This is much higher than that of the Au/TiO2 or Au/FeTiO2 system [139]. The large amount of Zn- and O- vacancy defects in TB-ZnO provide a strong driving force for the introduction of Au into the lattice of ZnO (Figure 5). The ZnO meso-crystal thus behaved like a sponge to accommodate the large number of Au atoms. These Au atoms eventually moved out of the ZnO lattice to form highly dispersed Au nanoparticles of around 2 nm, after moderate thermal treatment. The DFT calculation showed the Au-doping in TB-ZnO and the facile defect-mediated migration of Au in it, are both energetically favorable. This was also thought to be the novel explanation of the SMSI between the Au and ZnO support which therefore could greatly enhance the catalytic activity. In summary, the morphology-dependent SMSI between Au nanoparticles and ZnO was thought to be the main reason for the high activity and stability in CO oxidation. Interestingly, Mg2+ doped hierarchical flower-like ZnO microspheres assembled by porous nanosheets were developed to load Pd catalyst for CO oxidative coupling activity to dimethyl oxalate (DMO) [142]. Additionally, the effects of Mg2+ doping on the catalyst stability were investigated. The doped ZnO supported catalyst can not only retain the catalytic activity of undoped ZnO supported catalyst, but also display obviously higher stability. This is mainly due to the formation of Zn-Mg oxide solid solution in doped ZnO, which leads to a strong metal-support interaction, caused by the electron transfer from the ZnO substrate to Pd NPs, and this SMSI was proved to effectively restrain the sintering of the active Pd NPs, suppressing the growth of Pd NPs, and thus, enhancing the catalytic stability.




2.5. Other Thermo-Catalytic Reactions


Generally, hydro-desulfurization (HDS) catalysts are alumina- or silica-supported molybdenum, cobalt and nickel catalysts but achieving completely sulfur free fuels by catalytic HDS processes is still a great challenge [143,144,145,146,147]. Petzold et al. claimed that ZnO nanowire supported nickel catalysts were the most advanced HDS catalysts which could produce ultra-low sulfur diesel oil [148]. They confirmed that proper ZnO supports can ensure the generation of a highly active nickel species during deep desulfurization via the reported regenerative method. The in-situ heating investigation revealed that when Ni precursor was impregnated on ZnO nanowire it displayed a high dispersion, due to strong metal-support interactions, resulting in smaller NiO and Ni particle sizes, compared with Ni loaded on spherical ZnO nanoparticles (NPs). Besides, the highly active Ni-Zn alloy for HDS of thiopenes was preferentially formed during the reduction step. According to the previous publication, the SMSI could promote sulfur transfer from NiS to ZnO [147]. Therefore, the short diffusion paths between Ni and ZnO and the strengthened metal-support interactions led to the enhancement of sulfur uptake capacity and catalytic activity.



Exept for the above mentioned energy related thermo-catalytic reactions, morphology-controlled ZnO was also applied in environment pollutant removal processes. For example, Tang et al. studied the effects of exposed (0001) facets over ZnO micro/nanocrystals on the catalytic performance of thermal decomposition of ammonium perchlorate (AP) [149]. It was found that a higher percentage of exposed (0001) facets leads to lower activation energy of AP decomposition. Furthermore, the DFT calculation reveals that the highly exposed (0001) facets will promote perchloric acid adsorption and diffusion and facilitate the formation of active oxygen species, leading to the more complete oxidation reaction of ammonia in the catalytic decomposition of AP.



For thermo-catalysis, the morphology effects of ZnO are summarized in Table 1; the corresponding promotion mechanisms are illustrated in Figure 6 and as follows:



(1) Small size. Small particle size means high metal surface area which enables high metal-support contact area (interfacial area), enhancing interface interactions, and tuning catalytic performance. On the other hand, small particle size means more accessible active sites.



(2) Tuning the metal-support interactions even changing the types of SMSI. The SMSI are different between various morphologies of ZnO supported metal. Besides, the alloy and defects (oxygen vacancies), etc. produced by synergy or SMSI effects between the active metal and support also contribute to the high catalytic activities.



(3) Guaranteeing a certain catalytic stability. The exposed ZnO facets are proved to have different facet energy which could influence the interactions between metal and support. Both SMSI and the stability of different morphologies of ZnO play important roles in the sintering properties of the supported metal nanoparticles during the catalytic and pretreatment processes.



(4) Electronic properties and defects. Generally, different morphologies will expose different facets which will cause great diversity of electronic properties, defect types, and concentrations. All of these contribute to the capacity of electron trapping or changing the electron structures.



(5) Catalyst surface acid-base properties. The polar and non-polar facets show different surface acidity-basicity and O2− is proved to be the predominantly strong basic site. Besides, the different concentrations of oxygen and zinc atoms on various facets tend to adsorb different reactant molecules which can be used to adjust target product selectivity.



In summary, ZnO with various morphologies will expose different facets, polar or non-polar, which present different electronic properties and surface energy. So, this on the one hand will result in different SMSI, leading to different catalyst chemical states, catalyst particle size, metal-support contact area, and catalyst stability. All of these influence their catalytic properties. On the other hand, polar or non-polar facets possess diverse types and concentrations of oxygen vacancies and different acid-base properties, which also tune their catalytic properties.





3. Applications to Photo-Catalysis


Apart from thermo-catalytic reactions, morphology controlled ZnO has also been widely used for environmental pollutant mineralization, degradation and water splitting to hydrogen due to its large band gap and low cost of fabrication [150]. Furthermore, in some cases, ZnO displays dramatically impressive photo-catalytic activities compared with broadly studied TiO2 [88,91,151,152,153,154,155,156,157,158,159,160]. In addition, element doping including both metal and nonmetal (C, N, S) doping could lead to an enhanced photo-catalytic activity; interestingly, most non-metal dopings were reported in photo-catalytic water splitting [161,162,163,164,165,166,167,168].



3.1. Degradation of Organic Dyes


3.1.1. Degradation of Methylene Blue (MB)


MB is a typical organic dye in waste water and its degradation attracts great interest. Jang et al. made a comparison of MB photo-catalytic degradation properties between ZnO nanoparticles and nano-crystalline particles [169]. The results revealed that ZnO nanoparticles were more effective than nano-crystalline particles and the higher photo-catalytic activity over ZnO nanoparticles was ascribed to the higher specific surface area compared with ZnO nano-crystalline particles. In comparison with spherical ZnO quantum dots (QDs), the enhanced photo-catalytic properties of MB decomposition over hexagonal faceted ZnO prism QDs with polar surfaces was reported by Zhang et al. [170]. The better photo-catalytic properties were due to the following three reasons. First, hexagonal ZnO QDs possess smaller sizes which lead to a larger specific surface area. Second, there are more surface defects on hexagonal ZnO QDs which generate more oxygen vacancies. Third, the hexagonal ZnO QDs have more polar O-terminated (00   1 ¯   ) and Zn-terminated (001) facets which are facile to the adsorption of oxygen molecules and OH− ions, leading to higher generation rate of H2O2 and OH· radicals.



Except for the above mentioned QDs, Mclaren et al. prepared regular hexagonal plate-like ZnO nano-crystals and hexagonal rods with various lengths through a simple solution method [171]. The hexagonal plate-like ZnO displayed more than 5-times higher photo-catalytic activity in the MB photo-catalytic degradation compared with rod-shaped ZnO (Figure 7). This may be due to the terminal polar (001) and (00   1 ¯   ) facets on hexagonal plate-like ZnO which are more active for photo-catalysis than the non-polar surfaces on hexagonal rods. Similarly, Duan et al. [172] explored the photo-degradation efficiencies of MB over ZnO plates, hexagonal prisms, and rose-like twinned ZnO crystal films. Interestingly, the photo-degradation efficiencies of MB over hexagonal prisms and rose-like twinned ZnO crystal films were 95% and 96%, respectively. The excellent photo-catalytic properties were due to the high percentage of polar facets and high oxygen vacancy concentrations which decreased in the order of rose-like > hexagonal prisms > ZnO plates. Later, many other groups synthesized different morphologies of ZnO and claimed that the enhanced photo-activities were due to the high exposure of polar facets and large number of oxygen vacancies [173,174,175,176,177,178].



Jeong et al. also compared the photo-catalytic performance of ZnO nanorods and nanoplates [179]. On the contrary, they discovered that ZnO nanorods were more active for the degradation of phenol and MB, and the generation of OH· radicals and photocurrents. All of these were related to single-electron transfer reactions. ZnO plates (different from hexagonal plate-like nano-crystals mentioned above, which seem more like nano-sheets, Figure 8), were more effective for the two-electron transfer initiated reactions, such as the production of hydrogen peroxide and molecular hydrogen. X-ray photoelectron spectroscopy (XPS) and photoluminescence (PL) spectra characterization confirmed that ZnO nanorods had more pronounced oxygen vacancies near the conduction band energy level, facilitating electron trapping, and therefore, enhancing the hole transfer reactions in ZnO rods. In comparison, ZnO plates here possessed relatively pronounced oxygen interstitial contributions near the valence band energy level, promoting hole trapping, enhancing the availability of photo-generated electrons, and being favorable for multi-electron transfer reactions. This example demonstrates the effects of morphology-dependent charge transfer on photo-degradation mechanisms.



Except for the above mentioned roles of morphology-dependent oxygen vacancies, the other important roles of oxygen vacancies in morphology controlled ZnO were intensively studied by Khokhra et al. [180]. Flower-like interwoven grown ZnO nano-sheets and un-aggregated nanosheets were prepared and tested for photo-degradation of MB. The excellent photo-degradation efficiencies of flower-like interwoven grown sheets (99.94%) after 120 min irradiation are ascribed to the faceted geometry, large surface area of ZnO nanosheets, and high surface oxygen vacancies which narrow the band gap as proved by photoluminescence spectra. Therefore, the oxygen vacancies not only serve as photo-induced charge trap centers or active centers but also narrow the ZnO bandgap by broadening of the valance band. The narrowing of the energy band gap expanded the adsorption band of visible light, increasing photo-catalytic activity under sunlight irradiation. Thus, this advanced property is attributed to the surface oxygen vacancies which could narrow the band gap and generate more effective charges.



