

  crystals-09-00552




crystals-09-00552







Crystals 2019, 9(11), 552; doi:10.3390/cryst9110552




Article



Hydrothermal Synthesis of (001) Facet Highly Exposed ZnO Plates: A New Insight into the Effect of Citrate



Shirui Luo 1[image: Orcid], Ruosong Chen 1, Lan Xiang 1,* and Jing Wang 2,*





1



Department of Chemical Engineering, Tsinghua University, Beijing 100084, China






2



Key Laboratory of Synthetic and Biological Colloids, Ministry of Education, School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, China









*



Correspondence: xianglan@mail.tsinghua.edu.cn (L.X.); jingwang@jiangnan.edu.cn (J.W.)







Received: 22 September 2019 / Accepted: 22 October 2019 / Published: 24 October 2019



Abstract

:

In this work, two synthesis routes were applied to investigate the effect of citrates on the construction of the ZnO structure. Well-dispersed ZnO plates with (001) facet highly exposed were prepared via one-step hydrothermal route, while ZnO nanoparticles were obtained via two-step route. In one-step route, citrates were added before the formation of Zn(OH)2 precursor, while citrates were added after the formation of Zn(OH)2. For the first time, the interaction between citrates and the Zn(OH)2 precursor was investigated and citrates that participated in the formation of Zn(OH)2 were the main cause for (001) facet exposed structure construction. A growth mechanism about the formation of ZnO plates in the presence of citrates was proposed. The as-prepared ZnO plates showed enhanced photocatalytic activity for the degradation of methylene blue (MB).
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1. Introduction


Nanocrystals with high surface energy tend to have exceptional properties in practical applications [1]. ZnO is a promising semiconductor material which has been widely studied in many fields and it was found that ZnO with (001) facet highly exposed shows excellent performance in gas sensing [2], photocatalysis [3] and dye-sensitized solar cells [4]. However, (001) facet of ZnO tends to disappear during crystal growth due to its high surface energy, resulting in the intrinsic 1D structures such as whiskers, nanobelts and nanowires [5]. Delamination [6], catalyst-assisted CVD [7] and other methods have been developed to construct (001) facet exposed ZnO structures. Compared to the demanding condition or complex operation of other methods, capping-molecule-assisted solution synthesis provides a more practical, controllable and expandable way to get (001) facet exposed ZnO structures. For example, n-butylamine [8], sodium sulfosuccinate [9] and ethylenediamine [10] have been wildly used as capping molecule in construction of (001) facet exposed ZnO structures.



Citrates, a commonly used capping-agent and reductant in controlling metal nanocrystals structures [11,12,13], is found to be effective in controlling the growth of ZnO, especially for inhibiting the growth along [001] direction [14]. ZnO with many different morphologies such as stacked-columns [15], nanosheets [16], microsphere [17] and dumbbell [18] have been synthesized by using citrate-based additives. The directing effect is achieved by the selective combination between (001) facet and citrate [16,19,20]. David et al. [21] found that citrates can only adsorb on the (001) facet by the comparison of zeta potentials of ZnO before and after adsorption of citrates. Kathryn et al. [22] proposed that the 3-carboxylate structure has a stronger suppression effect on the axial ([001]) growth than 2-carboxylate and 1-carboxylate structure ligands. Somnath et al. [23] reported that the selective binding of citrates and (001) facet was attributed to the highest Zn2+ density of this facet. In previous reports, research on the effect of citrate mainly concentrated on the interaction between citrates and ZnO. For solution-based ZnO synthesis, the formation of ZnO undergoes the transformation from Zn(OH)2 precursor. There is no study about interaction between citrates and the precursor, which is of vital importance in the morphology evolution. Investigations on the effect of citrates on Zn(OH)2 are necessary for understanding the influence of citrate in the ZnO formation.



Here, we report a facile hydrothermal way to synthesize well-dispersed ZnO hexagonal plates with (001) facet highly exposed in the presence of sodium citrates. ZnO plates with a diameter of 1 μm and a thickness of 100 nm were obtained. Compared with ZnO nanorods, the plates showed better photocatalytic activity on the degradation of methylene blue (MB) due to their highly (001) facet exposed structure. For the first time, the influence of sodium citrates on the Zn(OH)2 precursor was investigated, and the formation mechanism of ZnO plates evolved from Zn(OH)2 in the presence of citrates was proposed.




