

  crystals-11-00871




crystals-11-00871







Crystals 2021, 11(8), 871; doi:10.3390/cryst11080871




Article



Synthesis of Zirconia Micro-Nanoflakes with Highly Exposed (001) Facets and Their Crystal Growth



Haibo Yan 1,2,3[image: Orcid], Jian Di 1,3, Jiahao Li 4, Zhuoyu Liu 1, Junfeng Liu 4 and Xing Ding 1,2,3,*[image: Orcid]





1



State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Guangzhou 510640, China






2



CAS Center for Excellence in Deep Earth Science, Guangzhou 510640, China






3



College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China






4



School of Earth Science and Resources, Chang’an University, Xi’an 710054, China









*



Correspondence: xding@gig.ac.cn







Academic Editors: Maged F. Bekheet and Ulla Simon



Received: 9 June 2021 / Accepted: 23 July 2021 / Published: 27 July 2021



Abstract

:

This study reports a novel preparation method of zirconia micro-nanoflakes with high (001) facets that is generated through a hydrolysis reaction of the fluozirconic acid (H2ZrF6). Zirconia micro-nanoflakes synthesized at varied conditions were analyzed by the SEM, EDS, μ-XRD, and Raman spectroscopy to characterize the morphology and probe into the crystal growth mechanism. The synthesized zirconia crystals in the form of elliptical micro-nanoflakes or irregular nanoflakes generally display the highly exposed (001) facets with a thickness of 1–100 nm and a length of 0.1–2.0 μm. As the temperature and initial solution concentration increased, the particle sizes of the synthesized zirconia micro-nanoflakes became more uniform and the thicknesses of the (001) facets became larger, suggesting that the synthesized zirconia crystals grow along the (001) facets and mostly along the c-axis direction. This is confirmed by the data from the μ-XRD patterns. The results also demonstrate that an oriented attachment-based growth occurring in a fluorine-rich solution environment was involved in the aggregation and coarsening of zirconia micro-nanoflakes. Meanwhile, synthesized zirconia micro-nanoflakes also evolved from a mixture of monoclinic and tetragonal systems to a pure monoclinic system (i.e., baddeleyite) with the temperature increasing, suggesting a key role of temperature regarding zirconia’s growth.
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1. Introduction


Zirconia (ZrO2), as a kind of significant structural and functional material, has excellent physical and chemical properties including a high melting point (as high as 2700 °C), high boiling point, high strength, low thermal conductivity, a large thermal expansion coefficient, and good ionic conductivity, and is wear-resistant, high-temperature-resistant, corrosion-resistant, and oxidation-resistant [1,2]. As of 1980s, apart from its use as a traditional refractory material and ceramic glaze, zirconia has received increasingly more attention for application in the fields of energy, environment, and material [1,3,4,5,6]. The performances of micro-nano zirconia in the aspects of optics, mechanics, thermodynamics, and electromagnetism are different from those of conventional materials due to its tiny size. As a result, micro-nano zirconia displays extensive application uses in the industrial synthesis, catalysts and catalyst carriers, unique ceramics, thermal barrier coatings, refractory materials, cutting tools, sensors, solid batteries, decoration, adsorption, and reinforcing and toughening fields [5,7,8,9,10,11,12,13,14]. Therefore, micro-nano zirconia has been considered one of the most valuable functional materials in the 21st century.



