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In the family of inorganic nanomaterials, zirconia is a highly promising functional
ceramic material with a high refractive index, excellent chemical inertness, high
hardness, excellent thermal stability, and high dielectric constant. These properties are
highlighted in nano-zirconia ceramics because nano-powders have a small particle
size, dispersive distribution, decent morphology, and uniform distribution. In this paper,
a co-precipitation process was proposed to prepare highly dispersed MgO-Y 2 O 3
co-stabilized ZrO 2 nano-powders, and the effects of different calcination
temperatures on the crystallization degree and particle dispersion of zirconia nano-
powders were studied by XRD, TG-DSC, Raman, FTIR, BET, TEM, and FEESM,
respectively. The optimum conditions were obtained as follows: 6 hours of high-energy
planetary grinding, calcination at 800°C in an electric furnace. With the optimum
conditions, the average particle size of the prepared powder is 28.7 nm. The process is
dedicated to enriching the research data on the controllable preparation of Mg-Y/ZrO 2
nano-powders using the co-precipitation method.
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42 Abstract: In the family of inorganic nanomaterials, zirconia is a highly promising functional ceramic
45 with a high refractive index, hardness, and dielectric constant, as well as excellent chemical inertness and
thermal stability. These properties are enhanced in nano-zirconia ceramics, because nanopowders have a
50 small particle size, good morphology, and uniform and dispersive distribution. In this study, a

53 co-precipitation process was proposed to synthesise highly dispersed MgO-Y 03 co-stabilized ZrO;

56 nanopowders. The effects of different calcination temperatures on the crystallisation degree and particle

dispersion of zirconia nanopowders were characterised by X-ray diffraction (XRD),
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thermogravimetry-differential scanning calorimetry (TG-DSC), Raman spectroscopy, Fourier transform
infrared spectroscopy (FTIR), nitrogen adsorption using the Brunauer—Emmett—Teller (BET) theory,
transmission electron microscopy (TEM), and field emission scanning electron microscopy (FESEM). The
optimum synthesis conditions were obtained as follows: 6 h of high-energy planetary grinding and
calcination at 800 °C in an electric furnace. Under these optimum conditions, the average particle size of
the prepared powder was 28.7 nm. This process enriches the literature on the controllable preparation of
Mg-Y/ZrO, nanopowders obtained by the co-precipitation method.

Keywords: Mg-Y/ZrO; Nanopowders; Co-precipitation; Crystallisation degree; Particle dispersion;

1. Introduction

Zirconia is an important inorganic nonmetallic material with applications in ceramics, catalysts,
refractories, optics, aerospace, biology, and chemistry [1-4]. However, pure zirconia materials exhibit
volume change effects during the reversible martensitic transformation between the monoclinic phase and
tetragonal crystals, leading to a decline in their mechanical and thermal shock properties, which limits their
application range [5-8].

To resolve this issue, studies have reported that the phase stability of pure zirconia materials may be
improved by co-doping zirconia with stabilisers, thus enhancing their mechanical properties and thermal
shock resistance [9-12]. Common stabilisers include oxides such as Y03, CaO, Al>0s, MgO, Sc20, and
CeO; [13-15]. The stable states of the zirconia materials generally include: tetragonal zirconia
polycrystalline (TZP), fully stabilized zirconia (FSZ), and partially stabilized zirconia (PSZ) [16]. Wen et al.
[17] investigated the improvement in the phase composition, packing density, microstructure, and

compressive strength of MgO-PSZ ceramics by doping with a Y2Oj3 stabiliser. The good performance of
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zirconia ceramics was reported to be owing to the ultrafine particle diameter and a reasonable proportion of

stabilisers. Abed et al. [18] explored the effect of the grain size of Y203-ZrO,-MgAl>O4 powders on the

properties of ceramic sintered bodies. The grain size greatly influenced the properties of zirconia ceramics,

in addition to the effect of stabiliser content. Therefore, the grain size and dispersion of the precursor

material are considered key factors in the preparation of high-toughness and high-strength zirconia

materials.

Currently, the study of ultrafine nanoscale zirconia materials is attracting increasing attention [19,20].

Nanoparticles are solid particles with sizes in the range of 0.1-100 nm, between bulk materials and atoms

and molecules, and serve as the raw materials in nanotechnology [21]. Nanosystems have properties, such

as the small size, dielectric limit, and quantum tunnelling effects, which are not present in macroscopic

systems (with objects visible to the human eye as the lower limit) or mesoscopic systems (submicron level,

0.1-1 um). Therefore, nanosystems exhibit high catalytic activity and selectivity, high adsorption and

diffusion, and excellent optical properties (such as high transparency and magnetic properties), enhanced

toughness, lubricity, and other physical and chemical properties, which creates great potential for the

application of nanomaterials [22-24]. However, owing to the high surface energy of nanoparticles and van

der Waals forces between particles, nanoparticles are highly prone to agglomeration during preparation,

separation, storage, and application, which affects the advantages gained by the small size of these

materials. Therefore, maintaining good precursor dispersion and inhibiting nanoparticle agglomeration are

important research topics in nanotechnology [25,26].

Many methods are available for the preparation of nanoscale zirconia. Currently, wet chemical

preparation methods, such as hydrothermal [27], precipitation [28], sol-gel [29], microemulsion [30],

electrochemical synthesis [31], and solvent evaporation [32], are used. During chemical precipitation, a
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precipitant is added to a mixed solution to produce insoluble precipitates, such as hydroxides or sulfates.

The precipitates serve as the raw precursors. After the subsequent washing-filtering-heating process,

precursors decompose into powder products. Chemical precipitation [33] is often selected for the

preparation of powder products at the laboratory scale because of its low reactant count and equipment

requirements, ease of operation, and high product purity. To prepare nanopowders, including multiple

oxides, the chemical method of co-precipitation is widely used [34,35].

Co-precipitation has been successfully applied to the preparation of nanoscale zirconia. Santoyo et al.