2. Materials and Methods


2.1. Materials Synthesis


Commercial chemicals with analytical grade and deionized water with a resistivity >18 MΩ·cm−1 were used in the experiments.



Two routes were applied to synthesize ZnO samples and investigate the effect of citrates. For the synthesis of ZnO plates in the one-step (OS) route, 1.1480 g ZnSO4·7H2O (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) and 0.5882 g C6H5O7Na3 (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) were firstly dissolved in 40.0 mL of deionized water at room temperature. Then, the pH of the mixed solution was quickly adjusted to 9 by 4 mol·L−1 NaOH (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) to form a suspension. Finally, the suspension was transferred to Teflon-lined stainless-steel autoclaves (Beijing xingde instrument equipment Co., Ltd., Beijing, China) with a volume of 80 mL. The autoclaves were put into a homogeneous reactor (Songling Chemical Equipment Co., Ltd., Yantai, China) and kept at 120 °C for 70 min. The product was filtered, washed with deionized water and ethanol (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) three times and dried overnight at 60 °C.



In the two-step (TS) route, 1.1480 g of ZnSO4·7H2O were firstly dissolved in 40.0 mL of deionized water. Then, the pH of the solution was adjusted to 9 by 4 mol·L−1 NaOH to form a suspension. White precipitates were obtained via filtration of the suspension and afterwards ultrasonically dispersed in 40 mL of 0.5 mol·L−1 C6H5O7Na3 solution. After pH was adjusted to 9 by 4 mol·L−1 NaOH, the mixture was hydrothermally treated at the same condition as one-step route.



Another experiment with no C6H5O7Na3 (NC) was done to make a comparison. First, 1.1480 g of ZnSO4·7H2O were dissolved in 40.0 mL of deionized water. After pH adjustment, the suspension was directly hydrothermally treated with the same parameters as one-step route without C6H5O7Na3.




2.2. Characterization


The morphology and microstructure of ZnO plates were examined with a field emission scanning electron microscope (FESEM, JSM 7401F, JEOL, Hitachi, Japan) and a high-resolution transmission electron microscope (HRTEM, JEM-2010, JEOL, Hitachi, Japan) equipped with selected area electron diffraction (SAED), respectively. Powder X-ray diffraction (XRD) analysis was carried out for phase identification and orientation analysis using an X-ray diffractometer (D8 Advance, Bruker, Germany) with Cu Kα (λ = 0.154178 nm) radiation. The interactio53n between citrates and ZnO surface was examined using a Fourier transform infrared spectrometer (FT-IR, Nexus, Nicolet, Madison, MI, USA). The concentration of zinc ion in solution was measured by an Atomic emission spectrometer (ARCOS ICP-OED, SPECTRO, Germany) with standard Zinc solution (100 mg·L−1, HNO3) as reference. Zeta potential measurements were carried out using a Malvern Zatasizer Nano ZS instrument (ZS-90, Malvern, UK), and all samples were measured immediately after reaction without dilution.




2.3. Photocatalytic Activity


The photocatalytic activity of the samples was examined for MB photodegradation in aqueous phase under UV light irradiation. The test was performed in a 100 mL beaker charged with 50 mL of 10 mg·L−1 MB solution and 30 mg of the sample. The mixture was firstly kept in a dark place for 30 min to reach adsorption–desorption equilibrium before irradiation. Then, the mixture was exposed to the radiation source. Two milliliters of the solution were taken and filtrated by a needle filter every hour to test the photodegradation performance by a UV-Vis spectrophotometer (TU-1901) (Persee Analysis General Instrument Co., Ltd., Beijing, China). The UV light irradiation source was a UV lamp (Philips, 6 W). All experiments were carried out at room temperature (25 °C) and the mixture was suspended by a magnetic stirrer.





3. Results and Discussion


The phases of the three samples were firstly determined by X-ray diffraction analysis. As Figure 1 shows, the XRD peaks of all samples are well indexed to wurtzite ZnO (JCPDS 36-1451). No other peaks were observed, indicating the purity of the products. Figure 2 shows morphologies of the three products. ZnO-OS are well-dispersed hexagonal rough plates with a diameter of 1 μm and thickness of 0.1 μm. ZnO-TS are particle aggregates with a diameter of 70 nm. ZnO-NC are short rods with a diameter of 0.1 μm and length of 1 μm. The differences reveal that the existence of citrates and the way it was added had a significant impact on the structure. The rod-like ZnO-NC showed the 1D intrinsic growth, while ZnO-OS showed 2D growth. To identify the orientation of ZnO-OS, TEM observation was conducted, as shown in Figure 2d. The lattice spacing measured for the crystalline planes was 0.28 nm, corresponding to the interplanar spacing of (1010) planes. The SAED pattern of ZnO plates can be indexed to the diffraction along the [001] zone axis. The TEM and SAED results indicate the growth of ZnO-OS along [001] direction is well inhibited, and the growth along six symmetric direction perpendicular to (0110), (0110), (1010), (1010), (1100), and (1100) planes led to the hexagonal plates morphology. It can be concluded that the plates are highly (001) facet exposed, which is consistent with its highest intensity of (001) peak among three samples in Figure 1.