In spite of the roles of specific surface area, polar facets and oxygen vacancies, Wang et al. focused on the roles of Zn sites [181]. They prepared the flower-, spindle-, sword- and umbella-like ZnO architecture with the hexagonal phase and investigated the MB photo-degradation efficiency. The results demonstrated that the flower-like ZnO possessed more irregular Zn sites than that of the spindle- and sword-like ZnO, with more naked Zn atoms on the defects which prolong binding of S and N atoms in the MB molecules, promoting the photodegradation reaction. Therefore, relatively lower crystallinity and more defects were responsible for enhanced photo-catalytic activity.



Element doping can lead to a red-shift in ZnO optical absorption edge to lower energies and increase the photocatalytic activity in the visible-light region. Kuriakose et al. successfully prepared Co-doped ZnO nanodisks and nanorods through a facile wet chemical method and enhanced photocatalytic activity was obtained [182]. The enhanced photocatalytic activities were attributed to the combined effects of the high surface area of the ZnO nanodisks and high charge separation efficiency caused by optimal Co doping. Similarly, Rajbongshi et al. comparatively investigated the photocatalytic activity of ZnO nanorods and Co doped ZnO nanorods [183]. The high photocatalytic activity of Co doped ZnO under visible light radiation was ascribed to its lower band gap and associated red-shifted absorption. In addition, Cu-doped ZnO microstructures with a large amount of polar surfaces were produced and used as photo-catalysts to degrade MB and rhodamine B by Pawar et al. [184]. They also demonstrated that the Cu-doped ZnO microstructures showed better photo-degradation properties than the undoped ZnO microstructures. The enhanced performance was ascribed to the existence of (001) polar surfaces, oxygen vacancies, and increased optical absorbance at visible wavelengths. Except for the transition metal doping, noble metal doping was also reported. Han et al. prepared Pd-doped ZnO nanofibers via an electrospinning technique and evaluated their photo-catalytic degradation efficiency of MB [185]. Enhanced photo-catalytic activity was obtained compared to pure ZnO nanofibers, which was attributed to the PdO/ZnO heterostructures and the enhanced surface area. Recently, Faisal et al. successfully synthesized Ce doped ZnO nanorods and evaluated their photonic efficiencies for degradation MB [186]. All Ce doped samples exhibited superior photocatalytic performance than either pure ZnO nanorods or Hombikat UV-100. The authors claimed that the narrow band gap caused by Ce doping contributed to the enhanced photocatalytic activity.



It is broadly accepted that hybrid catalysts will enhance photocatalytic properties in comparison to individual semiconductor catalysts [77,78]. For example, Sun et al. found that the photo-degradation efficiency of MB over ZnO nanorod arrays (NRs) was significantly enhanced by decoration with Au (ZnO/Au composite) [187]. A broader adsorption band, spanned from 500 to 700 nm in the visible light range was observed over ZnO/Au composite which was believed to result from defects, such as donor acceptor pairs, O and/or Zn vacancies, O and/or Zn interstitials, and surface state [188]. Such an energy absorption edge means a potential enhancement of the photo-catalytic properties. During the photo-catalytic process, ZnO NRs serve as the sources of holes and electrons. Firstly, the electron-hole pairs are produced from ZnO NRs by UV irradiation. Then, the photo-excited electrons relax from the conduction band (CB) to the defect level to react with O2 (electron acceptors) to form the O2− superoxide anion radicals; accordingly, the holes in the valence band react with water to form OH− hydroxyl radicals. Generally, the photo-catalytic property is mainly related to the amount of O2− [189]. However, because of the charge recombination process, the electrons that were necessary for the formation of O2− will get lost. Fortunately, here, Au NPs can serve as photo-generated electrons sinks and make the Fermi level shift to a more negative potential [190]. Furthermore, the electrons transfer from ZnO to Au on ZnO/Au interface can be detected when the charge equilibration process occurs. This means electron-hole recombination can be suppressed due to the introduction of Au, and therefore, the photo-catalytic activity is enhanced. Thus, the high photo-degradation efficiency was probably due to the high defects concentration and the suppression of the recombination of electron-hole pairs.



A semiconductor is also applied to modifiy the intrinsic semiconductor in order to improve photocatalytic properties [77,78]. Kayaci et al. produced morphologically well defined poly (acrylonitrile) (PAN) nanofibrous via electronspinning, and then coated it with ZnO through an atomic layer deposition method, which served as crystal seed to grow single crystalline ZnO nanoneedles via a hydrothermal process [191]. The characterization indicated that PAN/ZnO seed samples consist of abundant O−x type ions and grain boundaries, while ZnO needle is a single crystal with less defects and of relatively better optical quality. Compared with PAN/ZnO seed samples, PAN/ZnO nanoneedles displayed much higher photocatalytic activities. It was mainly explained by the fact that an oxygen vacancy lies in the ZnO seed and captures a hole from the CB and hence the photo-generated charge combination process is delayed. Also this captured hole can take part in photocatalytic reactions when it is located within the grain boundary region of PAN/ZnO seed. This collective effect enabled the active participation of defect state and catalysis taking place at CB as well as VB, leading to higher photocatalytic activity. Then, Zhu et al. prepared carbon nanotube (CNT) and hierarchical ZnO microsphere composites (ZnO/CNT) and applied them to photo-catalytic degradation of MB [192]. The results showed that the photocatalytic activity of ZnO/CNTs composites is superior to that of pure ZnO microspheres. The observed photocatalytic performance improvement can be attributed to the triple effects, high surface area, enhanced light absorption, and suppression of charge carrier recombination resulting from the interactions between ZnO and CNT. Moreover, Chang made a comparison of complex ZnO/ZnS nanocable and nanotube arrays [193]. The complex ZnO/ZnS nanocable and nanotube arrays have excellent photocatalytic activities compared to ZnO nanowire arrays. This result is ascribed to the increase of the separation and transfer of photoinduced electrone-hole pairs on the surface of the ZnO/ZnS nanocable and the surface-to-volume ratio on the ZnS nanotube. Considering both ZnO and TiO2 are widely used in photo-catalysis, both Avci and Wang et al. investigated the photo-catalytic degradation of MB over ZnO-TiO2 nanocomposites [194,195]. Avci et al. directly and synchronously synthesized a rutile TiO2 (α-TiO2) and hexagonal wurtzite ZnO nano-composite via the arc discharge method [194]. Then, α-TiO2 and hexagonal wurtzite ZnO nano-sphere and nanorod composites were thoroughly investigated. The results indicated that the ZnO-TiO2 nano-composite catalyst exhibited remarkably superior photo-catalytic properties compared with the pristine ZnO or TiO2 nanoparticles. The better photo-catalytic properties were ascribed to the suppression of the recombination of electron-hole pairs and the synergetic effects occurring between hexagonal wurtzite ZnO and rutile TiO2 phases related to ZnO morphology.




3.1.2. Photo-Degradation of Methyl Orange (MO)


MO is another extensively explored organic dye in waste water and ZnO is also widely utilized in its photo-degradation. ZnO nanowires were extensively investigated in the photo-degradation of MO. Liu et al. [196] synthesized ZnO nanowires and directly applied them to MO photo-degradation. A high photo-catalytic activity and stability for MO degradation was obtained and was ascribed to the increased defects of ZnO nanowires. What is more, if the nanowire’s diameter is less than the critical value (about 50 nm), the ZnO effective band gap will increase, as the redox potentials; therefore the photo-generated charge carriers will possess higher reducing/oxidizing capabilities. Besides, the recombination of photo-generated charge carriers will be inhibited with the higher band gap. This increases the charge transfer efficiency between the pollutants and the catalyst, leading to a higher catalytic activity under mercury lamp irradiation.



Lu et al. [197] showed that ZnO nanorods can improve photo-catalytic properties of MO degradation. They believed that ZnO nanorods possess higher aspect ratio and larger specific surface area compared with ZnO nanoparticles, which enhance light photon capture efficiency, promote the generation of photo-induced charges and accelerate their transfer rate [198]. The wurtzite crystal structure especially contains a lot of Zn2+ and O2− terminated facets which alternately stack along the c axis, thus, ZnO nanorods possess Zn2+ terminated (0001) and O2− terminated (000   1 ¯   ) facets [199,200]. Then, a built-in electric field in ZnO nanorods is constructed between the two polar crystal facets, where the transfer path of photo-induced charges is undoubtedly influenced. Meanwhile, it was revealed that photo-corrosion cracks were generated especially along the c-axis of pristine ZnO nanorods after five photo-degradation cycles. In addition, Li et al. explored the effects of ZnO nanorod diameter size, orientation and surface area on the photo-catalytic activity of MO photo-degradation [201]. ZnO rod arrays with various diameter sizes and orientations were successfully synthesized and evaluated. The results demonstrated that the photo-catalytic activities of ZnO rod arrays enhanced along with the rod diameter size decrease and array orientation increase. Usually, a smaller rod diameter size results in a larger surface area, providing more active sites for an enhanced catalytic activity. As for the orientations, the authors suggested that a high orientation of ZnO arrays could increase the amount of exposed polar facets, leading to enhanced photo-catalytic activity. Thus, ZnO rod arrays with the smallest diameter size and the highest orientations displayed excellent MO photo-catalytic degradation properties. The importance of array orientation was further investigated by the same group later [202]. The high orientation led to an increased quantity of exposed (0001) facet per unit area which suppressed the recombination of photo-generated charges to dominate the photo-catalytic activity of ZnO nanorods. According to previous publications, the electron flow following photo-excited electron-hole pair creation can be directed by coupling metal oxides to match the electrochemical potential of semiconductors. This can not only make ZnO capable of using visible light, but also increase the charge separation and suppress charge carrier recombination, increasing photo-catalytic activities [203,204]. So, Danwittayakul et al. fabricated ZnO nanorods with zinc stannate (ZTO) by direct growth, then coated them with polyester fiber membranes or porous ceramic by a mild hydrothermal method [205]. As expected, ZTO with higher-bandgap (3.6 eV) bounded to lower-band gap ZnO (3.37 eV) triggers the photo-excited electrons transfer from the ZTO conduction band to the ZnO conduction band, while the hydroxyl groups could be kept on the ZTO surface, suppressing the charge recombination (Figure 9). Moreover, the hetero-junctions between ZnO and ZTO formed, also promoting photo-excited electron transfer from ZTO to ZnO and pinning the holes on the ZTO surfaces, then facilitating charge separation, leading to an enhanced photo-catalytic activity. In addition, electrons transfer from ZTO to ZnO nanorods which on one hand enhanced the surface electron density on the surface of ZnO nanorods, promoting photo-reduction reactions; on the other hand possibly leaked to the environment (dye solution), causing dye reduction reactions. Therefore, the engineered structure of CZnO/10ZTO catalyst exhibited good MO photo-degradation properties, degrading around 95% MO within 3 h under UV-light irradiation.