[36] used this method to obtain nanoscale tetragonal-phase zirconia. Yttrium oxide (3 mol%) partially

stabilised zirconia particles were dissolved in an AI(NO3)-9H,0 solution and subsequently co-precipitated

with ammonia to obtain 3 mol% YSZ-Al,Os particles (the target precursor). The target precursor was

washed with ultrapure water and anhydrous ethanol, followed by drying in an oven at 90 °C. Subsequently,

the precursor sample was calcined at 300 °C for 20 h to obtain Al,O3 and Y03 stabilized zirconium

dioxide nanopowders. The cold pressed nanopowders were sintered in air at 1100 °C for 6 h to obtain

YSZ-Al,03 ceramics. Hsu et al. [37] obtained tetragonal-phase ZrO- with a size of 21.3 nm using the

co-precipitation method.

In this study, a co-precipitation process is proposed to prepare highly dispersed yttrium oxide and

magnesium oxide-stabilised zirconium oxide nanopowders. ZrOCl,-8H,0 is used as the zirconium source

mixed with Y (NO3)s-6H20 and MgClz-6H20. The mixture is co-precipitated by titration with NH3z-H,O

under high-speed stirring, and nanoscale zirconium oxide powder is produced after extraction and

subsequent washing, ball milling, drying, and calcination. The obtained samples are characterised by

thermogravimetry-differential scanning calorimetry (TG-DSC), X-ray diffraction (XRD), Raman

spectroscopy, Fourier transform infrared spectroscopy (FTIR), nitrogen adsorption using the Brunauer—
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Emmett-Teller (BET) theory, transmission electron microscopy (TEM), and field emission scanning
electron microscopy (FESEM). The effects of the calcination temperature on the degree of crystallisation,
physical phase composition, and particle dispersion of the final tetragonal-phase Mg-Y/ZrO, (t-Mg-Y/ZrO,)

are investigated.

2. Experiments
2.1 Materials

The chemicals used in the experimental process are listed in Table 1, and the apparatus and equipment
used are listed in Table 2.
2.2 Preparation of Mg-Y/ZrO2 nanoparticles

Firstly, 0.002 mol Y (NO3)3-6H20, 0.006 mol MgCl,-6H.0, and 0.092 mol ZrOCl,-8H,0 were
accurately weighed using an analytical balance and mixed to prepare a 0.1 mol/L sample solution.
Subsequently, 150 mL of a 25-28 % ammonia solution was diluted to prepare a 2 mol/L ammonia solution
using a measuring cylinder (sealed with cling film to prevent ammonia evaporation). For the precipitation
process, the 2 mol/L dilute ammonia solution was added dropwise to the sample solution under high-speed
magnetic stirring. The pH at the end of the titration was controlled to 10 to ensure complete precipitation of
Zr**, Mg?* and Y?*. After aging, the sample was washed four times with 0.15 mol/L dilute ammonia
solution, and then washed once with anhydrous ethanol. The last washing solution was tested for the
absence of white CI- precipitation using a 0.1000 mol/L AgNOs solution. The washed samples were then
dispersed in an anhydrous ethanol medium, subjected to high-energy planetary ball milling (for 6 h), and
subsequently dried. The dried powder was finely ground in a grinding pot and passed through an 80-mesh

sieve. Calcination was performed in a medium-ring electric furnace using specially designed temperatures
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(200-800 °C). Subsequently, the calcined powder was passed through a 200-mesh sieve. The
aforementioned well-designed experimental procedure was used to investigate the optimum conditions for
the preparation of highly dispersed, high-quality t-Mg-Y/ZrO, nanopowder materials (as shown in Fig. 1).
2.3 Characterisation of as-prepared Mg-Y/ZrOz nanoparticles

The crystalline phase composition of zirconia nanopowders is a key factor in characterising their
properties. In this study, a thermal gravimetric analyser (TGA) was used to measure the change in material
mass with temperature (and time) to observe the quantitative and qualitative variations in temperature
during the generation of zirconia powders from their precursors, and thus analyse the thermal stability of
the material. The powder samples were qualitatively characterised by XRD, and the crystallinity of these
samples was analysed (scanning speed of 5 °/min). Furthermore, XRD results were analysed using Jade
software and Scherrer's equation to calculate the zirconia grain size. The molecular vibration of the samples
was characterised by Raman spectroscopy. The powder surface adsorption energy and pore size variation
were characterized by nitrogen adsorption using the BET theory. A combination of FTIR with computer
technology was used to characterise the chemical structure of the surface of the powder particles using
interferograms, in a test spectrum range of 500-4000 cm™. The FESEM instrument had a ultra-high
resolution that was used to magnify zirconia nanopowders in a low-vacuum environment to monitor the

microscopic morphology of the sample.

3. Results and discussion
3.1 TG-DSC characterisation
Characterisation by TG-DSC was used to obtain the weight loss of the sample during the heating

process, and it was further used to characterise the changes in the precursor at different temperature stages.
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The atmosphere used for TG-DSC analysis was air, the ramp rate was 5 °C/min, and the test temperature

range was 18-900 °C. Figure 2 shows the TG-DSC curve of the precursor samples, which initially

decreased rapidly and then gradually flattened. This was mainly owing to the loss of a large quantity of free

and bound water from the precursor, with a total burn loss of 15.03 %. The DSC curve shows two thermal

absorption peaks at 70 and 165 °C, combined with the TG and differential thermogravimetry (DTG) curves.

The thermal absorption peak at 70 °‘C was attributed to the loss of adsorbed and bound water, while the

thermal absorption peak at 165 ‘C was associated with the dehydrative decomposition of zirconium,

magnesium, and yttrium hydroxides during their transformations to ZrO,, MgO- and Y03 as follows:

Zr(OH),(s) = Zr0,(s) + 2H,0(g) 1)
Mg(OH),(s) = MgO(s) + H,0(g) (2)
2Y(OH)3(s) = Y203(s) + 3H,0(g) 3

Additionally, two exothermic peaks were observed at 292 and 500 °C in the DSC curves. The peak at

292 °C was weak because the transformation of amorphous zirconia was in the initial stage. Furthermore,

the peak at 500 °C was extremely strong, but the corresponding weight loss in the TG and DTG curves was

absent. This result was because of the specific chemical reactions that caused the exothermic peaks by

generating large amounts of heat, which had an important effect on the crystallisation of zirconia

nanopowders.

3.2 XRD characterisation

To further investigate the phase transformation process, XRD analysis was used to characterise the

phases of the precursors and samples calcined at temperatures of at 200-800 °C for 2 h. Figure 3 shows the

scanned XRD spectra of the precursor and zirconia powders prepared at varying calcination temperatures.

