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Abstract: This study reports on the comparison of the Pechini and sugar-based combustion synthesis to produce nano 

zirconia. It involves utilizing zirconium hydroxide as a metal precursor and citric acid, sucrose and fructose as chelating 

agents, followed by calcination at 500, 600, and 700 °C in air.  The characterizations were thermal analysis, specific surface 

area, Fourier transform infra-red spectroscopy, X-ray diffraction, scanning, and transmission electron microscopy. The 

highest specific surface area (27 m2 g-1) and smallest particle size (39.1 nm) were obtained for fructose at 700 °C. The X-ray 

study revealed the formation of the single phase tetragonal zirconia via fructose after calcination at 500 °C, while for 

sucrose and citric acid, mixtures of monoclinic and tetragonal phases were obtained. The tetragonality parameter was 

determined using diffraction data and proved it increases with increasing the temperature. The presence and formation 

mechanism of the stabilized tetragonal zirconia were also discussed based on the X-ray and electron diffraction studies. 
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1. Introduction 

Wet chemical method based on the hydroxides precipitation from salts or alkoxides hydrolysis, is a kind of effective routes 

to produce oxides nano powders [1]. Among them, sugar-based acid catalyzed sol-gel is known as a common technique for 

ceramic nano powders [2]. In this route, different sugars (e.g., sucrose, maltose, fructose, or glucose) are generally used as 

seeding templates to synthesize nano oxides with tailored pore size [3]. Sugar acts as a chelating agent to homogenously 

keep ions in the solution by a process involves dehydration of metal complexes, followed by the sugar decomposition [2,4]. 



 

After dehydration, a dark gel is obtained and by heat-treating in air, a nano powder is produced. In this case, the degree of 

porosity has a direct relation to the amounts of gases that generate during process [2-5]. Pechini (citrate-based) route is 

developed to avoid some disadvantages of conventional methods such as in-homogeneity [6]. The aim of this technique is to 

obtain a uniform mixture based on the metal cations chelating using a hydroxyl carboxylic acid, e.g., citric acid [6,7]. By a 

followed heat-treatment after chelation, the mixture transforms to a gel, the excess water is removed and poly-esterification 

happens [7]. The polymeric gel is finally calcined at relatively high temperatures to remove all residue organic matters [6-9]. 

The preparation of nano zirconia was reported using sucrose [10,11], maltose [12], glucose/fructose [13] and citric acid [14-

17]. A brief overview on some recent researches is presented in Table 1. In this Table, c refers to cubic zirconia, t represents 

tetragonal zirconia, T is temperature and CS is crystallite size. 

 

Table 1. Nano tetragonal zirconia synthesis via sugar-based and Pechini methods. 

Precursor Chelating agent T / °C Phase CS / nm Ref. 

Oxy-chloride Sucrose 600 c 6-10 [10] 

Acetylacetonate Sucrose 490 t 12.7-33.5 [11] 

Nitrate Maltose 500 t --- [12] 

Iso-propoxide Glucose/Fructose 700 t, m 16-23 [13] 

Oxy-nitrate Citric acid 600 t 9 [14] 

Oxy-chloride Citric acid 700 t 10.2-32.9 [15] 

Oxy-nitrate Citric acid 625 t, c 12.5-14.8 [16] 

Acetylacetonate Citric acid 490 t 13.4 [17] 

 

Several zirconium sources (e.g., nitrate [12,18], oxy-nitrate [15,19], chloride [3,20] oxy-chloride [10,16,21], iso-propoxide 

[20,22-24], n-butoxide [13], and acetylacetonate [14,17]) have been tried for the synthesis of nano zirconia. Most of these 

compounds are generally cost-expensive, flammable/explosive, toxic and potentially harmful for human or environment. In 

this work, zirconium hydroxide (Zr(OH)4) was used as a precursor as well as citric acid, sucrose and fructose as chelating 

agents to synthesize nano tetragonal zirconia at low temperatures. These chelating agents are expected as kinds of green 

materials which are not dangerous. The effects of them are investigated on the gel formation, thermal decomposition and 

nano powder characteristics by thermal analysis (DTA/TG), Fourier transform infra-red spectroscopy (FT-IR), specific 

surface area measurement, X-ray diffraction (XRD), and scanning and transmission electron microscopy (FE-SEM/TEM). 