Preparation of micro-nano zirconia is generally divided into physical and chemical approaches. The physical approach includes a reactive plasma processing method, freeze-drying method, explosive compaction-coating method, and spray pyrolysis method, among others [13,15,16]. In contrast, the chemical approach mainly involves an emulsion method, direct precipitation method, lamellar liquid crystal template method, sol-gel method, and hydrothermal method [4,14,17,18,19]. Multiple reagents such as raw materials, precipitators, stabilizing agents, and solvents are adopted in the foregoing synthesis processes. Currently, the most widely adopted synthetic raw materials mainly include zirconium oxychloride octahydrate (ZrOCl2·8H2O), aqueous zirconium nitrate (ZrO(NO3)2·xH2O), zirconium nitrate (Zr(NO3)4·5H2O), and zirconium (IV) chloride (ZrCl4), as well as inorganic or organic reagents as the precipitators (such as sodium hydroxide, ammonia water, docusate sodium, and urea), inorganic reagents as the stabilizing agents (such as silver nitrate, calcium chloride, yttrium chloride, and yttrium oxide), and organic reagents as the solvents or polymerization inhibitors (such as polyethylene glycol, absolute ethyl alcohol, sodium lauryl sulfate, n-butanol, cyclohexane, isopropanol, n-ethanol, and Span-80) [10,20,21,22,23].



Previous studies demonstrated that the physicochemical properties of zirconia not only depend on the chemical components and phase structure of zirconia but also on the morphology, size, and surface area of zirconia [24]. Therefore, in recent years, many methods have been used to prepare zirconia materials with different morphologies and sizes so as to promote the performances or exploit new properties of zirconia. Currently, zirconia crystals with various morphologies or structures have already been successfully synthesized by using different synthetic raw materials and preparation methods such as nanopowder, nanorod, nanofiber, micro-nanofiber, micro-nano whisker, nanotube, microsphere, films, and composite materials, among other [3,4,5,6,7,8,9,11,14,16,17,19,25,26,27,28,29,30,31].



In this paper, we first adopted a pyrohydrolysis method to synthesize a kind of micro-nanoflaky zirconia with high (001) facets. Throughout the whole process, only two reagents (fluozirconic acid and ethanol) were used as the starting materials. The zirconia micro-nanoflakes are uniform and have high exposed (001) facets, and could have great application prospects in the fields of adsorption, catalysis, sensors, and ceramic materials.




2. Materials and Methods


2.1. Reagents and Instruments


The starting reagent, fluozirconic acid (H2ZrF6, 45 wt.% in H2O, Macklin, Shanghai, China) with a density of 1.512 g/cm3, is one of the most stable chemicals among Zr-F complexes at room temperature and ambient pressure, and gradually hydrolyzes at high temperatures and high pressures. The starting reagent was diluted with deionized water to produce the initial solutions with concentrations of 0.01 and 0.02 mol·L−1. Note that the fluozirconic acid is a highly corrosive and toxic chemical, and all operations related to fluozirconic acid should be conducted in a fume hood and operators must protect themselves by wearing protective masks, clothing, and gloves when working with it.



All synthesis experiments were performed in the cold-seal pressure vessels with a 27 mm outer diameter, 6 mm inner diameter, and 250 mm length using water as a pressure medium. It is connected with a high-precision high-pressure gauge (±5 MPa) measured with a NiCr-Ni thermocouple (±5 °C) [32,33,34]. A constant temperature drying oven (±1 °C, DGG-9070B, Jiangdong) was used for the post-processing of synthetic products [35,36]. All synthesis processes were conducted at the hydrothermal laboratory of the Guangzhou Institute of Geochemistry, China.



A SU8010 field-emission scanning electron microscope (SEM) (HITACHI, Tokyo, Japan) equipped with an EDAX Apollo x-SDD energy dispersive spectrometer (Core Lab, Tulsa, OK, USA) with a working voltage of 15 kV and magnification of 600–80,000 was used for the morphological analysis of the synthesized crystals at the State Key Laboratory of Organic Geochemistry of the Guangzhou Institute of Geochemistry, China. A Dmax RAPID V micro-area X-ray Diffraction (μ-XRD) (Rigaku, Tokyo, Japan) with a working voltage of 40 kV, working current of 30 mA, exposure time of 100 s, and collimator of 0.1 mm was used for the structure analysis of the synthesized crystals at the CAS Key Laboratory of Mineralogy and Metallogeny of the Guangzhou Institute of Geochemistry, China. The qualitative analysis of the synthesized crystals was conducted by a WITec alpha 300R high-resolution confocal Raman spectrometer (Germany) that was equipped with three lasers (488, 532, and 633 nm), three gratings (300, 600, and 1800 grooves/mm), and four Zeiss objectives (5×, 20×, 50×, and 100×) at the hydrothermal laboratory of Guangzhou Institute of Geochemistry, China [37].