Figure 3 shows that both the precursor and the sample calcined at 200 °C were amorphous. The
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characteristic peaks for the tetragonal zirconia phase (t-ZrO-) were observed when the sample was calcined
at 400 °C, the t-ZrO, diffraction peak became more intense, and its crystallisation was favored when the
sample was calcined at 800 °C. The average grain sizes calculated using Scherrer's equation were 18.6,
23.3, and 28.7 nm for samples calcined at temperatures of 400-800 °C, respectively, which indicated that
the calcination temperature was positively correlated with the grain size of the powders. In finding the
average particle size, XRD data from large angle diffraction was used, taking the strongest and most stable
diffraction peaks where they can be found. However, the peaks were sharper and had smaller full widths at
half maxima (FWHMSs) as the calcination temperature increased, and the best crystallinity for the zirconia
powder sample was observed at 800 °C.
3.3 Raman characterisation

Raman spectroscopy is an effective way to distinguish the zirconia crystalline form. The tetragonal
phase of zirconia has six Raman active vibrational modes (A1g+2B1g+3Eg): Aig*: 600 cm! (very weak), Big:
147 and 315 cm'!, Eg: 269, 459, and 643 cm'™. Theoretically, the cubic phase has only one Raman active
vibrational mode, typically observed as a broad spectral peak from 530 to 670 cm™ [38]. The monoclinic
phase has 18 Raman active vibrational modes: (9A4+9Bg) and the following vibration spectral peaks can
generally be observed: Aq: 176, 187, 300, 475, 558, 635, and 760 cm, Bg: 220, 333, 344, 380, 510, 536,
and 613 cm™. For further differentiation, Raman spectroscopy was performed on the obtained zirconia
nanoparticle samples, and Raman spectra are shown in Fig. 4(a). The zirconia samples showed a small
number of weak vibrational peaks associated with the monoclinic phase, while vibrational peaks
corresponding to the tetragonal phase were observed at 146, 260, 318, 464, and 642 cm™%, and no broad
peaks were observed in the cubic phase wavelength range of 530-670 cm™. Thus, it was confirmed that the

obtained Mg-Y/ZrO; nanoparticles were mixed crystals with a large amount of the tetragonal zirconia
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phase and a small of the monoclinic zirconia (m-ZrO,) phase. Moreover, the t-ZrO, phase vibrational peak
intensity gradually showed a positive relationship with the calcination temperature, which further
confirmed that the crystallinity of the sample reached a maximum after calcination at 800 °C, where the
transformation from the amorphous phase to the tetragonal phase was nearly complete.

The original Raman spectra were fitted with multiple Gaussian peaks using the Origin software. The
relationship between the calcination temperature and crystalline phase composition of the powders was
investigated in detail based on characteristic spectral information, such as the position, intensity, area, and
FWHM of the Gaussian peaks. Figures 4(b)—(d) show the fitted curves of Raman spectra for samples
calcined at temperatures of 400-800 °C, respectively. With increasing calcination temperature, the peak
areas of the characteristic Raman peak positions gradually increased, whereas the FWHM gradually
decreased. Furthermore, since crystallinity is negatively correlated with FWHM, it was concluded that
crystallinity gradually increased with increasing calcination temperature. Moreover, maintaining the
precursor at a calcination temperature of 800 °C for 2 h was sufficient to achieve the best crystallinity in
this study. The Raman results were consistent with the XRD results.

3.4 FTIR characterization

The effects of co-doping magnesium and yttrium on the surface chemical structure of zirconia
powders were investigated by FTIR measurements of samples prepared at various calcination temperatures.
As shown in the first red curve of Fig. 5, five characteristic FTIR peaks were detected in the prepared
precursor powders at 3411.67, 1590.48, 1352.05, 1063.86, and 422.30 cm*. Specifically, the characteristic
absorption peaks of Zr-O, Zr=0, and Zr-O-Zr bonds appeared at wavelengths of 1352.05, 1063.86, and
600-650 cm™, respectively, which confirmed the presence of zirconia. Highly pure water was used as the

medium in the co-precipitation experiments; therefore, strong Zr-OH and O-H vibrational absorption peaks
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were observed at 3411.67 and 1590.48 cm?, respectively. Thus, the hydrophilic nature of the O-H bond
facilitated the dispersion of zirconium oxide in water during the preparation process. Because no surface
modifier was added during the preparation process, no other peaks were present in the FTIR spectrum of
the precursors.

Furthermore, based on the FTIR spectra of the precursor and powders prepared at calcination
temperatures of 200-800 °C, it was possible to compare the characteristic peak at 422.30 cm?, which
increased and shifted to a higher wavelength with a Doppler shift (blue shift) with increasing calcination
temperature. This phenomenon was explained by the exchange of heat with an increase in calcination
temperature, which led to a phase transformation to form crystalline particles, followed by the formation of
the pure tetragonal phase in the final calcined Mg-Y/ZrO, sample.

3.5 BET characterisation

A specific surface area tester was used to analyse the nitrogen adsorption-desorption curves. Powder
samples were dried at a constant temperature of 150 °C for 6 h and tested at -196 °C in liquid nitrogen
atmosphere. The pore size distribution (PSD) curves of the powder samples were calculated using the
Barrett-Joyner—Halenda (BJH) algorithm, and the specific surface areas of the powder samples were
obtained using the BET algorithm.