 

2. Experimental 

2.1. Materials 
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Zirconium hydroxide (Zr(OH)4) was used as zirconium precursor. This powder was previously synthesized via a facile, 

green and economical roast-leach method from commercially available zircon sand [25]. It has a chemical purity of >99.5 

wt.% and is easily soluble in nitric acid. Chemically-graded sucrose, fructose and citric acid were selected as chelating 

agents. The other used chemicals were nitric acid (65 wt.%), ammonia solution (25 wt.%) and polyvinyl alcohol (PVA, 

molecular weight = 160,000 g mol-1). All purchased chemicals were used as-received without any further purification. The 

characteristics of the used chemicals are listed in Table 2. 

 

Table 2. Characteristics of the used chemical materials. 

Material Formula Function Cat. No. Supplier 

Zirconium hydroxide Zr(OH)4 Precursor --- --- 

Sucrose C12H22O11 Chelating agent S9378 Sigma-Aldrich, USA 

Fructose C6H12O6 Chelating agent 239704 Sigma-Aldrich, USA 

Citric acid C6H8O7·H2O Chelating agent 100247 Merck, Germany 

Nitric acid HNO3 Solvent 100441 Merck, Germany 

Ammonia  NH4OH pH adjustment 105432 Merck, Germany 

Polyvinyl alcohol (C2H4O)x Polymerization agent 363065 Sigma-Aldrich, USA 

 

2.2. Synthesis 

In the Pechini method, the molar ratio of citric acid to zirconium hydroxide was adjusted to 0.5:1. The zirconium hydroxide 

was dissolved into nitric acid and then citric acid was added during mixing at 80 °C for 2 h. Citric acid acts as a chelating 

agent (to bind zirconium ions and prohibit precipitation during pH variations) and also a fuel to promote reactions. The pH 

of the solution was adjusted to 6 by drop-wise addition of ammonium hydroxide solution. The mixture was again stirred at 

120 °C for 4 h and then dried in an electric oven at 180 °C for 4 h to transform to a gel. In the sugar-based method, the 

stoichiometric mole ratio of zirconium hydroxide, sugars and PVA was adjusted to 1:4:0.5 for sucrose and 1:8:0.5 for 

fructose. Sols were prepared by dissolving zirconium hydroxide and PVA in nitric acid, addition of sucrose/fructose to the 

solutions and then mixing at 80 °C for 2 h. The pH was adjusted to 1 by drop-wise addition of diluted nitric acid and mixing 

continued for additionally 4 h. The sols were then dried at 200 °C for 4 h in the oven. All prepared gels were gently 

powdered and micronized using an agate mill and passed through a 325 mesh (44 µm) sieve to produce homogenous 

powders and break large agglomerates. Samples were then poured into alumina crucibles and calcined at 500, 600 and 

700 °C for 1 h soaking time in an electric furnace in air. The calcination temperatures were selected according to the 

thermal analysis results. The flowcharts of the Pechini and sugar-based methods are shown in Figs. 1(A) and (B). 
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Fig. 1. Nano zirconia synthesis via: (A) Pechini and (B) sugar-based methods. 