2.2. Synthesis Procedure


First, well-prepared diluted initial solutions of H2ZrF6 with concentrations of 0.01 and 0.02 mol·L−1 were injected into a gold capsule with a diameter of 4 mm and length of 30 mm to account for 30–80% of the volume of the capsule while the capsule was sealed at both ends with a tungsten insert gas welding system (PUK U3, Germany). Before and after all synthesis experiments, the capsule was checked for leaks by placing it into the drying oven at 110 °C for at least 2 h. Only those capsules with negligible mass differences were used in the synthesis experiments. The gold capsule was then placed into the end of the pressure vessel and pressurized and heated to the designed pressure and temperature. After the run was completed, the vessel was quickly quenched in an ice-water mixture. Finally, the gold capsule was opened and washed 2–3 times with deionized water and ethanol and dried in a constant temperature drying oven. A zirconia layer of micro-nanoflakes with high (001) facets that was formed on the inner surface of the gold was also subsequently analyzed.





3. Results and Discussion


During the synthesis experiment, the dissolved H2ZrF6 could become unstable with increasing temperature and pressure, and could gradually hydrolyze due to the hydrolysis of Zr (IV) cation [38,39]. The cumulative hydrolysis reaction and formation of zirconia precipitates can be described as:


H2ZrF6 + 2H2O = ZrO2↓ + 6HF



(1)







The above reaction generally reached an equilibrium of hydrolysis within a few hours at 200 °C and 100 MPa, producing zirconia crystals and hydrogen fluoride, and demonstrated a strong dependence on temperature and initial solution concentration [33,36]. To avoid the effect of runtime for synthesis products, all synthesis experiments were conducted with a longer duration (12–14 h). The synthesized products are identified as zirconia crystals by the EDS (Figure 1), Raman spectrum (Figure 2), and μ-XRD (Figure 3). The morphology analysis results from the SEM images demonstrated that synthesized zirconia crystals were in the form of elliptical micro-nanoflakes or irregular micro-nanoflakes, 1–100 nm thick and 0.1–2 μm long, with highly exposed (001) facets (Figure 4 and Figure 5). The histogram of the long-axis sizes for these synthesized zirconia crystals almost displayed a normal distribution (Figure 6). The long-axis sizes of the synthesized zirconia at 200 °C, 250 °C, 300 °C varied between 0.1–2.0 μm, 0.1–1.0 μm, and 0.1–2.0 μm, and had peaks at 0.8–1.0 μm, 0.5–0.8 μm, and 0.6–1.0 μm, respectively. By contrast, the sizes of zirconia crystals synthesized at 400 °C and 500 °C were more uniform, ranging between 0.4–1.0 μm and 0.4–2.0 μm, and higher peaks ranged between 0.7–0.9 μm and 1.2–1.5 μm than those of 200–300 °C (Figure 5). Other synthesis procedure and results are shown in Table 1.