Figure 6 shows the nitrogen adsorption-desorption curves and PSD curves for the precursors and
powder samples calcined at temperatures of 200-800 °C. Figure 6(a) shows that the adsorption-desorption
curves of the precursor calcined at temperatures of 200 and 400 °C had a distinct inflection (point A) at low
P/Po, which is the initial steep region of the isotherm. Inflection point A indicates that the adsorption
corresponding to the monolayer reached the maximum saturation adsorption capacity. The second

molecular layer started to accumulate by adsorption as the relative pressure increased. At the saturated
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vapour pressure, the number of adsorbed molecular layers is unlimited; thus, these powder samples
exhibited a type Il isotherm (also called type S). In contrast, the adsorption-desorption isotherms of powder
samplers calcines at a temperature of 600 and 800 °C exhibited the typical type 1V isotherm, which curves
convexly upwards in the low P/Po region. Conversely, in the higher P/Po region, the isotherm increases
sharply because of capillary coalescence of the adsorbate. Subsequently, adsorption occurs only on the
external surface, and the curve becomes flat when all the pores coalesce. At relative pressures close to 1,
adsorption occurs on the larger pores and the curve increases. Because of the occurrence of capillary
coalescence, hysteresis is observed in the area, and the isotherm obtained during desorption disagrees with
the adsorption branch of the isotherm. The former isotherm is higher, producing an adsorption hysteresis,
which causes the back-lag cycle. According to the latest IUPAC classification, the saturation adsorption
plateau of the H3 type hysteresis loop was absent in the isotherm of the powder sample calcined at a
temperature of 600 °C, which indicated a remarkably irregular pore structure. The H2 type hysteresis loop
observed for the powder sample prepared at a calcination temperature of 800 °C had a saturation adsorption
plateau in the isotherm, which indicated a more uniform pore size distribution.

The PSD curves shown in Fig. 6(b) indicate that the most accessible pore size was 12.216 nm, which
was observed for the powder sample prepared at a calcination temperature of 800 °C. The BET analysis
showed that the specific surface area of zirconia nanopowders has a negative relationship with the
calcination temperature, the minimum particle size was received at the calcined temperature of 200 °C.
However, we have noticed that hard agglomerates were formed in the sample prepared with a calcined
temperature of 200 °C because of the great surface activity of the sample. Whilst, samples calcined at

800 °C have a specific surface area of 13.249 m?/g, leading to a more uniform particle size distribution,
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high sphericity, and lower surface energy, which makes them more favorable for subsequent applications

[39-42].

3.6 SEM characterization

The SEM results showed the distribution and morphology of zirconia clusters. Samples were tested by

dropping a 50 wt.% mass fraction of the zirconia cluster dispersion onto a silicon wafer, followed by drying

under ambient conditions. Before SEM analysis, the samples were subjected to gold plating to impart

electrical conductivity.

Figures 7(a)—(d) show the SEM images of the Mg-Y/ZrO, nanoparticles obtained by calcination at

temperatures of 200-800 °C, at 200 000 times magnification using high-magnification electron microscopy.

A comparison of the four SEM micrographs shows that the calcination temperature was positively

correlated with the nano-zirconia particle diameter. The nano Mg-Y/ZrO, powder particles prepared at a

calcination temperature of 200 °C were small but irregularly arranged, and intermolecular forces led to

distinct agglomeration. At calcination temperatures of 400-600 °C, the nano Mg-Y/ZrO; powder particles

grew in size gradually, and the quasi-spherical morphology was gradually enhanced. At a calcination

temperature of 800 °C, particle agglomeration was absent in the prepared nano Mg-Y/ZrO, powder, and the

particle morphology was sphere-like with a more uniform particle distribution (shown in Fig. 7(d)).

Therefore, a calcination temperature of 800 °C was the optimal temperature for stabilising the crystal shape

of nano Mg-Y/ZrO, powder and maintaining a good dispersion.

4. Conclusion

In this study, a co-precipitation process was proposed to synthesise Mg-Y/ZrO, nanopowders with a

regular spherical morphology, good crystallisation, uniform distribution, and ultrafine diameter. The
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obtained samples were characterised by TG-DSC, XRD, Raman, FTIR, nitrogen adsorption using BET
theory, TEM, and FESEM. The main conclusions are as follows:

(1) Effect of calcination temperature on crystallinity: Both the precursors and the samples calcined at
200 °C were amorphous. The transformation of the precursor was initiated at a calcination temperature of
292 °C. The characteristic peaks of the tetragonal zirconia phase were observed at calcination temperatures
of 500 °C; the tetragonal zirconia diffraction peak increased and its crystallisation was favoured at a
calcination temperature of 800 °C.

(2) Effect of calcination temperature on dispersibility: The specific surface area of the Mg-Y/ZrO,
nanoparticles was negatively correlated with calcination temperature. The elevated heat reduced the surface
energy of the nano-zirconia powder, and consequently resulted in a good powder dispersion.

(3) The optimised synthesis conditions for the preparation of Mg-Y/ZrO, nanopowders were: 6 h of
high-energy planetary grinding, calcination at 800 °C in an electric furnace. Under optimum conditions, the
average diameter of the prepared particles was 28.7 nm. The process will enrich the research data in
literature on the controllable preparation of MgO-Y 203 co-stabilized ZrO, nanopowders using the

co-precipitation method.
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Table 1. Experimental drug specifications and manufacturer.

Name Standards Manufacturer
ZrOCl»-8H20 AR, > 99.0% Sinopharm Chemical Reagent Co. , LTD
MgClz-6H.0 AR, > 98.0% Sinopharm Chemical Reagent Co. , LTD
Y(NO3);-:6H.0 AR, > 99.99% Shanghai Aladdin Biochemical Technology Co. , LTD
NH3-H.0 AR, 25-28% Jiangsu Qiangsheng Functional Chemistry Co., LTD
AgNOs3 AR, 0.1000mol/L  Yida Technology Co., LTD
CH3CH,0OH AR Tianjin Zhiyuan Chemical Reagent Co. , LTD
UP H.0 18MQ.cm Laboratory homebrew

Table 2. Experimental instruments and equipment.