 

2.3. Characterization 

Differential thermal analysis (DTA) and thermo-gravimetric (TG) tests were carried out on a 449-C thermal analyzer 

(Netzsch, Germany) using alumina cell, heating rate of 10 °C min-1 up to 750 °C in air. Fourier transform infra-red (FT-IR) 

spectra were recorded in the range of 4000-400 cm-1 using an IR spectrometer (Shimadzu, Japan). Pellets were prepared by 

pressing a mixture of spectral grade KBr and 1 wt.% of samples. Raman Spectroscopy was performed at room temperature 

using a LabRam system (Horiba, Japan). The samples were excited with a 532 nm laser, and the spectrum was obtained via 

a silicon charge coupled device (CCD) detector. Phase composition was monitored by X-ray diffractometery (XRD) on an 

AXS-2002 diffractometer (Bruker, USA) using Ni-filtered Cu Kα1 radiation (λ=0.15406 nm) in the 2θ range of 10-70°, step 

size 0.02°, time per step 1 s and generator setting of 40 kV, 40 mA at room temperature. The apparent crystallite sizes were 

measured according to the Scherrer equation (Eq. (1)) [26]. In this formula, λ is the X-ray wavelength, θ0 is the Bragg angle, 

k is a constant (0.9) and L is the apparent crystallite size in nm. β(2θ) (in radians) is the peak full-width at half maximum 

intensity (FWHM) was taken as the experimental full-width (βexp) and corrected for the experimental broadening (βins) 

according to Eq. (2) [27]. The βins parameter was measured experimentally using silicon. The volume fractions of 

monoclinic (Vm) and tetragonal (Vt) phases were determined according to the Eqs. (3) and (4) [14,28,29]. In the Eq. (4), 

parameter I indicates the X-ray peak intensity of the mentioned crystalline page. Eq. (5) was used for lattice parameters’ 

calculation of tetragonal zirconia phase [26]. In this equation h, k and l are crystalline plane indices, a and c are tetragonal 

crystal lattices (in Å) and d is the crystalline page distance (in Å). 
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Specific surface area was measured according to the N2-physisorption and Brunauer-Emmett-Teller (BET) method at 77 K 

on a Gemini ASAP-2010 (Micromeritics, USA) system using ultra-pure nitrogen gas. To remove the absorbents, samples 

were degassed at 100 °C for 2 h under vacuum before the test. Particle sizes (d nm) were derived from Eq. (6), where 𝑛� is 

the theoretical density of zirconia (5.68 g cm-3) and S refers to the specific surface area of the samples in m2 g-1 [30]. 

6000
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S

=


            (6) 

Microstructural and morphological features were observed using a LEO-1530 field emission scanning electron microscope 

(Gemini FEG FE-SEM, Zeiss, Germany). To prepare the samples, powders were ultrasonically dispersed into isopropanol 

and a drop of suspension was spread on an aluminum plate by a syringe. Samples were then sputter coated with a thin gold-

platinum layer to prevent from electron charge. A LIBRA 200 transmission electron microscope (TEM, Zeiss, Germany) 

with a 200 kV accelerating voltage was utilized for furthered high resolution imaging and electron diffraction. A diluted sol 

was prepared by ultrasound dispersion of powders into isopropanol, spreading a small drop on a 200 mesh copper grid, 

drying and then covering by an amorphous carbon film. 

 

3. Results and discussion 

3.1. Thermal behavior 

Figs. 2(A) and (B) represent the thermal analysis curves (DTA and TG) of the prepared gels via Pechini and sugar-based 

methods using citric acid, sucrose and fructose as chelating agents. According to the DTA curves in Fig. 2(A), there is a 

sharp exothermic peak at 233 °C for citric acid (citrate) gel which is related to the decomposition of ammonium nitrate 

formed during gel preparation via Pechini method [27]. The weight loss behavior of sucrose shows slightly different 

behavior comparing with other chelating agents and happens in one step. It might be attributed to the complex structural and 

molecular changes of chelating agents especially for sugar molecules such as oxidation changes of the functional groups by 

temperature increase [4,27]. It also shows that the combustion of citrate gel was fulfilled in the range of 200-650 °C. The 
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enthalpies of the reactions (released heat) using different chelating agents were calculated by measuring the area of the 

related DTA curves based on the J g-1 of the sample. For the Pechini process, the enthalpy was equal to 20.26 J g-1. As it is 

clear, most of the heat was released around 230 °C which might affect and increase the final particle sizes of the synthesized 

nano powders. The combustions of sucrose and fructose gels were completed before 555 °C with the enthalpy values of 