3.1. Temperature Dependence on the Crystal Form and the Morphology of the Synthesized Zirconia


The synthesis temperature has an important influence on the crystal form of synthesized zirconia based on the result of the Raman analysis. As shown in Figure 2, the results of the Raman spectrum show that 14 Raman characteristic peaks of synthesized zirconia at 200 °C and 250 °C are similar to that of the standard baddeleyite (monoclinic system). In addition, 6 Raman characteristic peaks of synthesized zirconia appear at 144 cm−1, 258 cm−1, 318 cm−1, 462 cm−1, 612 cm−1, and 640 cm−1, which is consistent to that of the Raman spectrum for the tetragonal system, indicating a mixture of monoclinic and tetragonal systems at 200 °C and 250 °C. The Raman spectrum of synthesized zirconia demonstrated that it is a monoclinic system mixed with a few amounts of the tetragonal system at 300 °C but is a pure monoclinic system at 400 °C and 500 °C (Figure 2). The consistent results were also demonstrated by the μ-XRD spectrum (Figure 3). Therefore, the synthesized zirconia is a pure monoclinic system at elevated temperatures (≥400 °C) but is a mixture of monoclinic and tetragonal systems at a relatively lower temperature (≤300 °C). This suggests that elevated temperatures can promote the growth of a monoclinic system and reduce the formation of a tetragonal system in the experimental temperature range.



In addition to the crystal form of synthesized products, temperature also has an important effect on the hydrolytic reaction’s degree and morphology of hydrolytic products [32,34,35,36,40]. In this study, as the temperature increases, the morphology of synthesized zirconia also varied. For example, at similar synthesis conditions such as an initial solution concentration of 0.02 mol·L−1, pressure of 100 MPa, and runtime of 12 h, the synthesized zirconia is in the form of an elliptical micro-nanoflake with a thickness of 1–50 nm and length of 0.1–2.0 μm at 200 °C (Figure 4a), and in contrast, at 250 °C, it is in the form of an elliptical micro-nanoflake or irregular micro-nanoflake with a thickness of 10–50 nm and length of 0.1–1.0 μm (Figure 4b); additionally, it changes to a form with a thickness of 50–100 nm and length of 0.5–1.0 μm at 400 °C (Figure 4d). The results demonstrate that the synthesized zirconia becomes more uniform in particle size and thicker in the (001) facets from 10–50 nm to 50–100 nm and longer in the diameter from 0.1–1.0 μm to 0.5–1.0 μm as the temperature increases from 200 °C to 400 °C (Figure 6). Compared to the morphology of zirconia at other synthesis conditions, zirconia synthesized at 500 °C has a larger crystal size (i.e., 50–100 nm thick and 0.5–2.0 μm long) than those at 200–400 °C (Figure 4e,f and Figure 5). This also suggests that elevated temperatures can promote the growth of zirconia by increasing its size and the thickness of the (001) facet considering the possible effect of pressure. Similarly, compared to zirconia’s morphology synthesized at 250–500 °C and a lower initial solution concentration of 0.01 mol·L−1 (Figure 5), the effect of temperature for the growth of zirconia with the (001) facets can be observed even in the case of inconsistent pressure and time. The influence of temperature on the morphology of synthesized zirconia could be explained by the process of hydrolytic reaction. As the temperature increases, the degree of hydrolytic reaction will increase, resulting in Equation (1) moving to the right and forming more precipitates and HF [36]. Hence, a large amount of ZrO2 precipitated from the solution can facilitate zirconia’s growth, resulting in an increase of zirconia in size.




3.2. Effect of Initial Solutions’ Concentration on the Morphology of the Synthesized Zirconia


Apart from the temperature, the initial solution concentration of H2ZrF6 also has a positive effect on the morphology of the synthesized zirconia. As shown in Figure 4e,f and Figure 5c,d, at the same synthesis conditions including the temperature of 500 °C, pressure of 80 MPa, and runtime of 12 h, the synthesized zirconia crystals grow from small irregular micro-nanoflakes (50–80 nm thick and 0.5–1.0 μm long) at 0.01 mol·L−1 of the initial solution to larger elliptical micro-nanoflakes or irregular micro-nanoflakes (50–100 nm thick and 0.5–2.0 μm long) at 0.02 mol·L−1 of the initial solution. The synthesized zirconia at a high initial solution concentration is also larger in size than that of a low initial solution concentration (Figure 4b,d and Figure 5a,b). These results suggest a promotive effect of high initial solution concentration on the growth of the synthesized zirconia. This could also be explained by the degree of the hydrolytic reaction of H2ZrF6. With the concentration of the initial H2ZrF6 solution increasing, Equation (1) will move to the right and form a large amount of precipitates and HF, resulting in the growth and aggregation of the synthesized zirconia micro-nanoflake with high (001) facets [34,36].