Besides ZnO nanorods, two-dimensional ZnO, such as nanofilm and nanosheets, was also prepared for MO degradation. For example, ZnO thin films were successfully synthesized by Gong et al. and tested for photo-degradation properties of MO [206]. The maximum MO degradation efficiency reached 64.4% after UV-irradiation for 180 min. In their research, the water contact angles of ZnO thin films were detected before and after UV irradiation. The contact angles decreased rapidly after UV irradiation for 120 min which indicated a transition from hydrophobicity to hydrophilicity. The reduction rate of the contact angles was defined as the ratio of the change of respective contact angles after exposure to UV for 120 min to its initial value and it was thought that the smaller the reduction rate, the more obvious the photo-induced hydrophilicity. Generally, it is believed that repellent films will become more hydrophobic, hydrophilic films will be more hydrophilic with lower surface free energy and higher surface roughness. Therefore, the decrease of contact angle values of ZnO thin films may be ascribed to a synergistic effect of decreasing surface roughness and increasing surface free energy. It was also claimed that when the film was irradiated by UV, it will produces electron-hole pairs and when holes react with the lattice oxygen, surface oxygen vacancies are formed. In the meantime, there is a competitive adsorption between oxygen and water for these vacancies. The further kinetic study indicated that hydroxyl adsorption was preferred on the defective sites. Consequently, the surface hydrophilicity was increased and the contact angle was obviously reduced. Thus, the enhanced photo-catalytic activity was ascribed to the decreased diameter size, surface free energy, and surface roughness accompanied to increased oxygen defect density.



Except for two-dimensional ZnO thin films, ZnO with different dimensions like sheets, rods and tubes, were successfully synthesized and their photo-catalytic activities of MO were comparatively investigated [207,208,209,210]. For example, Chen et al. intensively studied porous wurtzite ZnO nanosheets and ZnO nanorods [207]. Compared to ZnO nanorods, the porous ZnO nanosheets showed superior photo-reactivity. DFT calculation suggested that there is an internal electric field between the exposed positive Zn-ZnO (001) and negative O-ZnO (00   1 ¯   ) surfaces due to spontaneous polarization, promoting charge separation. Thus, the superior photo-catalytic activity was attributed to exposed (001) facets and a high specific surface area. Similarly, ZnO nanosheets were also prepared by Hong and Xiao et al. who also reported the display of superior photo-catalytic activity with easy separation and reutilization [208,209].



Besides the broadly investigated ZnO morphologies mentioned above, some special 3D morphologies were also explored. For example, Gomez-Solís et al. synthesized nanocorncobs (Figure 10) and tested for MO photo-degradation [211]. Results indicated that the synthesized ZnO showed much higher activity, almost completely degrading MO under solar irradiation for 90 min, much more active than commercial ZnO under similar reaction conditions. This is mainly because the synthesized ZnO nanocorncobs hold a lot of polar planes which are favorable for oxygen vacancy production. Meanwhile, oxygen vacancies could deter photo-corrosion, decrease the recombination of photo-excited charge carriers, and then improve the catalyst chemical stability. Thus, it was concluded that the synergistic effect between oxygen vacancies and ZnO polar planes was responsible for the enhanced catalytic activity. Srikhaow et al. prepared flower-like ZnO and evaluated their photo-degradation properties of MO [212]. This showed rather high photo-degradation efficiency of MO, higher than 85% after irradiation for 45 min. They stated that the high photo-catalyticactivity was led by the large amount of oxygen vacancies and high specific surface area of the material.



Because of the wide investigation of ZnO nanorods, its modification has also attracted great interest. Misra et al. fabricated ZnO with Au by the synthesis of Au@ZnO core–shell nanostructure and evaluated their photodegradation efficiency of MO under visible irradiation [213]. Au@ZnO core-shell nanostructures exhibited efficient plasmonic photocatalytic activity compared with pure ZnO because of the existence of surface plasmon resonance (SPR) in the Au core. What is more, the photocatalytic activity of the Au@ZnO core-shell NPs was found enhanced by the shell thickness. Recently, Lu et al. intensively investigated the effects of Au modification on the photocatalytic activities of MO degradation [197]. They proposed that when the ZnO surface was modified with Au nanoparticles, it was able to effectively prohibit the occurrence of photo-corrosion and enhance its photo-catalytic property because of the Au SPR effects. On one hand, the Au SPR effect could enhance the ability of light absorption and electron capture over Au/ZnO nanorods; on the other hand, the amount of surface adsorbed hydroxyl groups could be increased. Because Au nanoparticles can trap photo-generated electrons and hydroxyl groups are the favorable hole scavengers, the generation and separation of photo-induced charges are promoted. In short, when ZnO nanorods were modified by Au nanoparticles, the resistance ability to photo-corrosion, light absorption, and the generation and separation of photo-induced charges were all improved. Thus, both the effects of one-dimensional ZnO morphology and noble metal SPR contribute to the high photo-catalytic properties of MO degradation. In addition, element doping is emerging and it has also been applied to modify ZnO nanostructures. For example, Xiao et al. studied the photocatalytic performance of supported Fe doped ZnO nanorods [214]. Fe entered the ZnO lattice, which introduced lots of defects, dislocations, and distortions, resulting in an increased absorption of light and a decreased recombination rate of electron-hole pairs, leading to enhanced photocatalytic performance, compared with undoped ZnO nanorods.



Besides, quantum dot (QD) sensitization has been widely used to modify semiconductor catalyst too. Huang et al. assembled QDs, (e.g., CdSe, CdSe/ZnS core-shell) onto ZnO nanorods and applied them to MO photo-catalytic degradation [215]. Compared to the MO reaction solution and pristine ZnO nanorods, CdSe QD-sensitized ZnO nanorods exhibited a stronger light-harvesting capability and much improved photo-catalytic property. The reason is that the CdSe QDs possess a small band gap, therefore expanding its response to the visible light region in the solar spectrum, compared to pristine ZnO nanorods with a large band gap which can only use ultra-viole light. In addition, the band alignment is favorable for the photo-generated electrons and holes separation. Moreover, one-dimensional-ordered ZnO nanorods can offer an unblocked passageway for the charge carrier transportation to reduce their recombination. Compared to the CdSe QD-sensitized ZnO nanorods, the CdSe/ZnS QD-sensitized nanorods presented lower photo-catalytic performance. This is ascribed to the higher charge carrier transfer barrier of ZnS shell layers. In addition, the bottom of the CdSe conduction band is lower than that of ZnS, which implies that the photo-generated holes on CdSe cannot react with H2O to form hydroxyl radicals or oxidize MO easily. Thus, CdSe QD-sensitized ZnO nanorods presented the best catalytic performance compared with pristine ZnO nanorods and CdSe/ZnS QD-sensitized nanorods.



Except for the modification of semiconductor catalyst to improve photocatalytic performance, the development of special composite strucutures is also very popular. Hierarchical micro/nano architectures have been extensively explored. Lu et al. reported a new ZnO hierarchical micro/nano architecture (Figure 11) fabricated by a facile solvo-thermal approach in an ethylenediamine (EDA) aqueous solution [216]. This hierarchical core/shell structure is composed of a hexagonal-pyramid-like microcrystal core and a dense nanosheet built network shell. The ZnO hexagonal micro-pyramid has external surfaces that consist of lateral planes (0   1 ¯   11) and basal planes (0001). The uniform nanosheets are about 10 nm thick and contain a single-crystal structure with (2    1 ¯   1 ¯    0) sheet-planar planes. This engineered ZnO presented much higher photo-catalytic activities and durability for the photo-degradation of MO compared with other nano-structured ZnO, such as nanosheets, nanoneedles, and nanoparticles. This structured ZnO illustrated a strong structure-induced increase of photo-catalytic performance and the paramount high activity was due to its high ratio of surface-to-volume, which presents a large specific surface area (>180 m2·g−1) and stability against aggregation. Later, Lu et al. synthesized hierarchical ZnO microarchitectures assembled by ultrathin nanosheets and studied their photocatalytic performance [217]. This hierarchically-structured ZnO displayed a strong structure-induced enhancement of photocatalytic performance which was also ascribed to the large specific surface areas and high proportion of active polar (0001) facets. Besides the development of hierarchical architectures, heterojunctions have also been intensively developed. For example, Lin et al. successfully fabricated Shell@core-nanostructured TiO2@ZnO n-p-n heterojunction nanorods and evaluated their photodegrading performance of MB [218]. The photocatalytic performance increased three times compared with that of wurtzite hexagonal ZnO which was ascribed to the driving force of the inner electric field, efficiently promoting the separation and transfer of photogenerated electron-hole pairs. Similarly, Yi et al. obtained novel heterojunctions of p-type BiOBr and n-type ZnO by loading amounts of BiOBr nanoflakes onto the surface of ZnO nanoflowers [219]. The decolorization rate of BiOBr-ZnO heterojunctions was found to be 3.7 and 4.7 times higher than that of pure BiOBr and ZnO, respectively.