19.91 and 14.71 J g-1, respectively. As it is demonstrated in the TG curves of Fig. 2(B), the weight loss of all gels gradually 

starts at about 150 °C; however, it stops for citrate gel at higher temperature (670 °C) in comparison with the sugar-based 

gels (550 °C). It is clear that the decomposition of sucrose led to 83.5 wt.% weight loss while this amount was around 71.1 

and 82.1 wt.% for fructose and citrate gels, respectively. The mass losses during heating of the sugar-based gels are 

attributed to the decomposition of organic chelating agents (sucrose and fructose) and burning of polymeric matrix 

(polyvinyl alcohol) [10, 13]. 

 

 

Fig. 2. Thermal analysis curves of the gels: (A) DTA and (B) TG. 

 

In the sugar-based synthesis of nano zirconia, the released gases due to the decomposition of chelating agents produce a 

porous structure in the final powder [1]. The existing nitric acid in the starting sol leads to hydrolysis of sugar molecules 

and formation of primary fragments such as D-glucose or D-fructose. These basic sugar molecules have the same molar 

weight and chemical formula with different ring-type molecular structures. The decomposition energy of the sugar 

molecules is also enough to promote synthesis reaction, while, their free alcohol functions easily and homogenously trap 

metal cations in the finally produced gels [2-5]. Synthesized powders from wet chemical techniques are generally 

amorphous and easy to crystallize [6,7]. In the Pechini technique which is based on a citrate-nitrate reaction, metal ions are 

trapped in the homogeneous gel mixture which finally leads to the formation of molecular-scale nano oxide materials with a 
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uniform composition [8]. Releasing the exothermic energy of metal-citrate complex, pushes forward the reaction and 

reduces the crystallization temperature of nano zirconia particles [6-9]. 

 

3.2. Phase characteristics 

Fig. 3 shows the X-ray diffraction patterns of the synthesized nano zirconia powders using sucrose, fructose and citric acid 

as chelating agents and calcined at 500, 600 and 700 °C for 1 h in air. For the citrate sample calcined at 500 °C, the main 

phase composed of monoclinic zirconia.  However, some small peaks related to the remained ammonium nitrate from 

Pechini process are also visible in the phase composition of this sample. It reveals that 500 °C in not enough temperature to 

fulfill the synthesis reaction in this process using citric acid as a chelating agent. By the way, this phase was disappeared by 

heating the gel at 600 and 700 °C. In the sucrose sample calcined at 500 °C, phase compositions consist of tetragonal and 

monoclinic zirconia mixtures, whereas for fructose one, XRD pattern just shows the presence of the tetragonal phase. After 

calcination at 600 °C, mixtures of tetragonal and monoclinic phases are visible for both citrate and sucrose samples. For 

fructose sample, tetragonal zirconia is still the unique phase in the mineral composition. This trend also continued after 

calcination of samples at 700 °C for 1 h. Table 3 shows the phase composition and diffraction data of the samples calcined 

at different temperatures. In this Table, T is calcination temperature, V is the phase volume fraction, CS is crystallite size, 

FWHM is full-width at half maximum of 2θ, and t and m represent tetragonal and monoclinic phase of zirconia, respectively. 

 

 

Fig. 3. X-ray diffraction patterns of the calcined powders. 