3.3. Growth Mechanism of the Synthesized Zirconia


Crystal nucleation and growth is usually involved in the conventional atom-by-atom growth model, non-classical particle aggregation, and amorphous transformation [41,42]. In the present study, as the temperature increased, H2ZrF6 in the solutions hydrolyzed to produce zirconia precipitates that subsequently experienced nucleation, aggregation, and coarsening to generate zirconia micro-nanoflakes in addition to the phase transformation. A basic observation would state that as the temperature and initial solution concentration increases, the particle size of the synthesized zirconia micro-nanoflakes becomes more uniform and the thicknesses of the (001) facets becomes larger, suggesting that the synthesized zirconia crystals grow mostly along the (001) facets and c-axis. This is also confirmed by the data derived from the μ-XRD patterns. As shown in Figure 3, the peak intensity of (001), (111), (−111), and (200) facets increases as the temperature increase from 200 °C to 500 °C. Given that the (111), (−111), (022), and (200) facets are perpendicular or nearly perpendicular to the (001) facets, they grow mainly along the c-axis and can induce the thickening of the (001) facets significantly. Remarkably, the ratios of I(111)/I(001), I(−111)/I(001), I(200)/I(001) all rise from 200 °C to 500 °C (Figure 7) which could indicate a fast growth rate of the flank facets along the c-axis direction at high temperatures, resulting in the faster growth of those facets over the (001) facets.



Note that the synthesized zirconia crystals could grow the (001) facets mostly prior to the hydrolysis equilibrium of H2ZrF6. As the hydrolysis of H2ZrF6 can produce HF, surface fluorine of the zirconia micro-nanoflake could play a key role in stabilizing the (001) facets considering fluorine’s role in the growth of the anatase (001) facets [43]. During the growth of zirconia, fluorine anions generated by ionization of HF from the hydrolytic reaction adhere to the (001) facets of zirconia to reduce the surface energy and promote the growth of the (001) facets. Meanwhile, HF or H+ in the solutions could inhibit the growth of other facets of zirconia micro-nanoflakes compared to the ideal monoclinic zirconia crystal (Figure 8A). During the hydrolysis, the amount of precipitation driven by the hydrolysis of H2ZrF6 could be maximized which induces the (001) facets to grow at a very high rate; however, when the hydrolysis reaches equilibrium, the amount of precipitation would be reduced and causes a slower growth rate [44]. In the present study, all zirconia micro-nanoflakes were synthesized within a long duration that is sufficient for the H2ZrF6 to reach equilibrium, finally causing a major growth along the c-axis direction by the oriented attachment mechanism (Figure 8B). The oriented attachment-based growth results in the changes of zirconia micro-nanoflakes in terms of size, thickness, and superficial area to ensure that the (001) facets are well developed as other crystal facets gradually develop (Figure 8B). The highly exposed (001) facets for the new zirconia micro-nanoflakes likely have great application potentials on catalysis, adsorption, sensors, and ceramic materials [5,26].
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Figure 2. Raman spectra of zirconia micro-nanoflakes synthesized in the present study and standard monoclinic (e.g., baddeleyite) and tetragonal zirconia (ZrO2) crystals. The standard Raman spectrum of baddeleyite is derived from an online Raman database (https://rruff.info/baddeleyite/display=default/R060016 (accessed on 8 May 2021), while the Raman spectrum of tetragonal zirconia (ZrO2) is from Reference [45]. 
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Figure 3. Representative XRD analysis of zirconia micro-nanoflakes synthesized at 200–500 °C. The XRD spectra of Au, monoclinic zirconia (ZrO2), and tetragonal zirconia (ZrO2) are from the database (No.00-004-0784, 00-037-1484, and 00-002-0733). 
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Figure 4. Representative SEM micrographs of zirconia micro-nanoflakes synthesized by 0.02 mol/L of the initial solution concentration: (a) No. 1 at 200 °C, 100 MPa, and 12 h; (b) No. 3 at 250 °C, 100 MPa, and 12 h; (c) No. 4 at 300 °C, 120 MPa, and 12 h; (d) No. 5 at 400 °C, 100 MPa, and 12 h; and (e,f) No. 8 at 500 °C, 80 MPa, and 12 h. 
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Figure 5. Representative SEM micrographs of zirconia micro-nanoflakes synthesized by 0.01 mol/L of the initial solution concentration: (a) No. 2 at 250 °C, 80 MPa, and 14 h; (b) No. 6 at 400 °C, 80 MPa, and 12 h; and (c,d) No. 7 at 500 °C, 80 MPa, and 12 h. 
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Figure 6. Statistical histograms of long-axis sizes for zirconia micro-nanoflakes (ZrO2) synthesized at 250–500 °C. 
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Figure 7. A histogram illustrating the ratios on the μ-XRD intensity of the (111), (−111), and (200) facets compared to the (001) facets. As the temperature increases, all the ratios rise, suggesting that the growth of flank facets causes the thickening of zirconia micro-nanoflakes. 
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Figure 8. A schematic diagram of zirconia crystals with high (001) facets, demonstrating (A) the crystallographic structure of an ideal monoclinic zirconia (e.g., baddeleyite) and (B) a growth model for zirconia micro-nanoflakes. 
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4. Conclusions