Name Model

X-ray Diffraction Bruker D8 Advance A25x

Renishaw Raman Microscope System inVia

Field Emission Scanning Electron Microscopy NOVA NANOSEM-450

Fourier Transform Infrared Spectroscopy NICOLET-IS10, Nicolet, USA
Thermal Gravimetric Analyzer NETZSCH STAA49F31
Brunner Emmet Teller BELSORP-max II
Transmission Electron Microscopy JEM-2100

Planetary Ball Mill QM-3SP4




OCoO~NOUITAWNE

MgCl,-6H,0
QP
Y(NO,), 61,0

Mg-Y/ZrO,
Powders

Weighting

Neutralization-
precipitation reaction

Calcination

Filtration

Abstersion

Grinding

Ball millingI dispersion

Desiccation

Fig. 1 Experimental flow diagram of the preparation of nanoscale t-Mg-Y/ZrO, samples using

co-precipitation method.
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Fig. 2 TG-DSC curves of the precursor samples prepared by ball milling for 6 h.
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Fig. 3 XRD spectra of zirconia powders prepared under experimental conditions of precursors and

calcination temperatures of 200-800 °C.
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Fig. 6 Nitrogen adsorption-desorption curves and PSD curves of precursors and zirconia

nanopowders prepared at calcination temperatures of 200-800 °C.
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Fig. 7 (a)—(d) shows the SEM images of zirconia nanopowders obtained at different calcination

temperatures of 200-800 °C.
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42 Abstract: In the family of inorganic nanomaterials, zirconia is a highly promising functional ceramic
45 with a high refractive index, hardness, and dielectric constant, as well as excellent chemical inertness and
thermal stability. These properties are enhanced in nano-zirconia ceramics, because nanopowders have a
50 small particle size, good morphology, and uniform and dispersive distribution. In this study, a

53 co-precipitation process was proposed to synthesise highly dispersed MgO-Y 03 co-stabilized ZrO;

56 nanopowders. The effects of different calcination temperatures on the crystallisation degree and particle

dispersion of zirconia nanopowders were characterised by X-ray diffraction (XRD),
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thermogravimetry-differential scanning calorimetry (TG-DSC), Raman spectroscopy, Fourier transform
infrared spectroscopy (FTIR), nitrogen adsorption using the Brunauer—Emmett—Teller (BET) theory,
transmission electron microscopy (TEM), and field emission scanning electron microscopy (FESEM). The
optimum synthesis conditions were obtained as follows: 6 h of high-energy planetary grinding and
calcination at 800 °C in an electric furnace. Under these optimum conditions, the average particle size of
the prepared powder was 28.7 nm. This process enriches the literature on the controllable preparation of
Mg-Y/ZrO, nanopowders obtained by the co-precipitation method.

Keywords: Mg-Y/ZrO; Nanopowders; Co-precipitation; Crystallisation degree; Particle dispersion;

1. Introduction

Zirconia is an important inorganic nonmetallic material with applications in ceramics, catalysts,
refractories, optics, aerospace, biology, and chemistry [1-4]. However, pure zirconia materials exhibit
volume change effects during the reversible martensitic transformation between the monoclinic phase and
tetragonal crystals, leading to a decline in their mechanical and thermal shock properties, which limits their
application range [5-8].

To resolve this issue, studies have reported that the phase stability of pure zirconia materials may be
improved by co-doping zirconia with stabilisers, thus enhancing their mechanical properties and thermal
shock resistance [9-12]. Common stabilisers include oxides such as Y03, CaO, Al>0s, MgO, Sc20, and
CeO; [13-15]. The stable states of the zirconia materials generally include: tetragonal zirconia
polycrystalline (TZP), fully stabilized zirconia (FSZ), and partially stabilized zirconia (PSZ) [16]. Wen et al.
[17] investigated the improvement in the phase composition, packing density, microstructure, and

compressive strength of MgO-PSZ ceramics by doping with a Y2Oj3 stabiliser. The good performance of
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zirconia ceramics was reported to be owing to the ultrafine particle diameter and a reasonable proportion of

stabilisers. Abed et al. [18] explored the effect of the grain size of Y203-ZrO,-MgAl>O4 powders on the

properties of ceramic sintered bodies. The grain size greatly influenced the properties of zirconia ceramics,

in addition to the effect of stabiliser content. Therefore, the grain size and dispersion of the precursor

material are considered key factors in the preparation of high-toughness and high-strength zirconia

materials.

Currently, the study of ultrafine nanoscale zirconia materials is attracting increasing attention [19,20].

Nanoparticles are solid particles with sizes in the range of 0.1-100 nm, between bulk materials and atoms

and molecules, and serve as the raw materials in nanotechnology [21]. Nanosystems have properties, such

as the small size, dielectric limit, and quantum tunnelling effects, which are not present in macroscopic

systems (with objects visible to the human eye as the lower limit) or mesoscopic systems (submicron level,

0.1-1 um). Therefore, nanosystems exhibit high catalytic activity and selectivity, high adsorption and

diffusion, and excellent optical properties (such as high transparency and magnetic properties), enhanced

toughness, lubricity, and other physical and chemical properties, which creates great potential for the

application of nanomaterials [22-24]. However, owing to the high surface energy of nanoparticles and van

der Waals forces between particles, nanoparticles are highly prone to agglomeration during preparation,

separation, storage, and application, which affects the advantages gained by the small size of these

materials. Therefore, maintaining good precursor dispersion and inhibiting nanoparticle agglomeration are

important research topics in nanotechnology [25,26].

Many methods are available for the preparation of nanoscale zirconia. Currently, wet chemical

preparation methods, such as hydrothermal [27], precipitation [28], sol-gel [29], microemulsion [30],

electrochemical synthesis [31], and solvent evaporation [32], are used. During chemical precipitation, a
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precipitant is added to a mixed solution to produce insoluble precipitates, such as hydroxides or sulfates.

The precipitates serve as the raw precursors. After the subsequent washing-filtering-heating process,

precursors decompose into powder products. Chemical precipitation [33] is often selected for the

preparation of powder products at the laboratory scale because of its low reactant count and equipment

requirements, ease of operation, and high product purity. To prepare nanopowders, including multiple

oxides, the chemical method of co-precipitation is widely used [34,35].

Co-precipitation has been successfully applied to the preparation of nanoscale zirconia. Santoyo et al.

[36] used this method to obtain nanoscale tetragonal-phase zirconia. Yttrium oxide (3 mol%) partially

stabilised zirconia particles were dissolved in an AI(NO3)-9H,0 solution and subsequently co-precipitated

with ammonia to obtain 3 mol% YSZ-Al,Os particles (the target precursor). The target precursor was

washed with ultrapure water and anhydrous ethanol, followed by drying in an oven at 90 °C. Subsequently,

the precursor sample was calcined at 300 °C for 20 h to obtain Al,O3 and Y203 stabilized zirconium

dioxide nanopowders. The cold pressed nanopowders were sintered in air at 1100 °C for 6 h to obtain

YSZ-Al,03 ceramics. Hsu et al. [37] obtained tetragonal-phase ZrO- with a size of 21.3 nm using the

co-precipitation method.