 

Table 3. Phase composition and diffraction data. 
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Sample T / °C Phase V / % (hkl) 2θ / deg. FWHM CS / nm 

Sucrose 500 t 66 (101) 30.273 0.820 9.2 

 m 34 (1�11) 31.760 0.396 20.8 

Fructose t ~100 (101) 30.478 1.170 7.02 

Citrate m ~100 (1�11) 31.842 0.131 63.1 

Sucrose 600 t 67 (101) 30.269 0.550 15.8 

 m 33 (1�11) 31.762 .360 22.9 

Fructose t ~100 (101) 30.382 0.650 12.6 

Citrate t 71 (101) 30.180 0.491 16.8 

 m 29 (1�11) 31.842 0.389 21.5 

Sucrose 700 t 74 (101) 30.243 0.520 15.9 

 m 26 (1�11) 31.775 0.270 30.6 

Fructose t ~100 (101) 30.466 0.360 22.9 

Citrate t 72 (101) 30.223 0.412 21.4 

 m 28 (1�11) 31.808 0.304 27.2 

 

For citrate sample, the X-ray diffraction patterns imply that although monoclinic phase has been started to form at 500 °C, a 

high volume fractions of zirconia has been crystallized in tetragonal form by heating at 600 and 700 °C. As Fig. 3 

demonstrates, for sucrose sample, the crystallization of both monoclinic and tetragonal phases started at 500 °C and the 

amount of tetragonal seems to have experienced an increasing trend up to 700 °C. X-ray diffraction patterns of fructose 

sample calcined at different temperatures show that the tetragonal zirconia is the unique phase and there is no evidence of 

monoclinic phase. This can be attributed to the higher fractions of crystallization from amorphous phase for fructose sample 

[31]. As Table 3 shows, the sample prepared with fructose has the lowest crystallite size at 500 °C among the other ones. 

The crystallite size of the samples has been increased by increasing the calcination temperature [32]. Fructose sample 

calcined at 700 °C has also the highest crystallite size of tetragonal zirconia. 

Table 4 represents the lattice parameters of tetragonal phase of fructose sample calcined at 500, 600 and 700 °C calculated 

from Eq. (5). In this table, 2θ is diffraction angles, (hkl) is crystalline plane indices and d is the distance of crystalline planes. 

Parameters of ac and cc are the calculated lattice parameters of tetragonal phase (in Å) which are compared with the 

theoretical values of aR (3.592(5) Å) and cR (5.183(7) Å) as reference data obtained from the X-ray diffraction card of 

tetragonal zirconia phase (JCPDS-80-0965). The numbers in the parentheses show the approximate of the last digits in the 

calculations. These data were used for plotting Fig. 4, represent that the cc/ac ratio for tetragonal phase was increased by the 

temperature increase. According to the Table 3, the crystallite sizes were grown by increasing temperature. The strain of the 

tetragonal crystal lattice is caused by the applied surficial tension of the nano-scale synthesized grains and is diversely 
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related to the crystallite size [33], which means that by increasing the crystallite size, it would be reduced. Hence, the c/a 

factor of unite cell would be increased and the crystals become more similar to tetragonal structure. However in lower 

temperatures which produce smaller crystallites, the cell structure would be under more strain, caused decreasing in c/a ratio. 

Moreover, the small observed differences between the calculated and reference crystal parameters of tetragonal phase would 

be related to the meta-stable structure of the synthesized powder at low temperature. 

 

Table 4. Lattice parameters of tetragonal zirconia phase. 

T / °C (hkl) 2θ / deg. d / Å aC / Å cC / Å 

500 

[011] 30.4671 2.93407 3.589(6) 5.113(9) 

[112] 35.2359 2.54713 3.592(2) 5.138(3) 

[110] 50.6223 1.80322 3.602(2) 5.081(9) 

600 

[011] 30.4659 2.93417 3.575(6) 5.135(0) 

[112] 35.3633 2.53825 3.584(4) 5.155(5) 

[110] 50.52454 1.80498 3.585(1) 5.113(9) 

700 

[011] 30.3836 2.94193 3.561(6) 5.135(0) 

[112] 35.3367 2.5401 3.584(4) 5.149(9) 

[110] 50.47 1.8083 3.585(1) 5.131(4) 

 

 

 

Fig. 4. Lattice parameters ratio vs. temperature. 