3.1.3. Photo-Degradation of Rhodamine B (RhB)


ZnO structures with different morphologies (nanosheets and nanorods) and percentages of polar facets were synthesized through a two-step chemical bath deposition process under mild conditions [220]. The ratio of ZnO polar facets could be finely controlled by utilization of Bi2WO6 as crystal seeds and the prepared ZnO nano-structures were tested for photo-degradation properties of RhB. The photo-catalytic activity was enhanced over ZnO nano-structures with a higher ratio of polar facets. The fraction of polar facets increased with the increase of the Bi2WO6 mass ratio which led to a more efficient separation efficiency of photo-generated charge carriers or a longer lifetime of the photo-excited electron-hole pairs, enhancing the photo-degradation efficiency of RhB. Later, Wang et al. successfully synthesized defect-rich ZnO nanosheets with high surface area and investigated the photo degradation performance of RhB under visible-light illumination (λ > 420 nm) [221]. The ZnO nanosheet with rich oxygen-vacancies exhibited enhanced photocatalytic activities, about 11 times higher than that of ZnO nanoparticles with few oxygen-vacancies. Moreover, when hybridized with Ag3PO4 nanoparticles, the hybride catalyst displayed even higher visible-light photocatalytic performance. The authors claimed that high surface area contributed to the increased surface oxygen-vacancies, which could improve the visible-light absorption and act as active sites for photocatalytic reactions. In addition, the hybridization favored the efficient charge transfer between ZnO and Ag3PO4 through energy level matching, suggesting a synergistic effect of surface oxygen vacancies and Ag3PO4 coupling. In order to achieve high surface area, 3D ZnO morphologies such as flower-like were investigated [222,223,224]. For example, Li et al. successfully synthesized ZnO micro-flower arrays, micro-candles, and micro-rods and explored their photo-degradation properties of RhB [223]. As for the results, ZnO micro-flower structures demonstrated superior photo-catalytic properties for RhB degradation although it lacked (0001) facets in its partial hollow structures, compared with micro-rods and micro-candles. However, it owned a high surface area which could promote organic dye adsorption and higher oxygen vacancies density, serving as an electron capturing center. In addition, Lu comparatively investigated the photodegradation efficiency of RhB over plate- and flower-like ZnO nanostructures [224]. The results demonstrated that flower-like ZnO was more efficient for RB photodegradation than plate-like ZnO. The high efficiency of flower-like ZnO was due to its more efficient separation and transfer properties of photogenerated charges than that of plate-like ZnO, originated from the special flower-like hierarchical nanostructures.



Hierarchically structured and heterostructure composite are usually responsible for the high photocatalytic performance [225,226,227,228,229,230]. For example, the flower-like ZnO hierarchical microstructures assembled by interleaving nanosheets were prepared and tested for photodegradation of RB [225]. The results indicated that the flower-like ZnO sample showed an enhanced photocatalytic performance, compared to ZnO nanoparticles, nanosheets, and nanorods. The high photocatalytic performance can be attributed to its open and porous nanostructured surface layer which significantly facilitates the diffusion and mass transportation of RhB molecules and oxygen species. Besides, hierarchical heteroassemblies, consisting of Ag core nanowires (NWs) covered by ZnO branched nanorods (ZnO BNRs), were successfully prepared and evaluated for the photo-degradation of RhB [227]. The obtained heteroassemblies of Ag NWs-ZnO BNRs exhibited high photocatalytic properties, because of the decisive roles of the synergistic effect of the hierarchical morphologies and the unique metal-semiconductor heterojunction as well as the presence of the dominant (001) surface of ZnO BNRs. In addition, the ZnO nanorods/ZnSe heteronanostructure arrays were also reported to exhibit enhanced photocatalytic activities due to their special heteronanostructures [229].



In order to increase photocatalytic activities, many efforts have been made to prepare element doped ZnO [231,232,233,234,235,236]. Main group metals, transition metals, and rare-earth metals are all reported in preparing doped ZnO [231,232,233,234,235,236]. Very recently, Li et al. made Ga doped ZnO photonic crystals (GZO PCs) with various pore diameters and utilized them for RhB degradation [231]. The high photocatalytic activity was ascribed to the slow photon effect from the photonic crystal structure and increased specific surface area after Ga doping. Furthermore, both transition metal Ni-doped ZnO hierarchical hollow nanospheres and Ni-doped-ZnO@void@SiO2 core-shell nanocomposite were reported by Yin group [232,233]. The high photocatalytic activity of Ni-doped ZnO hollow nanospheres was attributed to the high fraction of exposed polar facets, smaller particle size and larger surface area [232]. In addition, ZnO with different morphologies doped by rare-earth metals such as Ce and Eu were also explored [234,235]. The excellent photocatalytic activity for the degradation of RhB was attributed to crystallite size, narrowed band gap, and oxygen vacancies. Except for single element doping, N-decorated and Mn2+ doped ZnO nanofibers were synthesized by Wang et al. [236]. This nanocatalyst exhibited 50 times higher photocatalytic activity for degradation of RhB than that of pure ZnO. This impressive visible-light catalytic activity was ascribed to the huge band gap decrease, originating from the synergetic effects of both Mn2+ doping and N decoration, which significantly enhanced the absorption of ZnO nanofibers in the range of visible-light.




3.1.4. Photo-Degradation of Other Organic Dyes


ZnO nanomaterials have been widely used in the photo-degradation of organic dyes, including relatively rare organic dyes, such as Reactive Yellow 15, Orange G, etc. [237,238,239,240,241,242,243,244,245,246,247]. Hafez. prepared rod-like ZnO with pointed-shape ends and studied the photo-degradation properties of Reactive Yellow 15, an industrial textile dye [238]. The dye removal efficiency was around 85.7%. This type of ZnO nanorods possesses higher visible light harvesting efficiency compared with other reported morphologies. Besides, in the visible light region, the as-prepared ZnO nanorods displayed two broad emission bands at 486 nm and 564 nm. This intensive green-red luminescence was primarily attributed to the ionized oxygen vacancies, which originated from the recombination of a photon-generated hole at the oxygen-hole vacancy with the single ionized charged state of the defect in ZnO. This confirms the existence of ionized oxygen vacancies which usually promote photo-catalytic reactions. This means that this type of ZnO nanorods benefits the adsorption of oxygen to generate oxygen interstitials defects, due to its porous surface. Thus, the high photo-degradation efficiency was mostly ascribed to the formation of a large number of oxygen defects. Interestingly, Leelavathi et al. investigated the photo-degradation properties of Orange G over ZnO nanorods with different aspect ratios and high aspect ratio ZnO nanorods largely bound by the prism planes [239]. The high aspect ratio rods exhibited significantly high visible light photocatalytic activities compared with the low aspect ratio ZnO nanostructures. It was attributed to the easy separation of photogenerated charge carriers in the high aspect-ratio structures and the presence of favourable sites on the prism planes which contribute to enhanced oxygen chemisorption, and then promote the production of reactive radicals.



Generally, porous ZnO nanostructures can increase the specific surface area and lead to high catalytic activities. Different, kinds of porous ZnO nanostructures have been developed and applied to organic dye removal [240,241,242,243,244]. Srinivasan et al. prepared various mesoporous morphologies of ZnO (Figure 12), i.e., square bipyramid, bicone, radially oriented nanorod and sphere, and evaluated their Crystal Violet dye photo-degradation performance under UV-B and UV-C irradiation [240]. Although the sphere possessed the highest surface area (77.6 m2/g), it exhibited the lowest catalytic activity compared with radially oriented nanorod (58.1 m2/g), bicone (12.3 m2/g), and square bipyramid. Under both investigated irradiation sources, square bipyramid had the highest photo-catalytic activity due to its higher crystallinity. In addition, under UV-B irradiation, radially oriented nanorod showed a comparable photo-catalytic activity to square bipyramid; however, under UV-C irradiation, it showed lower activity. Therefore, under UV-B irradiation, both radially oriented nanorod and square bipyramid possess the highest degradation rates and rate constants; under UV-C irradiation, only square bipyramid still gives the highest degradation rates and rate constants. The good photo-catalytic performance of radially oriented nanorod was due to its special morphology and its rich meso-porous structure which can stimulate the adsorption of organic dye molecules. Thus, the authors proposed that both accessible meso-porous structure and high crystallinity are essential to the high photo-catalytic efficiency.



Various hierarchical hollow structured ZnO materials were also successfully synthesized for photodegradation of organic dyes [241,242,243,244]. Lan et al. evaluated the photo-degradation properties of Congo Red (CR) over hierarchical hollow structured ZnO [241]. The data demonstrated that the morphology controlled ZnO exhibited higher adsorption ability and photo-catalytic property than those of commercial ZnO and TiO2 P25. These excellent properties were due to the porous structures causing large surface area, which obviously promoted the diffusion and mass transportation of dye molecules and delayed the electron-hole pairs’ recombination during the photo-catalysis process. Metal or metal salt modified hierarchical hollow structured ZnO materials were developed for photodegradation of organic dyes too [243,244]. For example, Yu et al. explored the degradation of Orange II over novel hollow Pt-ZnO nanocomposite microspheres [243]. The enhanced photocatalytic activity and stability were due to the following reasons: first, the unique hierarchical nanostructures will lead to high light collection efficiency and a fast motion of charge carriers; second, the specific structures of Pt-ZnO nanocomposite microspheres can effectiently promote the transportation of the reactant molecules to the active sites on the framework walls. Similarly, Lamba et al. fabricated hierarchical cauliflower-like AgCl/ZnO nanocomposite, self-assembled by 1D-nanorods, and used it for malachite green (MG) photo-catalytic degradation [244]. The as-synthesized cauliflower-like nanocomposite exhibited remarkable high photocatalytic activities under visible light. The excellent catalytic performance was ascribed to the effectively extended absorption edge into the visible region, efficient electron-hole separation, and strong adsorption capability, originating from the special AgCl/ZnO hierarchical nanostructures.



Besides, various morphologies of semiconductor-ZnO nanocomposites and element doped ZnO were also synthesized and applied to the photo-degradation of organic dye molecules [245,246,247]. Lamba et al. prepared well-crystalline CeO2-ZnO hexagonal nanodisk composites and evaluated their photo-degradation performance of Direct Blue 15 (DB-15) dye under solar light irradiation [245]. The possible DB-15 dye photo-degradation mechanism on CeO2-ZnO nano-composite can be demonstrated as follows (Figure 13). VB and CB of ZnO are below that of CeO2, under solar light irradiation, the photo-generated electrons from CB of CeO2 are transferred to the CB of ZnO where they reduce the adsorbed O2 to form super reactive radical anions, O2·−. Then, O2·− combines with an electron to produce H2O2. Accordingly, the photo-generated holes are transferred from the VB of ZnO to the VB of CeO2 where they oxidize OH− to ·OH. These in-situ produced ·OH radicals enable the complete degradation of DB 15-dye. Therefore, electron-hole pair recombination was inhibited, resulting in an enhanced photo-catalytic activity. In addition, Cu-doped ZnO nanorods with different Cu concentrations were synthesized by Mohan et al. who tested their resazurin (Rz) dye photo-degradation performance [246]. The results demonstrated that ZnO nanorods with increasing Cu doping exhibit enhanced photocatalytic activity. It was chiefly because the surface defects caused by Cu doping could serve as favorable trap sites of the electrons or holes, suppressing their recombination and consequently increasing their photocatalytic activities. In addition, a bigger surface to volume ratio of nanorods, results in more surface oxygen vacancies and thus also increased surface activity. Similarly, Cu-doped ZnO with hexagonal prism-shape was also reported to photodegrade Acid Orange 7 by Wan et al. [247]. The excellent photo-catalytic activity was ascribed to the presence of more defects and weaker PL emission, induced by Cu doping which also led to the change of ZnO morphology. What is more, the amount of highly active (0001) facets and surface roughness were also thought to increase the catalyst properties.