In this study, a co-precipitation process is proposed to prepare highly dispersed yttrium oxide and

magnesium oxide-stabilised zirconium oxide nanopowders. ZrOCl,-8H,0 is used as the zirconium source

mixed with Y (NO3)s-6H20 and MgClz-6H20. The mixture is co-precipitated by titration with NH3z-H,O

under high-speed stirring, and nanoscale zirconium oxide powder is produced after extraction and

subsequent washing, ball milling, drying, and calcination. The obtained samples are characterised by

thermogravimetry-differential scanning calorimetry (TG-DSC), X-ray diffraction (XRD), Raman

spectroscopy, Fourier transform infrared spectroscopy (FTIR), nitrogen adsorption using the Brunauer—



©CO~NOOOTA~AWNPE

Emmett-Teller (BET) theory, transmission electron microscopy (TEM), and field emission scanning
electron microscopy (FESEM). The effects of the calcination temperature on the degree of crystallisation,
physical phase composition, and particle dispersion of the final tetragonal-phase Mg-Y/ZrO, (t-Mg-Y/ZrO,)

are investigated.

2. Experiments
2.1 Materials

The chemicals used in the experimental process are listed in Table 1, and the apparatus and equipment
used are listed in Table 2.
2.2 Preparation of Mg-Y/ZrO2 nanoparticles

Firstly, 0.002 mol Y (NO3)3-6H20, 0.006 mol MgCl,-6H.0, and 0.092 mol ZrOCl,-8H,0 were
accurately weighed using an analytical balance and mixed to prepare a 0.1 mol/L sample solution.
Subsequently, 150 mL of a 25-28 % ammonia solution was diluted to prepare a 2 mol/L ammonia solution
using a measuring cylinder (sealed with cling film to prevent ammonia evaporation). For the precipitation
process, the 2 mol/L dilute ammonia solution was added dropwise to the sample solution under high-speed
magnetic stirring. The pH at the end of the titration was controlled to 10 to ensure complete precipitation of
Zr*, Mg?* and Y3*. After aging, the sample was washed four times with 0.15 mol/L dilute ammonia
solution, and then washed once with anhydrous ethanol. The last washing solution was tested for the
absence of white CI- precipitation using a 0.1000 mol/L AgNOs solution. The washed samples were then
dispersed in an anhydrous ethanol medium, subjected to high-energy planetary ball milling (for 6 h), and
subsequently dried. The dried powder was finely ground in a grinding pot and passed through an 80-mesh

sieve. Calcination was performed in a medium-ring electric furnace using specially designed temperatures
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(200-800 °C). Subsequently, the calcined powder was passed through a 200-mesh sieve. The
aforementioned well-designed experimental procedure was used to investigate the optimum conditions for
the preparation of highly dispersed, high-quality t-Mg-Y/ZrO, nanopowder materials (as shown in Fig. 1).
2.3 Characterisation of as-prepared Mg-Y/ZrOz nanoparticles

The crystalline phase composition of zirconia nanopowders is a key factor in characterising their
properties. In this study, a thermal gravimetric analyser (TGA) was used to measure the change in material
mass with temperature (and time) to observe the quantitative and qualitative variations in temperature
during the generation of zirconia powders from their precursors, and thus analyse the thermal stability of
the material. The powder samples were qualitatively characterised by XRD, and the crystallinity of these
samples was analysed (scanning speed of 5 °/min). Furthermore, XRD results were analysed using Jade
software and Scherrer's equation to calculate the zirconia grain size. The molecular vibration of the samples
was characterised by Raman spectroscopy. The powder surface adsorption energy and pore size variation
were characterized by nitrogen adsorption using the BET theory. A combination of FTIR with computer
technology was used to characterise the chemical structure of the surface of the powder particles using
interferograms, in a test spectrum range of 500-4000 cm™. The FESEM instrument had a ultra-high
resolution that was used to magnify zirconia nanopowders in a low-vacuum environment to monitor the

microscopic morphology of the sample.

3. Results and discussion
3.1 TG-DSC characterisation
Characterisation by TG-DSC was used to obtain the weight loss of the sample during the heating

process, and it was further used to characterise the changes in the precursor at different temperature stages.
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The atmosphere used for TG-DSC analysis was air, the ramp rate was 5 °C/min, and the test temperature

range was 18-900 °C. Figure 2 shows the TG-DSC curve of the precursor samples, which initially

decreased rapidly and then gradually flattened. This was mainly owing to the loss of a large quantity of free

and bound water from the precursor, with a total burn loss of 15.03 %. The DSC curve shows two thermal

absorption peaks at 70 and 165 °C, combined with the TG and differential thermogravimetry (DTG) curves.

The thermal absorption peak at 70 °‘C was attributed to the loss of adsorbed and bound water, while the

thermal absorption peak at 165 ‘C was associated with the dehydrative decomposition of zirconium,

magnesium, and yttrium hydroxides during their transformations to ZrO,, MgO- and Y03 as follows:

Zr(OH),(s) = Zr0,(s) + 2H,0(g) 1)
Mg(OH),(s) = MgO(s) + H,0(g) (2)
2Y(OH)3(s) = Y203(s) + 3H,0(g) 3

Additionally, two exothermic peaks were observed at 292 and 500 °C in the DSC curves. The peak at

292 °C was weak because the transformation of amorphous zirconia was in the initial stage. Furthermore,

the peak at 500 °C was extremely strong, but the corresponding weight loss in the TG and DTG curves was

absent. This result was because of the specific chemical reactions that caused the exothermic peaks by

generating large amounts of heat, which had an important effect on the crystallisation of zirconia

nanopowders.

3.2 XRD characterisation

To further investigate the phase transformation process, XRD analysis was used to characterise the

phases of the precursors and samples calcined at temperatures of at 200-800 °C for 2 h. Figure 3 shows the

scanned XRD spectra of the precursor and zirconia powders prepared at varying calcination temperatures.