 

3.3. Specific surface area/particle size 

Table 5 shows the specific surface area and particle size values of synthesized nano zirconia powder using different 

chelating agents and calcined at 500, 600 and 700 °C for 1 h. In this table, S is the specific surface area and P is the particle 
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size of the samples. As this table shows, by increasing the calcination temperature for fructose and sucrose samples, the 

values of specific surface area decreased and particle sizes increased. It is obvious that after calcination at 700 °C, fructose 

sample has the highest specific surface area (27 m2 g-1) and lowest particle size (39.12 nm) values as well. For the citrate 

sample, the trend is different and the highest particle size (96 nm) and lowest specific surface area (11 m2 g-1) values 

observed after calcination at 500 °C.  By increasing the calcination temperature till 600 °C, the particles size decreased 

drastically and specific surface area increased. After 700 °C, the particle size and specific surface area values are again 

gradually increased and decreased, respectively.  

 

Table 5. Specific surface area and particle size. 

T / °C S / m2 g-1 d / nm 

Sucrose Fructose Citrate Sucrose Fructose Citrate 

500 86 94 11 12.3 11.2 96 

600 29 35 26 36.4 30.1 40 

700 21 27 23 50.3 39.1 46 

 

In the sugar synthesis method using sucrose as a chelating agent, addition of nitric acid renders breakage of sucrose 

molecules into glucose and fructose, which then contributes to prevent the re-crystallization of sugar molecules. Releasing 

the functional groups of decomposed products leads to the bond formation between the metallic ions in a homogeneous 

solution, which reduces the chance of precursor precipitation [2-5]. Through the heating process, the metal ion-chelated 

complex is decomposed into carbon dioxide and water while a large amount of heat is generated. This phenomenon 

produces gases which prohibit particles agglomeration, and helps to form pores and high surface area particles [34]. Costa et 

al. [35] investigated the difference between the pore size distributions of the samples produced from sucrose and fructose as 

template materials. Their results revealed the different pore size distribution for sucrose and a homogenous one for fructose. 

Wide pore size range of the samples produced by sucrose allows obtaining particles with different size distribution and 

leads to the simultaneous formation of monoclinic and tetragonal phases [13,14,32]. This would be probably the main 

reason for the highest specific surface area and lowest particle size values of the fructose sample after calcination at 700 °C. 

According to the thermal analysis results (DTA curves of Fig. 2(A)), a strong heat released around 230 °C for citrate gel by 

heating. It is also clear that the zirconia formation would not be completed before 500 °C. The large crystallite size and low 

surface area values of citrate sample calcined at 500 °C are an evidence for such a claim. After increasing the calcination 

temperature till 600 °C and fulfillment of the reaction, the particle size was decreased drastically accompanied with an 
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increase in specific surface area. However, by calcination at 700 °C, the particle size and specific surface area was logically 

increased and decreased, respectively. This observation is in agreement with the X-ray diffraction data. 

 

3.4. Spectroscopy 

Fig. 5(A) shows the Fourier transform Infra-red (FT-IR) spectra of the nano powders with different chelating agents and 

calcined at 700 °C. Wide observed band in the frequency range of 3100-3550 cm-1 and a weak band at 1640-1650 cm-1 are 

attributed to the stretching and bending vibrations of the O-H groups due to absorbed water molecules from air. Another 

weak vibrations appearing in the range of 2340-2360 cm-1 is ascribed to the coupling effect of the stretching and bending 

vibrations of -OH groups. The stretching of Zr-O crystalline bands shows absorption at lower frequencies. The broad 

absorption band and corresponding shoulder at 608-639 cm-1 is assigned to the Zr-O vibration of tetragonal phase. A small 

band in the range of 982-993 cm-1 is attributed to the monoclinic phase in the FTIR spectra of sucrose and citrate samples. 