3.2. Photo-Degradation of Phenol and other Pollutants


Apart from the degradation of the dyes mentioned above, phenol degradation was also broadly investigated. Xu et al. synthesized ZnO hexagonal nanoplate single-crystalline in a surfactant-free system and used it for photo-degradation of phenol [248]. An enhanced photo-decomposition activity of phenol compared with ZnO powders was obtained and it was ascribed to the unique surface nano-features with high ratio of polar facets and high concentration of defects. Besides, well-built 2-dimentional nanostructures with boundaries on nanoplates are favorable for advanced optical properties and enhanced photo-catalytic properties. Porous ZnO nanosheets with a high surface area near-rectangular morphology have been successfully prepared by Liu et al. [249]. The samples showed good activities for photo-degradation of phenol under UV light irradiation. It is because the large specific surface area can provide more active sites for the reaction and then facilitate the diffusion and mass transportation of the pollutants and hydroxyl radicals during the photochemical reaction. In addition, the surface defects may serve as charge carrier traps as well as adsorption sites where the charge transfers to the adsorbed species and prevents electron-hole recombination, whereas bulk defects only act as charge carrier traps where electron-holes recombine in the photocatalytic process. Thus, large surface area induced defects also contributed to the high catalytic activity.



The applications of various morphologies of ZnO to phenol photodegration have been intensively comparatively studied [14,250,251]. Xu et al. investigated photo-degradation properties of phenol over various morphologies of ZnO such as spherical particles, rod, tubular, hourglass, truncated hexagonal conical, and cauliflower [14]. Cauliflower ZnO illustrated the highest catalytic properties whose kinetic rate constant k was 0.1496 min−1. This was 9-times higher compared to commercial ZnO. However, no relationship between the catalytic activity and surface area was found. The main reason for the increased catalytic performance was ascribed to morphology effects. Interior cavities were found in conical ZnO and it was claimed that multiple reflection of UV light within the interior cavities could take place, which allowed for the high efficient use of the incident light, leading to an improved catalytic performance. Besides, the synthesized ZnO with more low energy facets was observed to possess a decreased photo-catalytic activity. Furthermore, the differences in the concentration and type of oxygen vacancies were also confirmed to result in different photo-catalytic activity. Similarly, Selvam et al. synthesized ZnO nanoflakes, nanorods and spherical nanoparticles (SNPs), and applied them to phenol photo-degradation [250]. Spherical ZnO nanoparticles illustrated enhanced photo-catalytic performance in comparison with the other morphologies of ZnO, which was owing to the narrow crystal size distribution, high specific surface area, and high concentration of oxygen vacancies. Rezapour et al. also synthesized various morphologies of highly crystalline ZnO and investigated their photo-degradation properties of phenol [251]. ZnO structures with spherical, well-faceted hexagonal, agglomerated particles and nearly hexagonal rods were synthesized by a solvo-thermal synthesis method, using ethylene glycol, ethanol, PEG 600, and 1,4-butanediol as solvent, respectively. Nearly spherical particles and squares were prepared via sol-gel synthesis, by using ethanol and other solvents, respectively. The ZnO obtained by both methods using ethanol as the solvent exhibited the best photo-catalytic performance. Besides, the sol-gel synthesized ZnO samples illustrated an improved photo-catalytic property toward photo-degradation of phenol compared to those prepared using the solvo-thermal method. For details, when the size of the ZnO nanosphere is smaller than the critical radius, a series of discrete electronic states will be created through an effect of charge confinement. Consequently, the effective band gap will increase and a band edge shift will occur. So, as the particle size decreases, the transfer of photo-induced electrons or holes from bulk to surface will be accelerated, leading to an enhanced photo-catalytic activity. What is more, the smaller dimension of ZnO spherical nanoparticles were proved to contain more surface defects which on one hand could enhance the number of surface active sites, and on the other hand could serve as electron traps to suppress the recombination of photo-generated charge carriers. Meanwhile, polar planes possess high surface energy and promote the adsorption of OH− ions and oxygen molecules, leading to a higher generation rate of OH· radicals and H2O2. Therefore, the high photo-catalytic activity also arose from the narrow particle size distribution, high specific surface area, high ratio of polar planes, and high concentration of surface defects.



Besides pristine ZnO with various morphologies, ZnO based composites including special structures were also prepared and tested for the photo-degradation of phenol [252,253,254]. Lama et al. synthesized Nb2O5/ZnO nanorod composites and tested their photo-catalytic activity [252]. The superior photocatalytic activity of the Nb2O5/ZnO NRs was attributed to the extended light absorption region and high fast charge transfer rate, caused by the incorporation of Nb2O5 into ZnO. Similarly, metal oxide-ZnO nanorod composites were prepared via a green surfactant-free hydrothermal approach by Lam et al. and applied to phenol photo-degradation under UV irradiation [253]. Under similar conditions, phenol was completely photo-degraded in the presence of Nb2O5/ZnO and Cr2O3/ZnO nano-composites under irradiation for 60 and 90 min, respectively. The results indicated that these composites displayed superior photo-catalytic properties in comparison with the commercial TiO2. The enhanced photo-catalytic property was ascribed to the lower band gap of rod-like ZnO. Furthermore, some special structured ZnO composites were also investigated. For example, Wu et al. successfully prepared ZnO/ZnMgAl-CO3-LDHs (layered double hydroxides) hetero-junction and explored their photo-degradation properties of phenol [254]. The hetero-junction photo-catalyst showed better photo-catalytic performance than neat ZnMgAl-CO3-LDHs microspheres and pure ZnO under UV light irradiation. This result can be ascribed to the inhibition of the recombination of the photo-excited electron-hole pairs caused by the hetero-junction structure, small size of ZnO, and improved light absorption properties.



Various morphologies of ZnO nanomaterials undoped or doped with transition metal or rare earth metal were reported for photodegradation of phenol, 2,4-dichlorophenol (2,4-DCP), and 2-chlorophenol etc, especially by Sin et al. [255,256,257,258,259,260,261]. Sm-doped ZnO nanorods and rare earth metal (Eu-, Ce-, Sm-) doped ZnO hierarchical micro/nanospheres were all successfully prepared for the photodegradation of phenol and 2,4-DCP [255,256,257,258,259]. The enhanced photocatalytic performance was attributed to the narrow band gap, high charge separation efficiency, and high hydroxyl radical generation ability, induced by rare earth metal doping. ZnO nanorods have been used to photo-catalyze the aerobic oxidation of alcohols to aldehydes under ambient conditions by Tang et al. [261]. ZnO nanorods demonstrated a markedly enhanced photoactivity and selectivity compared to commercial ZnO. This was ascribed to the efficient separation of photo-generated chargecarriers and its favorable, selective absorption toward the reactant of alcohols rather than the product of aldehydes, induced by the special 1D morphology of ZnO nanorods.



Except for the photodegradation of organic dyes and pollutants, some other inorganic pollutants were also photodegradaded by morphology controlled ZnO [262]. For example, grapheneoxide (GO) was used to tune the morphologies of ZnO and their photo-activity of the reduction of Cr(VI) under visible light irradiation [262]. The oxygenated functional groups and the unique structures of 2D GO played pivotal roles in tuning the morphology of ZnO and increasing oxygen vacancies concentration. In addition, the introduction of oxygen vacancies and the intimate interfacial interaction between ZnO and reduced grapheneoxide (RGO) extended the light absorption edge of RGO-ZnO to the visible light region. Thus, the RGO-ZnO nanocomposite exhibited enhanced visible light photo-catalytic activity toward the reduction of heavy metal ions Cr(VI).



For photo-catalysis, the morphology effects of ZnO have been summarized as shown in Table 2; the corresponding promotion mechanisms have been proposed in Figure 14 and as follows:



(1) Small particle size effects. A small particle size always means high surface area which can provide more active sites to facilitate mass transportation of the reactants and extend light absorption edge. In addition, it will accelerate the diffusion of the photo-induced electrons or holes from bulk to surface and suppress the recombination of the photo-generated electron-hole pairs. Furthermore, if the diameter of the nanowire is smaller than its critical value, the effective band gap of ZnO increases, as the redox potentials; therefore, the photo-generated charge carriers will demonstrate a higher reducing/oxidizing capability.



(2) High specific surface area effects. Besides more active sites, fast mass transportation of the reactants and extend light absorption edge, high specific surface area also promote the formation of defects.



(3) Defects (oxygen vacancies). It is commonly accepted that oxygen vacancies are electron trap sites which could therefore enhance the hole transfer reactions. Oxygen vacancies not only act as the active centers to influence the adsorption of reactants and the product selectivity, but also narrow the band gap of ZnO, deter photo-corrosion, decrease the recombination of electron-hole pairs, improving the catalytic activity.



(4) Polar facets. The terminal polar (001) and (00   1 ¯   ) facets have been proved to be more active for photo-catalysis than the non-polar facets, favorable for the adsorption of oxygen molecules and OH− ions, resulting in higher generation rate of H2O2 and OH· radicals. Besides, the polar facets facilitate the production of oxygen vacancies.



(5) Orientation of ZnO arrays. The highly orientated ZnO arrays could also increase the polar facet exposing probabilities, leading to enhanced photo-catalytic properties.



(6) The hetero-junction and the special hierarchical architectures. These engineered structures could promote the separation and transportation of photo-excited electron-hole pairs and inhibit their recombination, enhancing photo-catalytic property.



(7) Morphology-dependent charge transfer effects. Two-electron transfer initiated reactions or multi-electron transfer reactions can be tuned by the number of defects, through the selection of optimal ZnO morphologies.