As reported previously [24,25,26], the selective combination of citrate with (001) facet of ZnO resulted in the final (001) exposed structures, which was supported by the complexation between carboxyl and zinc atoms. In this experiment, ZnO-NC showed rod-like shape while ZnO-OS were plate-like (Figure 2a,c), confirming that citrates are effective for ZnO shape controlling. However, ZnO-TS did not show preferential growth as ZnO-OS did in the presence of citrates. If the combination mechanism works, ZnO-TS should be plate-like as expected considering citrates also existed in hydrothermal process. Thus, the formation mechanism of ZnO plates should be reconsidered.



To investigate the effect of citrates on ZnO formation, the morphology evolution progress of ZnO-OS was observed. As Figure 3a shows, after sodium hydrate was added in pH adjustment step, particle aggregates were formed at room temperature. As the mixture underwent hydrothermal treatment, particle aggregates evolved into strip shape (Figure 3b,c). The strips gradually transformed into hexagonal ZnO plates during 30–50 min (Figure 3d,e). All strips disappeared with only hexagonal plates left at 70 min (Figure 3f). The change of soluble zinc species concentration was also measured, as displayed in Figure 4. At 0–30 min, zinc concentration decreased, along with the morphology changed from particle aggregate to strips (Figure 3a–d). The concentration reached minimum at 30 min, corresponding to the beginning of the transformation of strip-like product to hexagonal structure (Figure 3d). The concentration increased during 30–70 min, corresponding to appearance of more hexagonal structures with fewer strip structures (Figure 3e), and strip-like structures finally disappeared at 70 min (Figure 3e). The concentration variation and morphology evolution are similar to the progress in our previous study about the formation of ZnO from ε-Zn(OH)2 [27], in which the dissolution of ε-Zn(OH)2 and formation of ZnO rods happened together with soluble zinc concentration decreased. XRD test was made to identify the phases of the strip and the particle. The XRD pattern of the strip of reaction time at 20 min (Figure 3c) were well indexed to ε-Zn(OH)2 (JCPDS 38-0385) and β-Zn(OH)2 (JCPDS 20-1435), as shown in Figure 5. For particles, XRD patterns show no characteristic peaks (Figure 6c). The SAED pattern of the particle of reaction time at 0 min in OS route shows concentric rings (Figure 6a), which is the character of amorphous crystal. Figure 6b presents the Fourier transform infrared (FT-IR) spectra of the particles; the peak at 1386 cm−1 corresponds to hydroxyl bridging [28]. Based on the above results, it should be amorphous Zn(OH)2.



The formation progress of ZnO can be described as follows. In the solution containing zinc ion, amorphous Zn(OH)2 particle aggregates formed when sodium hydrate was added. Amorphous Zn(OH)2 gradually grew to ε-Zn(OH)2 and β-Zn(OH)2 strips during 0–30 min, resulting in the decrease of soluble zinc concentration. As the reaction proceeded, ε-Zn(OH)2 and β-Zn(OH)2 gradually dissolved and transformed to hexagonal ZnO plates, and soluble zinc concentration increased.