In this paper, we synthesized zirconia micro-nanoflakes with high (001) facets at 200–500 °C and 80–120 MPa by a pyrohydrolysis procedure of H2ZrF6. Zirconia crystals synthesized are 1–100 nm thick and 0.1–2.0 μm long elliptical or irregular micro-nanoflakes that are highly exposed in the (001) facets. The zirconia micro-nanoflakes belong to a mixture of monoclinic and tetragonal systems at the temperatures of ≤300 °C but belong to a pure monoclinic system at the temperatures of ≥400 °C. As the temperature and initial H2ZrF6 concentration increase, the synthesized zirconia micro-nanoflakes become more uniform, mostly derived from the growth along the (001) facets. The increasing μ-XRD intensity of the (111), (−111), and (200) facets and the increasing ratios of I(111)/I(001), I(−111)/I(001), I(200)/I(001) from 200 °C to 500 °C indicate an oriented attachment-based major growth along the c-axis that results in the thickening of the (001) facets with increasing temperatures. This suggests that the oriented attachment-based growth occurring in the fluorine-rich solution environment was involved in the aggregation and coarsening of zirconia micro-nanoflakes.
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Figure 1. Representative EDS analysis of zirconia micro-nanoflakes adhered to the inner surface of gold capsule. Note that N could derive from the starting initial solutions and Au is derived from the gold capsule. 
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Table 1. Preparation on zirconia micro-nanoflakes with high (001) facets under varied conditions.
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	No.
	Initial Concentration (mol/L)
	Temperature (°C)
	Pressure (MPa)
	Time (h)
	Thickness (nm)
	Length (μm)





	1
	0.02
	200
	100
	12
	1–50
	0.1–2.0



	2
	0.01
	250
	80
	14
	10–50
	0.1–1.0



	3
	0.02
	250
	100
	12
	10–50
	0.1–1.0



	4
	0.02
	300
	120
	12
	20–80
	0.1–2.0



	5
	0.02
	400
	100
	12
	50–100
	0.5–1.0



	6
	0.01
	400
	80
	12
	20–80
	0.5–1.0



	7
	0.01
	500
	80
	12
	50–80
	0.5–1.0



	8
	0.02
	500
	80
	12
	50–100
	0.5–2.0
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