Figure 3 shows that both the precursor and the sample calcined at 200 °C were amorphous. The
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characteristic peaks for the tetragonal zirconia phase (t-ZrO-) were observed when the sample was calcined
at 400 °C, the t-ZrO, diffraction peak became more intense, and its crystallisation was favored when the
sample was calcined at 800 °C. The average grain sizes calculated using Scherrer's equation were 18.6,
23.3, and 28.7 nm for samples calcined at temperatures of 400-800 °C, respectively, which indicated that
the calcination temperature was positively correlated with the grain size of the powders. In finding the
average particle size, XRD data from large angle diffraction was used, taking the strongest and most stable
diffraction peaks where they can be found. However, the peaks were sharper and had smaller full widths at
half maxima (FWHMSs) as the calcination temperature increased, and the best crystallinity for the zirconia
powder sample was observed at 800 °C.
3.3 Raman characterisation

Raman spectroscopy is an effective way to distinguish the zirconia crystalline form. The tetragonal
phase of zirconia has six Raman active vibrational modes (A1g+2B1g+3Eg): Aig*: 600 cm! (very weak), Big:
147 and 315 cm'!, Eg: 269, 459, and 643 cm'™. Theoretically, the cubic phase has only one Raman active
vibrational mode, typically observed as a broad spectral peak from 530 to 670 cm™ [38]. The monoclinic
phase has 18 Raman active vibrational modes: (9A4+9Bg) and the following vibration spectral peaks can
generally be observed: Aq: 176, 187, 300, 475, 558, 635, and 760 cm, Bg: 220, 333, 344, 380, 510, 536,
and 613 cm™. For further differentiation, Raman spectroscopy was performed on the obtained zirconia
nanoparticle samples, and Raman spectra are shown in Fig. 4(a). The zirconia samples showed a small
number of weak vibrational peaks associated with the monoclinic phase, while vibrational peaks
corresponding to the tetragonal phase were observed at 146, 260, 318, 464, and 642 cm™%, and no broad
peaks were observed in the cubic phase wavelength range of 530-670 cm™. Thus, it was confirmed that the

obtained Mg-Y/ZrO; nanoparticles were mixed crystals with a large amount of the tetragonal zirconia
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phase and a small of the monoclinic zirconia (m-ZrO,) phase. Moreover, the t-ZrO, phase vibrational peak
intensity gradually showed a positive relationship with the calcination temperature, which further
confirmed that the crystallinity of the sample reached a maximum after calcination at 800 °C, where the
transformation from the amorphous phase to the tetragonal phase was nearly complete.

The original Raman spectra were fitted with multiple Gaussian peaks using the Origin software. The
relationship between the calcination temperature and crystalline phase composition of the powders was
investigated in detail based on characteristic spectral information, such as the position, intensity, area, and
FWHM of the Gaussian peaks. Figures 4(b)—(d) show the fitted curves of Raman spectra for samples
calcined at temperatures of 400-800 °C, respectively. With increasing calcination temperature, the peak
areas of the characteristic Raman peak positions gradually increased, whereas the FWHM gradually
decreased. Furthermore, since crystallinity is negatively correlated with FWHM, it was concluded that
crystallinity gradually increased with increasing calcination temperature. Moreover, maintaining the
precursor at a calcination temperature of 800 °C for 2 h was sufficient to achieve the best crystallinity in
this study. The Raman results were consistent with the XRD results.

3.4 FTIR characterization

The effects of co-doping magnesium and yttrium on the surface chemical structure of zirconia
powders were investigated by FTIR measurements of samples prepared at various calcination temperatures.
As shown in the first red curve of Fig. 5, five characteristic FTIR peaks were detected in the prepared
precursor powders at 3411.67, 1590.48, 1352.05, 1063.86, and 422.30 cm*. Specifically, the characteristic
absorption peaks of Zr-O, Zr=0, and Zr-O-Zr bonds appeared at wavelengths of 1352.05, 1063.86, and
600-650 cm™, respectively, which confirmed the presence of zirconia. Highly pure water was used as the

medium in the co-precipitation experiments; therefore, strong Zr-OH and O-H vibrational absorption peaks
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were observed at 3411.67 and 1590.48 cm?, respectively. Thus, the hydrophilic nature of the O-H bond
facilitated the dispersion of zirconium oxide in water during the preparation process. Because no surface
modifier was added during the preparation process, no other peaks were present in the FTIR spectrum of
the precursors.

Furthermore, based on the FTIR spectra of the precursor and powders prepared at calcination
temperatures of 200-800 °C, it was possible to compare the characteristic peak at 422.30 cm?, which
increased and shifted to a higher wavelength with a Doppler shift (blue shift) with increasing calcination
temperature. This phenomenon was explained by the exchange of heat with an increase in calcination
temperature, which led to a phase transformation to form crystalline particles, followed by the formation of
the pure tetragonal phase in the final calcined Mg-Y/ZrO, sample.

3.5 BET characterisation

A specific surface area tester was used to analyse the nitrogen adsorption-desorption curves. Powder
samples were dried at a constant temperature of 150 °C for 6 h and tested at -196 °C in liquid nitrogen
atmosphere. The pore size distribution (PSD) curves of the powder samples were calculated using the
Barrett-Joyner—Halenda (BJH) algorithm, and the specific surface areas of the powder samples were
obtained using the BET algorithm.

Figure 6 shows the nitrogen adsorption-desorption curves and PSD curves for the precursors and
powder samples calcined at temperatures of 200-800 °C. Figure 6(a) shows that the adsorption-desorption
curves of the precursor calcined at temperatures of 200 and 400 °C had a distinct inflection (point A) at low
P/Po, which is the initial steep region of the isotherm. Inflection point A indicates that the adsorption
corresponding to the monolayer reached the maximum saturation adsorption capacity. The second

molecular layer started to accumulate by adsorption as the relative pressure increased. At the saturated
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vapour pressure, the number of adsorbed molecular layers is unlimited; thus, these powder samples
exhibited a type Il isotherm (also called type S). In contrast, the adsorption-desorption isotherms of powder
samplers calcines at a temperature of 600 and 800 °C exhibited the typical type 1V isotherm, which curves
convexly upwards in the low P/Po region. Conversely, in the higher P/Po region, the isotherm increases
sharply because of capillary coalescence of the adsorbate. Subsequently, adsorption occurs only on the
external surface, and the curve becomes flat when all the pores coalesce. At relative pressures close to 1,
adsorption occurs on the larger pores and the curve increases. Because of the occurrence of capillary
coalescence, hysteresis is observed in the area, and the isotherm obtained during desorption disagrees with
the adsorption branch of the isotherm. The former isotherm is higher, producing an adsorption hysteresis,
which causes the back-lag cycle. According to the latest IUPAC classification, the saturation adsorption
plateau of the H3 type hysteresis loop was absent in the isotherm of the powder sample calcined at a
temperature of 600 °C, which indicated a remarkably irregular pore structure. The H2 type hysteresis loop
observed for the powder sample prepared at a calcination temperature of 800 °C had a saturation adsorption
plateau in the isotherm, which indicated a more uniform pore size distribution.