As described above, ZnO plates formed after the Zn(OH)2 precursor formed. Hydrothermal treatments in two routes were the same comparing OS route with TS route. Thus, the precursor should be the cause of the final structural difference. The condition where precursor formed differed in two routes. Citrates existed when Zn(OH)2 precipitated in OS route but did not exist in TS route. It can be inferred that citrate influenced the formation of the precursor. The soluble zinc species concentration distribution was calculated, as shown in Table 1, to analyze the solution condition before Zn(OH)2 precipitated, according to the complex constant at 25 °C (Table S1) [29] and the measured pH (5.2). The concentrations of Zn2+ and Zn2+-C6H5O73− were 4.59 × 10−2 mol·L−1 and 4.99 × 10−2 mol·L−1, respectively, indicating most citrates existed in the form of Zn2+-C6H5O73− due to its large complex constant (2.51 × 1011). These two ions were the main species in the OS-solution, while the main species in TS-solution was Zn2+. The distribution of Zn2+-OH−-H2O system was also calculated according to the complex constant in Table S1, as displayed in Figure S1 (Supplementary Materials). According to the calculation, the main species at pH = 9 was Zn(OH)2(aq). Zn(OH)2(aq) is not stable in solution (Ksp[Zn(OH)2] = 1.2 × 10−17). Thus, the addition of sodium hydrate caused the formation of insoluble Zn(OH)2 and the concentration of zinc species decreased to 4.42 × 10−2 mol·L−1 (Figure 4). It can be inferred that the decrease of the concentration was caused by the precipitation of Zn2+ and the main zinc species remained in solution was Zn2+-C6H5O73−. After 30 min reaction, concentration of soluble zinc decreased to 2.25 × 10−2 mol·L−1 from (Figure 4). It was caused by the growth of Zn(OH)2, and it can be inferred that Zn2+-C6H5O73− participated in the formation of Zn(OH)2.



To analyze the effect of citrates on the precursor, FT-IR analyses of the products at 0, 30, and 60 min were conducted. As Figure 7 shows, an absorption peak at 1589 cm−1 appeared in all three samples. This characteristic peak corresponds to the carbonyl stretching vibration when it is complexed with zinc ion. This peak indicates the complexation between citrates and zinc ions [30,31,32]. It can be inferred that citrates participated in the formation of Zn(OH)2 by complexation with zinc ions in OS route, and such complexation existed during the whole process. Zeta potential of different samples were measured, as displayed in Table 2. The adsorption of citrates can decrease the zeta potential of particles [33,34]. Compared with TS precursor dispersed in water and TS precursor dispersed in citrate solution, the OS precursor shows the most negative zeta potential (−25.8 mV), which was caused by the adsorption between citrates and the precursor. Zeta potential for the TS precursor dispersed in citrate solution (−10.3 mV) is slightly more negative than that in water (−9.5 mV), indicating that there were little citrates adsorbed on the TS precursor. Besides, zeta potential of ZnO-OS is more negative than that of ZnO-TS, which was caused by the higher exposing ratio of (001) facet in ZnO-OS, since (001) facet can adsorb more citrates than other facets. The capping effect of citrates on ZnO (001) facet is discussed in the literature [24,25,26]; the main point of them was the selective adsorption of citrates on the (001) facet inhibited the growth along [001] direction, causing (001) facet exposed structures. In our opinion, the relationship between citrates and the precursor was also the key factor for (001) capping effect. The citrates participating in the formation of precursor play the main role in capping effect. This is the reason ZnO-OS was (001) facet exposed plates while ZnO-TS was not. Citrates participated in the OS precursor formation, while no citrates existed when TS precursor formed.



Based on the above result, a possible growth mechanism is proposed, as illustrated in Figure 8. In an OS solution containing Zn2+ and C6H5O73−, the two main zinc species were Zn2+ and Zn2+-C6H5O73−. Then, Zn2+ was precipitated to form amorphous Zn(OH)2 when adding OH−. Zn2+-C6H5O73− was also precipitated as amorphous Zn(OH)2 grew to ε-Zn(OH)2 and β-Zn(OH)2. The citrates that attached to the surface of the formed Zn(OH)2 played the main role in controlling ZnO growth. During the transformation from Zn(OH)2 to ZnO, the (001) hexagonal facet was mostly suppressed by those dangling citrates to form hexagonal plates structure since (001) facet has the highest zinc density. In TS route, citrates were added after the precipitation of Zn(OH)2. When TS precursor was redispersed in citrates solution, the electric double layer of Zn(OH)2 made it difficult for citrates to bond with surface Zn2+. With no citrates bonded on the surface of Zn(OH)2, there is no (001) facet inhibition effect. Thus, the growth of ZnO cannot be specifically orientated to form (001) exposed structure and ZnO particles were obtained.