(8) Modification by sensitization through coupling with a narrow band gap semiconductor, forming nanocomposite photocatalyst and metal loading. All of these modifications are created to extend the light absorption to visible-light range. In addition, metal loading such as Ag and Au may cause SPR effects to further increase the photocatalytic properties.



(9) Modification by metal and non-metal doping. Metal doping decreases crystal particle size, increasing specific surface area and favoring the formation of defects. Furthermore, metal doping on one hand narrows the band gap by creating mid-gap level states, extending light absorption to the visible-light range; on the other hand these new states can act as charge recombination centers to deteriorate photocatalytic activity. Accordingly, nonmetal doping also favors formation of defects and narrows the band gap by elevating the valence band maximum to create a new valence band; thus, unlike metal doping, nonmetal doping is less likely to form recombination centers.





4. Application to Photo-Assisted Electro-Catalysis


Since oxide semiconductors were discovered employed as photoanodes in photoelectrochemical (PEC) cells to split water, it has become an exciting subject of research, as mentioned in the Introduction section [82,83,84,263]. However, in fact, photoelectron-oxidation of organic substances to produce hydrogen is much more efficient than PEC cells to split water [82]. Besides, photoelectron-oxidation of organic substances is also possible to produce electricity, called Photo Fuel Cell (PFC) [82]. The incorporation of large band-gap semiconductor photocatalysts is reported to efficiently minimize CO positioning in photoelectron oxidation of organic substances [83,84].



In the photoelectron oxidation of organic substances, ethanol and methanol fuel cells have attracted great attention. Leelavathi et al. demonstrated that amine-modified ZnO nanorods (passivated with oleylamine in their research) coated with ultra-thin Au (ZnO/Au) nanowires was a promising catalyst for ethanol photoelectron oxidation [83]. The ZnO/Au nanowires exhibited an apparent enhancement in optical absorption, compared with ZnO/Au nanoparticles. It was found that ZnO nanorods passivated with oleylamine significantly increased its UV emission band edge (by ~1.5 times) which means there are electronic interactions between amine and ZnO. In addition, the degree of passivation increased along with the ratio of the concentration of oleylamine to ZnO; this further confirmed that amine interacted strongly with the ZnO surface. These strong electronic interactions played significant roles in photo-induced charge separation/recombination and Au nucleation. First, it accounted for the best possible separation of photo-generatedcharge carriers and also affected non-radiative recombination. Second, it preserved the electronic defect states that were responsible for the suppression of the charge carriers’ recombination. In addition to these electronic effects, this interactions presented strong anchoring sites for the nucleation of Au nanoparticles that subsequently assisted in the growth of ultra thin Au wires. Besides, the geometric effects were also proposed to contribute a lot to the superior activity of ZnO/Au nanowires. Here, one-dimensional single crystalline nano-structures inherently possessed fewer defects as compared to nanoparticles, which led to the suppression of the recombination of charge carriers. Generally, defect sites are irreversibly oxidized under an applied potential which degrades the electro-catalytic performance. Second, the diffusion of electro-chemical species toward catalyst surfaces was significantly improved in high aspect ratio nanowires. Thirdly, inter-connected wires could also facilitate charge transport, thus enhancing electro-catalytic activity. Thus, the high photo-electro-catalytic activity of the ZnO/Au nanowire hybrid was ascribed to both electronic as well as geometric effects.



Similarly, Su et al. explored the electro-chemical performance of methanol oxidation over Pt@ZnO nano-rods @CC (CC: carbon cloth) electrode with or without UV irradiation [84]. With irradiation, Pt@ZnO@CC electrode demonstrated 90% higher methanol oxidation activity compared with commercial E-Tek, with the same loading of Pt. The results indicated that hydroxide species enriched on the ZnO nanorods’ surface, facilitated CO removal through a bi-functional mechanism. Moreover, XPS characterization confirmed the charge transfer between Pt nanoparticles and ZnO nanorods, tuning the electronic structure of surface Pt, decreasing CO adsorption energy, and improving the electro-catalytic activity of methanol oxidation. When the catalyst surface was under the presence of UV irradiation, the chrono-amperometric response was increased about 62%. This increase was mainly due to the synergistic effects between the photo-oxidation of methanol on ZnO and the electro-oxidation of methanol on Pt. This synergistic effect originated from the high surface area and strong light absorption by ZnO nanorod arrays in the UV region.




5. Conclusions and Outlook


In summary, ZnO has been widely applied to green energy and environmental issues involving catalytic reactions, such as the industrial methanol synthesis, methanol steam reforming, hydro-desulfurization, photo-catalysis, photoelectro-catalysis etc.; and ZnO also exhibited apparent morphology-dependent catalytic performance in these reactions. As a significant semiconductor and catalytic material, ZnO has various energy-level configurations, surface atom distributions, surface energy, defects, acidity and basicity, and SMSI effects which greatly depend on its size, structure, morphology, and modification. Thus, similar to thermo-catalysis, particle size/specific surface area, the surface polarity of ZnO (surface energy, defects, acidity and basicity, and SMSI effects) tuned by ZnO morphologies are essential for photocatalytic and photoelectrocatalytic performance. Besides these factors, other morphology related factors such as orientation of ZnO arrays, special hierarchical architectures, engineered hetero-junctions and the surface polarity-dependent charge transfer effects are all critical in enhancing their photocatalytic and photoelectrocatalytic performance through increasing visible light harvesting, promoting the separation and transportation of the photo-excited charge carriers, and suppressing their recombination. In addition, other parameters rather than morphology-dependent ones, such as ZnO modification by sensitization through coupling with a narrow band gap semiconductor, forming nanocomposite photocatalysts, and metal loading are also reported to narrow its band gap, extend light absorption to the visible-light range, and display SPR effects by loading Ag and Au, etc. In addition, ZnO modification by metal and nonmetal doping is widely considered to extend the absorption wavelength range, increase crystal defects, and/or increase specific surface area, and create charge carrier trap sites by modifying the electronic band structure of ZnO, then altering the photocatalytic and photoelectrocatalytic performance.



ZnO basted catalysis has attracted much attention and presents a rising interest as displayed above and surveyed by Samadi et al. [81]. As reviewed in Section 2, Section 3 and Section 4, morphology control strategy is a good approach to modify the catalytic activity of ZnO nanostructures for many reactions in both environmental and energy fields. However, the developement of catalytic applications of morphology controlled ZnO nanostructures have still a number of important issues concerning them, including the following:

	
Although there is abundant published work on doped ZnO nanostructures [80,81,258], large scale synthesis methods of doped ZnO particularly nonmetal doped ZnO with reguar morphologies should be further developed, which will enable its wide applications in catalysis.



	
High specific surface area is beneficial for catalytic performance and some ZnO morphologies with meporous structures have been reported in the applications of catalysis [142,207,240,249]. However, this is a challenge because the morphology controlled synthesis may be destroyed by pore-forming materials and more research should be carried out.



	
One-dimensional ZnO nanostructures have been intensively investigated in photoelectrochemical (PEC) cells to split water and large enhancements have been achieved [74,77,79,82,83,84]. Furthermore, ZnO nanorods have been reported in the applications of photoelectron-oxidation of ethanol and methanol [83,84]; ZnO has also been applied as an important photoelectrocatalyst component in the methanol production from CO2 by photoelectrocatalytic reduction. Therefore, applications of morphology controlled ZnO in the photoelectron oxidation of organic substances to generate hydrogen or electricity and photoelectron reduction of CO2 to produce fuels should be further investigated.



	
ZnO based proper hierarchical architectures and hetero-junctions have been proven to be favorable for enhancing thermocatalytic properties [264]. Morphology controlled ZnO with special hierarchical architectures and hetero-junctions should be well developed and utilized in all kinds of thermocatalytic reactions. Similarly, metal and nonmetal doping can modify the electronic structures of ZnO; however, there is a lack of research on the thermocatalytic reactions of morphology controlled ZnO with doping. The development of these types of ZnO nanostructures on one hand will contribute to the improvement of catalytic performance; on the other hand, can be served as model catalyst to investigate complicated catalytic theories.
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Figure 1. Arrhenius plot for ZnO samples: (●) plates; (○) plates aged; (■) Aldrich; (□) Aldrich repeated; (◇) Aldrich aged. Reproduced with permission from [117]. Copyright American Chemical Society, 2013. 
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Figure 2. Scaning electron microscopy (SEM) morphology (a) and configuration profile (b) of ‘‘multi-level tower’’. Reproduced with permission from [124]. Copyright Elsevier, 2011. 
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Figure 3. Schematic illustration for the strong metal-support interactions (SMSI) states in the Au/ZnO nanorod system under various pretreatments. The color bar depictsthe sign and degree of charging of the gold nanoparticles. Reproduced with permission from [139]. Copyright American Chemical Society, 2012. 
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Figure 4. (a) SEM image of calcined TB-ZnO mesocrsytal; (b) transmission electron microscopy (TEM) image of the sliced as-prepared Au/TB-ZnO. Reproduced with permission from [141]. Copyright American Chemical Society, 2015. 
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Figure 5. Schematic illustration for Au-doped defect-rich TB-ZnO and their catalytic process. Reproduced with permission from [141]. Copyright American Chemical Society, 2015. 
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Figure 6. Promotion mechanism illustration of morphology controlled ZnO in the thermo-catalysis process. 
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Figure 7. Plot of the rate constants vs. (100)/(002) intensity ratio. Reproduced with permission from [171]. Copyright American Chemical Society, 2009. 
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Figure 8. Field emission scanning electron microcopy (FE-SEM) image of ZnO plates. Reproduced with permission from [179]. Copyright American Chemical Society, 2014. 
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Figure 9. Possible energy band diagram of a ZnO/ZTO nanocomposite showing the photo-excited electron transfer from the higher-energy-level CB of ZTO to the lower CB of ZnO. Reproduced with permission from [205]. Copyright American Chemistry Society, 2013. 
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Figure 10. FE-SEM images of ZnO with morphology of nano-corncobs. Reproduced with permission from [211]. Copyright Elsevier, 2015. 
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Figure 11. FE-SEM images of the products prepared by the solvothermal reaction. (a) A general-view image; (b) The local magnification image of (a); (c) A further enlarged top-view image of (b); (d) Enlarged local image at the edge of the networks. Reproduced with permission from [216]. Copyright WILEY-CVH, 2008. 
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Figure 12. SEM image of bicone ZnO (a) and spherical ZnO (b). Reproduced with permission from [240]. Copyright Elsevier, 2008. 
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Figure 13. Proposed schematic illustration of photocatalytic activity of the prepared CeO2-ZnO hexagonal nanodisk photocatalyst under solar light irradiation. Reproduced with permission from [245]. Copyright Elsevier, 2015. 
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Figure 14. Promotion mechanism illustration of morphology controlled ZnO in photo-catalysis. 
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Table 1. The applications of morphology controlled ZnO in the thermo-catalytic process.
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Type of Catalytic Reactions