The PSD curves shown in Fig. 6(b) indicate that the most accessible pore size was 12.216 nm, which
was observed for the powder sample prepared at a calcination temperature of 800 °C. The BET analysis
showed that the specific surface area of zirconia nanopowders has a negative relationship with the
calcination temperature, the minimum particle size was received at the calcined temperature of 200 °C.
However, we have noticed that hard agglomerates were formed in the sample prepared with a calcined
temperature of 200 °C because of the great surface activity of the sample. Whilst, samples calcined at

800 °C have a specific surface area of 13.249 m?/g, leading to a more uniform particle size distribution,
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high sphericity, and lower surface energy, which makes them more favorable for subsequent applications

[39-42].

3.6 SEM characterization

The SEM results showed the distribution and morphology of zirconia clusters. Samples were tested by

dropping a 50 wt.% mass fraction of the zirconia cluster dispersion onto a silicon wafer, followed by drying

under ambient conditions. Before SEM analysis, the samples were subjected to gold plating to impart

electrical conductivity.

Figures 7(a)—(d) show the SEM images of the Mg-Y/ZrO, nanoparticles obtained by calcination at

temperatures of 200-800 °C, at 200 000 times magnification using high-magnification electron microscopy.

A comparison of the four SEM micrographs shows that the calcination temperature was positively

correlated with the nano-zirconia particle diameter. The nano Mg-Y/ZrO, powder particles prepared at a

calcination temperature of 200 °C were small but irregularly arranged, and intermolecular forces led to

distinct agglomeration. At calcination temperatures of 400-600 °C, the nano Mg-Y/ZrO; powder particles

grew in size gradually, and the quasi-spherical morphology was gradually enhanced. At a calcination

temperature of 800 °C, particle agglomeration was absent in the prepared nano Mg-Y/ZrO, powder, and the

particle morphology was sphere-like with a more uniform particle distribution (shown in Fig. 7(d)).

Therefore, a calcination temperature of 800 °C was the optimal temperature for stabilising the crystal shape

of nano Mg-Y/ZrO, powder and maintaining a good dispersion.

4. Conclusion

In this study, a co-precipitation process was proposed to synthesise Mg-Y/ZrO, nanopowders with a

regular spherical morphology, good crystallisation, uniform distribution, and ultrafine diameter. The



©CO~NOOOTA~AWNPE

obtained samples were characterised by TG-DSC, XRD, Raman, FTIR, nitrogen adsorption using BET
theory, TEM, and FESEM. The main conclusions are as follows:

(1) Effect of calcination temperature on crystallinity: Both the precursors and the samples calcined at
200 °C were amorphous. The transformation of the precursor was initiated at a calcination temperature of
292 °C. The characteristic peaks of the tetragonal zirconia phase were observed at calcination temperatures
of 500 °C; the tetragonal zirconia diffraction peak increased and its crystallisation was favoured at a
calcination temperature of 800 °C.

(2) Effect of calcination temperature on dispersibility: The specific surface area of the Mg-Y/ZrO,
nanoparticles was negatively correlated with calcination temperature. The elevated heat reduced the surface
energy of the nano-zirconia powder, and consequently resulted in a good powder dispersion.

(3) The optimised synthesis conditions for the preparation of Mg-Y/ZrO, nanopowders were: 6 h of
high-energy planetary grinding, calcination at 800 °C in an electric furnace. Under optimum conditions, the
average diameter of the prepared particles was 28.7 nm. The process will enrich the research data in
literature on the controllable preparation of MgO-Y 203 co-stabilized ZrO, nanopowders using the

co-precipitation method.
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Table 1. Experimental drug specifications and manufacturer.

Name Standards Manufacturer
ZrOCl»-8H20 AR, > 99.0% Sinopharm Chemical Reagent Co. , LTD
MgClz-6H.0 AR, > 98.0% Sinopharm Chemical Reagent Co. , LTD
Y(NO3);-:6H.0 AR, > 99.99% Shanghai Aladdin Biochemical Technology Co. , LTD
NH3-H.0 AR, 25-28% Jiangsu Qiangsheng Functional Chemistry Co., LTD
AgNOs3 AR, 0.1000mol/L  Yida Technology Co., LTD
CH3CH,0OH AR Tianjin Zhiyuan Chemical Reagent Co. , LTD
UP H.0 18MQ.cm Laboratory homebrew

Table 2. Experimental instruments and equipment.

Name Model

X-ray Diffraction Bruker D8 Advance A25x

Renishaw Raman Microscope System inVia

Field Emission Scanning Electron Microscopy NOVA NANOSEM-450

Fourier Transform Infrared Spectroscopy NICOLET-IS10, Nicolet, USA
Thermal Gravimetric Analyzer NETZSCH STAA49F31
Brunner Emmet Teller BELSORP-max II
Transmission Electron Microscopy JEM-2100

Planetary Ball Mill QM-3SP4
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Fig. 1 Experimental flow diagram of the preparation of nanoscale t-Mg-Y/ZrO, samples using

co-precipitation method.
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Fig. 2 TG-DSC curves of the precursor samples prepared by ball milling for 6 h.
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Fig. 3 XRD spectra of zirconia powders prepared under experimental conditions of precursors and

calcination temperatures of 200-800 °C.
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Fig. 5 FTIR spectra of precursors and zirconia nanopowders prepared at different calcination
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Fig. 6 Nitrogen adsorption-desorption curves and PSD curves of precursors and zirconia

nanopowders prepared at calcination temperatures of 200-800 °C.
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Fig. 7 (a)—(d) shows the SEM images of zirconia nanopowders obtained at different calcination

temperatures of 200-800 °C.