The photocatalytic activity of the plate was studied by testing the degradation of MB under UV light with ZnO nanorods taken as a comparison, which were synthesized due to our previous report [35] (see Figure S2). Figure 9 shows the photocatalytic performance of the plates and nanorods, where C is the concentration of MB after irradiation for time t and C0 is the initial concentration of MB before dark treatment. The self-degradation of MB was also tested by putting MB solution under the same irradiation without any additive. The degradation ratio of plates reached 70% after 4 h of irradiation, while the nanorods showed only 30% degradation ratio. This difference is evidence of the superiority of (001) facet in photodegradation, as reported previously [36,37,38,39]. Photogenerated electrons and holes will be generated when ZnO absorb photons with energy greater than its band gap energy. Photoinduced electrons are captured by adsorbed O2 to form superoxide radicals (·O2−) and holes will react with adsorbed OH− to form hydroxyl radicals (·OH) [40]. These radicals are critical active species for the degradation of dyes. The positively charged Zn2+ (001) facet can adsorb more negatively charged OH− in aqueous solution [41], which facilitates the formation of ·OH. Besides, the internal electric field derived by spontaneous polarization accelerates the separation of photogenerated electron–hole pairs along [001] direction [42]. Thus, as the terminated facet perpendicular to [001] direction, (001) facet shows enhanced photocatalytic activity.




4. Conclusions


This work presents the hydrothermal synthesis of well-dispersed ZnO hexagonal plates with the existence of sodium citrates, and the growth mechanism of the plates is proposed. The results show that the ZnO hexagonal plates could only be obtained when citrates participated in the formation of Zn(OH)2. Citrates that bond with the surface of precursor Zn(OH)2 played a key role in constructing (001) facet exposed structure. The suppression to (001) facet during ZnO plates growth resulted from the binding between citrates and Zn2+ on (001) facet. The growth along [001] direction was mostly inhibited due to the highest Zn2+ density on (001) facet. Compared with ZnO nanorods, the ZnO plate showed enhanced photocatalytic activity for degradation of MB due to its (001) facet exposed structure. This work gives a new insight into the effect of citrates on the ZnO structure modification by affecting the formation of the precursor.
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Figure 1. XRD patterns for all products. 






Figure 1. XRD patterns for all products.



[image: Crystals 09 00552 g001]







[image: Crystals 09 00552 g002 550] 





Figure 2. SEM images for all products and TEM image for ZnO-OS: (a)ZnO-OS; (b) ZnO-TS; (c) ZnO-NC; and (d)TEM and SAED images for ZnO-OS. 
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Figure 3. SEM images of products obtained in OS route at different times: (a) 0 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 50 min; and (f) 70 min. 
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Figure 4. Variation of soluble zinc concentration with reaction time. 
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Figure 5. XRD pattern of the strip precursor taken at 20 min in OS route. 
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Figure 6. Phase analysis of the particle aggregates precursor at 0 min in OS route: (a) TEM and SAED pattern; (b) FT-IR spectra; and (c) XRD pattern. 
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Figure 7. FT-IR spectrum of OS products at 0, 30, and 60 min. 
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Figure 8. Schematic illustration of mechanism of citrate capping effect in: (a) OS route; and (b)TS route. 
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Figure 9. Photodegradation of MB solution with: (a) no samples; (b) ZnO nanorods; and (c) ZnO-OS. 
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Table 1. Distribution of soluble zinc species in solution before pH adjusting.
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	Zinc Species
	Concentration (OS)
	Ratio (OS)
	Concentration (TS)
	Ratio (TS)





	Zn2+
	4.59 × 10−2
	45.9%
	9.23 × 10−2
	92.3%



	Zn2+-C6H6O72−
	3.15 × 10−7
	0
	0
	0



	Zn2+-C6H5O73−
	4.99 × 10−2
	49.9%
	0
	0



	ZnSO4(aq)
	4.10 × 10−3
	4.1%
	7.70 × 10−3
	7.7%



	Zn(OH)+
	1.82 × 10−6
	0
	3.67 × 10−6
	0



	Zn(OH)2(aq)
	2.30 × 10−8
	0
	2.92 × 10−8
	0



	Zn(OH)3−
	2.52 × 10−14
	0
	2.54 × 10−14
	0



	Zn(OH)42−
	3.33 × 10−19
	0
	1.06 × 10−19
	0










[image: Table] 





Table 2. Zeta potential values for various samples.






Table 2. Zeta potential values for various samples.





	Sample
	Zeta Potential [mV]





	OS precursor (0 min)
	−25.8



	ZnO-OS (70 min)
	−30.2



	TS precursor in water
	−9.5



	TS precursor in citrate solution
	−10.3



	ZnO-TS (70 min)
	−26.4
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