	
Catalyst

	
ZnO Morphology

	
Morphology-Dependent Promotion Mechanisms

	
Reference






	
Methanol synthesis

	
Cu-ZnO

	
Triangular

	
The formation of Cu-Zn colloids act as reservoir for ZnOx species

	
[31]




	
Cu/ZnO/Al2O3

	
Nanoplates, Nanotubes

	
The exposure of ZnO (002) polar facets which enhances the SMSI, promotes electron transportation and leads to the formation of oxygen vacancies

	
[10]




	
Cu-ZnO

	
Nanoplates

	
The exposed polar (002) facets in plate-like ZnO showed a much stronger interaction with Cu and a higher number of surface oxygen vacancies existed at the materials’ interface. Thus CO2 was likely to be activated by the generated vacancies and the Cu phase at the interface assisted molecule rearrangement (formate) and hydrogenation to methanol

	
[101]




	
Cu-ZnO

	
Nanorods filament-like

	
The stronger Cu-ZnO interaction and more oxygen vacancies caused by the more exposure of (002) polar face

	
[102]




	
Cu-ZnO

	
Nanotubes

	
High surface area leads to an excellent CO2 conversion; the high surface mobility of Cu results in low methanol selectivity

	
[103]




	
Methanol steam reforming

	
Cu-ZnO

	
Nanorods

	
The large surface area enhances Cu dispersion, offers an effective surface contact between reactants and catalysts and enhances SMSI

	
[113]




	
Pd-ZnO

	
Nanorods

	
The morphology controlled ZnO not only acts as the support and Zn source for Pd-Zn alloy, but also facilitates one of the intermediate formation steps in MSR

	
[114]




	
Pd-ZnO

	
Needle-like

	
Exposure of ZnO non-polar facet will influence Pd-Zn structure and particle size to influence product selectivity

	
[13]




	
Pd-ZnO

	
Nanoplate

	
Plate-like ZnO possesses the lowest activation energy that leads to the highest specific activity

	
[117]




	
Pd-ZnO

	
Nanoballs assembled by nanosheets

	
Higher oxygen vacancy concentration results in the high H2 selectivity in MSR reaction

	
[118]




	
Combined reforming hydrogenolysis of glycerol

	
NiMo-ZnO

	
Nanodisk, Nanorods

	
CO2 adsorbed on the (100) non-polar plane can make the un-occupied Zn cations more electron-deficient, enhancing the Lewis acidity of the non-polar plane

	
[11]




	
Bio-diesel production

	
ZnO

	
Multi-level tower

	
Multi-level tower ZnO predominantly exposed active O2− on (0002), (10   1 ¯   0), (   1 ¯   100) and (01   1 ¯   0) facets shows strong basic sites that results in obvious enhancement of catalytic activity and high yield of bio-diesel

	
[124]




	
Bio-ethanol conversion

	
ZnO

	
Needle-like, Flake-like

	
H2O was strongly adsorbed on ZnO (001)/(00   1 ¯   ) polar facets which prohibits the formation of the oxygen vacancy and thus adsorption/dissociation of H2O, leading to high ethanol conversion rate but low acetone selectivity.

Acetaldehyde reaction to form acetone via the ketonization pathway mainly occurs on the ZnO (100) non-polar facet on which water dissociation is highly favored

	
[129]




	
Ethanol conversion

	
ZnO

	
Brick, Disk, Needle prism

	
The presence of acidic hydroxyl groups on polar surface seems to be responsible for the formation of ethylene and condensation products.

	
[130]




	
CO oxidation

	
Au-ZnO

	
Nanowires

	
Compared with Au/ZnO-P exposing various highly active ZnO facets, although Au/ZnO-NW catalyst predominantly exposing stable low energy ZnO (10   1 ¯   0) facets, exhibited relatively weaker interactions between Au nanoparticles and ZnO. It is mainly because of the higher stability of ZnO-NW that prohibits the sintering of Au particles and then displays higher stability at high pretreatment temperature

	
[137,138]




	
Au-ZnO

	
Nanorods

	
The formation of Au-O-Zn linkage or Au-Zn alloy was caused by different SMSI due to different pretreatment conditions.

	
[139]




	
Au-ZnO

	
Nanorods

	
The SMSI leading to a unique structure of a number of gold nanocrystals epitaxial oriented on the ZnO nanorod

	
[140]




	
Au-ZnO

	
Twin-brush

	
The SMSI lead to a large amount of Zn- and O-vacancy defects in TB-ZnO which provides a strong driving force for introducing gold particles into the lattice of ZnO which then eventually move out of ZnO lattice to form highly dispersed Au nanoparticles

	
[141]




	
Mg-ZnO (doping)

	
Flower-like ZnO microspheres

	
Mg2+ doped ZnO support promotes a strong metal-support interaction caused by the formation of Zn-Mg oxide solid solution, effectively restrain the sintering of the active Pd NPs; retard the growth of Pd NPs, and enhance the catalytic stability

	
[142]




	
Hydro-desulfurization

	
Ni-ZnO

	
Nanowires

	
ZnO supports can ensure the generation of highly active nickel species during deep desulfurization through the reported regenerative step. The enhanced metal-support interactions and short diffusion paths between Ni and ZnO NWs lead to improved activity and sulfur uptake capacity

	
[148]




	
Decomposition of ammonium perchlorate

	
ZnO

	
Nanorods Nanoplates

	
Highly exposed (0001) facets will promote perchloric acid adsorption and diffusion and facilitate the formation of active oxygen species, leading to the more complete oxidation reaction of ammonia in the catalytic decomposition of AP

	
[149]
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Table 2. The applications of morphology controlled ZnO in the photo-catalytic process.
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Type of Catalytic Reactions

	
Catalyst

	
ZnO Morphology

	
Morphology-Dependent Promotion Mechanisms

	
Reference






	
Degradation of Methyl blue

	
ZnO

	
Nanorods, hexagonal plate

	
The hexagonal ZnO QDs have more polar O-terminated (00   1 ¯   ) and Zn-terminated (001) facets which are facile to the adsorption of oxygen molecules and OH− ions, leading to higher generation rate of H2O2 and ·OH radicals, more active for photo-catalysis than the non-polar surfaces on hexagonal rods.

	
[170,171]




	
ZnO

	
Hexagonal prisms, plates and rose-like twinned crystal films

	
High percentage of polar facets and concentration of oxygen vacancies.

	
[172]




	
ZnO

	
Nanorods, nanoplates

	
ZnO rods were more active for the decomposition of MB and phenol, the production of ·OH radicals and the generation of photocurrents, all of which were associated with single-electron transfer reactions. ZnO nanoplates were more effective for the production of molecular hydrogen and hydrogen peroxide, both of which are initiated by two-electron transfer reactions.

	
[179]




	
ZnO

	
Flower-like interwoven grown nanosheets, un-aggregated nanosheets

	
The oxygen vacancies not only act as the active centers or trap centers for photo-induced charges but also narrow the bandgap of ZnO by the broadening of the valance band.

	
[180]




	
ZnO

	
Flower-like, Spindle-like, sword-like an dumbella-like

	
The flower-like structures possessed more irregular Zn sites than that of the other ZnO structures, so more naked Zn atoms on the defects prolong the binding of S and N atoms in the MB molecules, promoting photodegration reactions. Therefore, a relatively lower crystallinity and more defects were responsible for the enhanced photo-catalytic activity.

	
[181]




	
Co-ZnO (doping)

	
Nanorods

	
The high visible light activity of Co-ZnO was ascribed to its reduced band gap and associated red-shifted absorption.

	
[182,183]




	
Cu-ZnO (doping)

	
Rod-like, disk sphere-like

	
The existence of (001) polar surfaces, oxygen vacancies, and increased optical absorbance at visible wavelengths

	
[184]




	
Pd-ZnO (doping)

	
Nanofiber

	
The PdO/ZnO heterostructures and the increase of the surface area

	
[185]




	
ZnO/Au (doping)

	
Nanorods

	
The high photo-degradation efficiency was probably due to a broader adsorption band that was caused by discrepancies, such as O vacancies, Zn vacancies, Zn interstitials, O interstitials, donor acceptor pairs, and surface state.

	
[187]




	
ZnO-CNT

	
Microsphere

	
The high surface area, enhanced light absorption, and suppression of charge carrier recombination originated from the interaction between ZnO and CNT

	
[192]




	
ZnO- ZnS

	
Nanocable nanotube

	
The increased separation and transfer rate of photo-induced electrone-hole pairs on the surface of ZnO/ZnS nanocable and the high surface-to-volume ratio

	
[193]




	
TiO2-ZnO

	
Nano-spheres, nanorods

	
The suppression of electron-hole pair recombination and the synergetic effects between hexagonal wurtzite ZnO and rutile TiO2 phases that related to ZnO morphology

	
[194]




	
Degradation of Methyl orange

	
ZnO

	
Nanowires

	
The formation of oxygen vacancies; the decreased ZnO nanowire diameter size could increase the effective band gap then the photo-generated electrons and holes have a higher reducing/oxidizing power.

	
[196]




	
ZnO

	
Nanorods

	
The higher aspect ratio and larger specific surface area will enhance light photon capture efficiency, promote the generation of photo-induced charges and accelerate their transferrate.

	
[197]




	
ZnO

	
Nanorod arrays

	
The smaller particle size could lead to a large surface area, providing more active sites; a high orientation of ZnO arrays could increase the polar facet exposing, leading to an enhanced photo-catalytic activity.

	
[201]




	
ZnO

	
Nanorod arrays

	
The high orientation led to the increased quantity of exposed (0001) facet per unit area which decreased the recombination of photo-generated electron-hole pairs.