These findings are compatible with the X-ray diffraction data. Similar observations were also reported for the FT-IR 

analysis of the zirconia nano particles [11,13]. Fig. 5(B) shows the Raman spectrum of the fructose based sample heated at 

700 °C (A) and demonstrates the positions of the peaks of tetragonal zirconia phase. However, Raman spectroscopy 

characterization has the same problem as XRD technique to characterize tetragonal and cubic phases of zirconia due to 

giving the same patterns for them [40]. Hence, in this work, the electron diffraction using TEM was employed as the main 

characterization technique to validate the formation of pure tetragonal zirconia phase in the synthesized nano powder which 

is discussed in the next section. 

 

 

Fig. 5. FT-IR spectra of the calcined nano powders at 700 °C (A) and Raman spectrum of the heated fructose sample at 

700 °C (B). 

 

3.5. Microstructural features and morphology 
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Figs. 6(A) and (B) demonstrate FE-SEM micrographs and morphology of citrate sample calcined at 700 °C for 1 h. As this 

figure shows, the abrupt combustion of nitrate radicals and high temperature combustion of citric acid which was previously 

observed in the related DTA graph (Fig. 2(A)), resulted in a partially agglomeration of the synthesized particles (Fig.6 (A)) 

[36, 37], while the grains (Fig.6(B)) and crystallite sizes (Table 3) were remained in the nano scales. Fig. 7 indicates the 

morphological feature of the individual particles of sucrose sample heated at 700 °C. However, as these particles were 

smaller than 100 nm, the XRD pattern (Fig. 3) showed the simultaneous presence of monoclinic and tetragonal phases in 

this sample [9]. Electron micrographs of the sample prepared via fructose as chelating agent and fired at 700 °C are 

presented in Figs. 8(A) and (B). No sign of agglomeration was detected in Fig. 8(A) and pure stabilized tetragonal zirconia 

phase (Fig. 3) with the particle size of <40 nm (Table 5) and crystallite size of <23 nm (Table 3) was obtained after 

calcination at 700 °C. Fig. 8(B) illustrates the morphology of some individual synthesized tetragonal particles. For the 

fructose based sample heated at 700 °C, tetragonal zirconia is the only phase. As the preferable crystal growth direction of 

this structure is along the c axis, it is expected to result in hexagonal prisms or rod-shaped crystals in the microstructure [32]. 

While the growth of tetragonal zirconia phase seems to be proceeded through a uniaxial shape, the particles are not 

observed to have neither increased width nor an agglomerated form. In this picture, the crystal growth in the c axis direction 

is clear which is in agreement with the results of Fig. 4. 

 

 

Fig. 6. SEM micrographs of citrate sample calcined at 700 °C. 
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Fig. 7. SEM micrograph of sucrose sample calcined at 700 °C. 

 

 

Fig. 8. SEM micrographs of fructose sample calcined at 700 °C. 

 

Majedi et al. [38] were also investigated the green synthesis of zirconia nano particles using zirconium acetate and lemon 

juice and achieved cubic phase of zirconia with the particle sizes smaller than 20 nm. Ray et al. [10] have reported the 

production of 1, 2 and 5 mol.% Cr3+ doped nano-sized zirconia and investigated the phase stability by XRD. They claimed 

that with addition of Cr3+ cations, cubic zirconia would be stabilized at 600 °C. In the case of nano zirconia, the x-ray 

diffraction pattern of tetragonal phase becomes more similar to cubic one [3]. Small shoulder at 2θ of 59.4° (Fig. 3) is the 

distinguishing characteristic of tetragonal from cubic phase of zirconia. While the crystallite size of the tetragonal phase 

becomes smaller than 30 nm, the shoulder would locate in downgrading of the main peaks which would result in 

misdiagnosis of cubic phase instead of tetragonal [39,40]. The main characteristic crystallographic plane of tetragonal phase 

is (112) which has not been detected by X-ray diffraction (Fig. 3). In the current study, electron diffraction pattern was 

helpful in detection of (112) plane which is a characteristic of tetragonal zirconia phase. 

13 



 

 

 

Fig. 9. Transmission electron micrograph and selected area electron diffraction (SAED) pattern of fructose sample calcined 

at 700 °C. 

 

Figs. 9(A) and (B) represent the transmission electron micrograph and selected area electron diffraction (SAED) pattern of 

fructose sample fired at 700 °C. According to Fig. 9(A), the crystallite size of <9 nm is observed in this sample which is 

close to the calculated data from Scherrer equation (Table 3). It is possible to measure the (hkl) indices from electron 

diffraction patterns [41]. For each circle, the specific radius is calculated via the Eq. (7): 

   hklR d L λ=             (7) 

where, L is the camera constant (1 Å2), R is the radius of circle (Å), λ is the electron beam wavelength (2.1658 Å) and dhkl is 

the distance of planes (Å). For the (101) crystalline planes of the fructose sample, this distance was calculated to be 2.93174 

Å. According to the Fig. 9(B), for the most interior circle which has the maximum of planes distances, the calculated d is 

equal to 2.93279 Å. Thus, the structure of zirconia should be tetragonal or cubic. By calculating these distances, it was 

concluded that these values are much closer to the values for tetragonal phase. Also, the (102) crystal plane, (which is 

specific of the tetragonal phase and does not present in the cubic one), is presented in this pattern. Therefore, it was 

determined as tetragonal phase for this sample. It can be claimed that the inset electron diffraction pattern in Fig. 9(B) 

indicates the existence of (102) planes and refers to the presence of tetragonal zirconia phase [29,32]. Zhang et al. [31] 

conducted a research on size dependency and phase stability of nano-sized zirconia. Both of their experimental results and 
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theoretical calculations indicated that the tetragonal zirconia crystals with of diameter (d) <14 nm are thermodynamically 

stable at room temperature and the crystals with 14<d<31 nm are metastable possibly due to a kinetic nucleation barrier. 

This barrier could prevent monoclinic phase to transform to tetragonal. As can be observed, although the crystallite size of 

monoclinic phase in 700 °C calcined fructose sample (Table 3) is lower than the critical diameter, this phenomenon could 

block the transformation of monoclinic to tetragonal phase of the synthesized zirconia particle.  

 

4. Conclusion 

In this paper the synthesis of stabilized nano tetragonal zirconia was investigated via Pechini and sugar-

based methods using zirconium hydroxide, citric acid, sucrose and fructose after calcination at 500, 600 

and 700 °C in air. The effects of heat treatment and chelating agents on thermal behavior, physical, 

phase and microstructural properties were studied. The main findings of the research can be summarized 

as follow: 

1) According to the diffraction data, mixtures of monoclinic and tetragonal phases were observed for 

sucrose and citrate samples at all temperatures. In fructose sample, the tetragonal structure was the 

unique characterized phase. Also there was not any trace of amorphous phase in the phase composition 

of the samples. The crystallite sizes of tetragonal phase were determined for citrate (21.4 nm), sucrose 

(21.4 nm) and fructose (22.9 nm) samples after calcination at 700 °C.  

2) Using BET technique, the particle sizes were measured lower than 50 nm for all samples after 

calcination at this temperature. These results were in agreement with the microstructural and 

morphological observations by electron microscopy.  

3) The tetragonality of the crystal structure was also discussed by the presence of the (102) crystalline 

plane in the selected area electron diffraction pattern of fructose sample calcined at 700 °C. The obtained 

crystallite sizes from TEM micrographs (8-11 nm) was close to calculated ones from XRD and Scherrer 

equation (23 nm) for this sample.  

4) Altogether, using fructose as chelating agents seems to be more effective to produce pure stabilized 

tetragonal zirconia phase at low temperature of 500 °C. Using zirconium hydroxide is also expected to 

make this process green and more cost-effective rather than zirconium alkoxides or salts as precursor. 
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