	
[202]




	
ZnO/ZTO coating polyester fiber membranes orporous ceramic substrates

	
Nanorods

	
The coupling of metal oxides to match the electrochemical potential of semiconductors to direct the electron flow following photo-generated electron-hole pair creation enhances the photo-catalytic activity.

	
[205]




	
ZnO

	
Nanofilms

	
The influence of morphologies on water contact angles before and after UV irradiation which will alter the ZnO hydrophilicity; when the film is irradiated by UV, it will produce electron-hole pairs. Surface oxygen vacancies are formed when some holes react with the lattice oxygen.

	
[206]




	
ZnO

	
Nanosheets

	
The superior photocatalytic activity was attributed to the exposed (0001) facets and a high specific surface area.

	
[207]




	
ZnO

	
Nano-corncobs

	
ZnO nano-corncobs hold a lot of polar planes and the polar planes are favorable for oxygen vacancy production which could deter photo corrosion, decrease the recombination of electron-hole pairs and then improve the catalyst chemical stability.

	
[211]




	
ZnO

	
Flower-like

	
The high specific surface area and the number of oxygen vacancies in materials.

	
[212]




	
ZnO, ZnO/Au

	
Nanorods

	
Both noble metal nanoparticles’ SPR effect and one-dimensional ZnO nanostructures’ morphology-dependent effects contribute to the high photo-catalytic properties of MO degradation.

	
[197]




	
CdSe and core-shell CdSe/ZnS modified ZnO

	
Nanorods

	
CdSe QD-sensitized ZnO nanorods with stronger light-harvesting capability exhibited much improved photo-catalytic performance due to its relatively small band gap. ZnO assembled with core-shell CdSe/ZnS shows lower photo-catalytic ability due to the higher carrier transport barrier originated from ZnS shell layers.

	
[215]




	
ZnO

	
Nano-sheet built networks on a hexagonal-pyramid-like microcrystal

	
The external surfaces that consistof a basal plane (0001) and lateral planes (0   1 ¯   11) present a strong enhancement of photocatalytic performance.

	
[216]




	
ZnO

	
Nanosheets

	
The large specific surface areas and high proportion of active polar (0001) facets.

	
[217]




	
TiO2@ZnO

	
Shell@core-nanostructured TiO2@ZnO n-p-n heterojunction

	
The driving force of inner electric field, efficiently promoting the separation and transfer of photo generated electron-hole pairs.

	
[218]




	
BiOBr–ZnO

	
Flower-like

	
The effective separation and transfer of photo-generated charges are responsible for an improved photocatalytic performance due to the existence of the interfacial electric field located between BiOBr and ZnO.

	
[219]




	
Degradation of Rhodamine B

	
ZnO

	
Nanorods, nanosheets

	
The high ratio of ZnO polar facets will lead to a longer lifetime of the photo-generated charge carriers or a more efficient separation of the photo-excited electron-hole pairs, enhancing the high photo-degradation efficiency

	
[220]




	
ZnO

	
Nanosheets

	
A higher surface area that increases surface oxygen vacancies to improve the visible-light absorption and act as active sites for photocatalytic reactions.

A synergistic effect of surface oxygen vacancies and Ag3PO4 coupling; efficient charge transfer between ZnO and Ag3PO4 through energy level matching that leads to hybridization property.

	
[221]




	
ZnO

	
Micro-flower arrays

	
The high surface area can promote organic dye adsorption and enhance oxygen vacancies density which serve as the electron capturing center; More efficient separation and transfer properties of photogenerated charges

	
[223,224]




	
ZnO

	
Flower-like hierarchical

	
The open and porous nanostructured surface layer which significantly facilitates the diffusion and mass transportation of RhB molecules and oxygen species.

	
[225]




	
Ag-ZnO

	
ZnO branched nanorods

	
The decisive roles of the synergistic effect of the hierarchical morphologies and the unique metal-semiconductor heterojunction as well as the presence of the dominant (001) surface of ZnO BNRs.

	
[227]




	
Ga-ZnO (doping)

	
Porous

	
The slow photon effect from the photonic crystal structure and increased specific surface area after Ga doping

	
[231]




	
Ni-ZnO (doping)

	
Nanosphere

	
Higher fraction of exposed polar facets, smaller particle size, and larger surface area.

	
[232]




	
Ce-ZnO (doping)

	
Nanoflowers

	
The hierarchical ZnO microflowers ensured a large specific surface area which is favorable for enhancing the light absorption and light propagation.

Ce-doped ZnO microflowers illustrated a noticeable red-shift in the absorption band in the visible light region allowing visible light absorption.

	
[234]




	
Eu3+-ZnO

	
Lotus leaf, cabbage leaf, mushroom-like

	
The excellent photocatalytic activity and stability for the degradation of RhB (94%) under sunlight was attributed to the crystallite size, band gap, oxygen vacancies, and morphology.

	
[235]




	
N/Mn2+-ZnO (codoping)

	
Nanofibers

	
The huge band gap decrease, originated from the synergetic effects of both Mn2+ doping and N decoration, which significantly enhanced the absorption of ZnO nanofibers in the range of visible-light.

	




	
Degradation of Yellow GR

	
ZnO

	
Nanorods

	
ZnO nanorods have higher visible light harvesting efficiency and oxygen vacancies which are favorable for photo-catalytic reactions.

	
[238]




	
Degradation of Orange G

	
ZnO

	
Nanorods

	
The easy separation of photogenerated charge carriers in the higher aspect-ratio structures and the presence of favourable sites on the prism planes which contribute to enhanced oxygen chemisorption, and then promote production of reactive radicals.

	
[239]




	
Degaradation of Crystal violet

	
ZnO

	
Square-bipyramid, bicones and spheres

	
Both high crystallinity and accessible meso-porous structure (high surface area) are essential for high photo-catalytic efficiency.

	
[240]




	
Degradation of Congo Red

	
ZnO

	
Hierarchical hollow structure

	
The large surface area and porous structures, which significantly facilitates diffusion and mass transportation of CR molecules and delays the recombination of photo-generated electron-hole pairs in the photo-catalysis process.

	
[241]




	
Degradation of Orange Ⅱ

	
Pt-ZnO

	
Microspheres

	
The unique hierarchical nanostructures will lead to high light collection efficiency and a fast motion of charge carriers. At the same time, these specific structures can allow more effective transport for the reactant molecules to reach the active sites on the framework walls, hence enhancing the efficiency of photocatalysis.

	
[243]




	
Degradation of Malachite Green

	
AgCl-ZnO

	
Cauliflower-like

	
The excellent catalytic performance was ascribed to the effectively extended absorption edge into the visible region, efficient electron–hole separation and strong adsorption capability, originating from the special AgCl/ZnO hierarchical nanostructures.

	
[244]




	
Degradation of Direct Blue DB-15

	
CeO2-ZnO composite

	
Hexagonal nano-disk

	
Under solar light irradiation, the photo-generated electrons from CB of CeO2 transferred to the CB of ZnO, the photo-generated holes transferred from the VB of ZnO to the VB of CeO2. Thus, the recombination of the electron-hole pairs is prevented and H2O2 and ·OH radicals are produced, leading to enhanced photo-catalytic efficiency.

	
[245]




	
Degradation of Resazurin

	
Cu-ZnO (doping)

	
Nanorods

	
The surface defects caused by Cu doping could serve as favorable trap sites of the electrons or holes, suppressing their recombination and consequently increasing their photocatalytic activities. The bigger surface to volume ratio in nanorods, results in more surface oxygen vacancies and thus also increased surface activity.

	
[246]




	
Acid Orange 7

	
Cu-ZnO (doping)

	
Prism-like

	
More defects and weaker PL emission introduced by Cu doping which also lead to the changing of ZnO morphology. The amount of high active (0001) planes and surface roughness were also thought to increase the catalysts property.

	
[247]




	
Degradation of Phenol

	
ZnO

	
Hexagonal nano-plates

	
The unique surface nanofeatures with high ratio of polar facets, high concentration of defects and the well-built 2-dimentional nanostructures containing boundaries on plates are desirable for the enhanced photo-catalytic properties.

	
[248]




	
ZnO

	
Nanosheets

	
A large specific surface area can provide more active sites for the reaction and then facilitates the diffusion and mass transportation of the pollutants and hydroxyl radicals during the photochemical reactions.

	
[249]




	
ZnO

	
Cauliflower, truncated hexagonal conical, tubular, rod, hourglass and spherical particles

	
The interior cavities were found in conical ZnO and multiple reflection of UV light within the interior cavities could occur, which allowed for the more efficient use of the incident light, leading to an improved catalytic activity.

	
[14]




	
ZnO

	
Nano-flakes, nano-rods and spherical nanoparticles

	
The narrow crystal size distribution, high surface area, and greater amount of oxygen vacancies lead to an enhanced catalytic activity.

	
[250]




	
ZnO

	
Well-faceted hexagonal, spherical, particles and nearly hexagonal rods

	
The high photo-catalytic activity arose from the narrow particle size distribution, high surface area, and high ratio of polar planes and increased the concentration of surface defects.

	
[251]




	
Nb2O5/ZnO, Cr2O3/ZnO composites

	
Nanorods

	
The extended light absorption region and fast charge transfer rate, caused by the incorporation of Nb2O5 into ZnO.

	
[252,253]




	
ZnO/ZnMgAl-CO3-LDHs

	
Microspheres

	
The formation of a hetero-junction can lower the recombination rate of the photo-excited electron-hole pairs and the small size of ZnO could improve light absorption properties.

	
[254]




	
Aerobic oxidation of alcohols

	
ZnO

	
Nanorods

	
The efficient separation of photo-generated charge carriers and its favorable, selective absorption toward the reactant of alcohols rather than the product of aldehydes, induced by the special 1D morphology of ZnO nanorods.

	
[261]




	
Reduction of Cr (VI)

	
GO-ZnO (doping)

	
Prismatic rod, Hexagonal tube-like

	
The oxygenated functional groups and the unique structures of 2D GO played pivotal roles in tuning the morphology of ZnO and increasing oxygen vacancies concentration. The introduction of oxygen vacancies and the intimate interfacial interaction between ZnO and reduced grapheneoxide (RGO) extended the light absorption edge of RGO-ZnO to the visible light region.

	
[262]
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