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Abstract Zirconia nanoparticles with the cubic phase
were prepared from zirconium acetate and lemon juice as
the precursors. Then, the effect of sucrose addition on
improving the particle size and the agglomeration of pro-
duct was investigated. The particle size of as-synthesized
nanoparticles was obtained using FESEM. The results
showed that the as-obtained product with the mix of lemon
juice (20 mL) and sucrose had a better morphology with
the mean particle size of about 21 nm. These nanoparticles
were selected and further characterized by EDS, AAS,
XRD, UV-Vis, and PL spectroscopy. The EDS and AAS
revealed the presence of Mg and Ca in the sample intro-
duced from lemon juice. Also, XRD confirmed the for-
mation of the cubic-phase zirconia. The synthesized cubic
71O, nanoparticles exhibited a broad photoluminescence in
the UV-Vis region. Then, a pellet from these nanoparticles
was prepared and the electrical property of this sample was
measured in the temperature range of 450-750 °C using
four-probe techniques. The results revealed that these zir-
conia nanoparticles could have a potential application as an
electrolyte material in the intermediate-temperature solid
oxide fuel cells.
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1 Introduction

ZrO, is a ceramic material with a number of interesting and
useful properties [1]. It exists in three crystal phases [2]. At
atmospheric pressure, the monoclinic (m) phase is ther-
modynamically stable at room temperature, the tetragonal
(t) phase exists in the temperature range of 1100-2370 °C,
and the cubic (c) phase is found above 2370 °C [3]. When
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it is used at the elevated temperature and then cooled to the
room temperature, the volume expansion occurs from cubic
to tetragonal, subsequently leading to monoclinic trans-
formation. These volume changes induce large stresses
causing the crack. Thus, the bulk zirconia cannot be used at
elevated temperatures due to this volume change [4].
Therefore, more attention has been given to stabilizing the
cubic and/or tetragonal phase of zirconia at the room
temperature. Generally, two approaches are used for this
purpose. The first one is based on the nanocrystallization of
zirconia particles that lower the surface energy for the
tetragonal and cubic phases, rather than the monoclinic
one. It was estimated that, based on surface energy effects,
the critical size for the stabilization of the tetragonal phase
was about 30 nm [5]. In the second approach, a small
amount of metal oxides such as MgO [6], CaO [7], and
Y,0;5 [8] is doped in the zirconia lattice. The metal oxides
ions substitute some of the zirconium ions in the crystal
lattice, thereby causing the stabilization of these phases at
the room temperature. These additives “adjust” the crys-
tallographic structure by introducing oxygen vacancies and
altering the electronic structure. Generally, it is these
modifications, i.e., the vacancies and the changes in the
geometric and electronic structure, which lead to the useful
transport as well as the chemical and optical properties of
the doped ZrO, [9]. Over the past several years, a number
of techniques have been developed for the production of
zirconia nanoparticles, including physical and chemical
methods such as laser ablation [10], microwave plasma
[11], thermal decomposition [12], hydrothermal techniques
[13], and sol—gel methods [14]. The sol-gel process is one
of the most widely utilized methods for the preparation of
doped and pure nanocrystalline ZrO, [5, 15-17]. The sol-
gel process has unique advantages such as the mild reaction
conditions, good control over the structure and kinetics of
the process, and the fine control of the product’s chemical
composition, which is especially suitable for preparing
multicomponent materials and enabling small quantities of
dopants to be introduced in the sol such that it can be
ultimately dispersed in the final product uniformly [18].
Despite these advantages, the sol-gel method used for the
preparation of ZrO, utilizes zirconium(IV) alkoxides as a
precursor which suffers from high cost, unavailability,
toxicity, and fast hydrolysis rate (thereby making it difficult
to control the homogeneity of different components during
the experimental processes) [19]. These disadvantages can
be notably prevented by a Pechini-type sol—gel process that
makes use of cheaper precursors. The Pechini-type sol-gel
process (also known as the polymerizable complex tech-
nique) includes a combined process of metal complex
formation and in situ polymerization. It is based on the fact
that certain a-hydroxycarboxylic organic acids such as
citric acid (CA) can form stable chelates with several

cations, and their polyesterification with a polyhydroxy
alcohol such as ethylene glycol (EG) makes a polymeric
resin. The immobilization of metal cations in such a highly
branched polymer can prevent, or at least reduce, the cation
mobility during the heat treatment, causing the formation
of nanoparticles [20]. However, this method also suffers
from particles agglomeration [21]. Biological methods
using plant extracts and microorganisms have been pro-
posed as alternative environmentally friendly methods in
the synthesis of nanosized materials [22]. Biomolecules
can function as stabilizers and capping agents controlling
the crystal growth [23]. In this study, we have reported on
the facile synthesis and characterization of cubic ZrO,
nanoparticles with lemon juice extraction. In addition,
sucrose was applied to obtain less agglomerates. It is
known that sucrose and lemon juice are cheap, non-toxic,
available at industrial scale, and easy to store and manip-
ulate at low temperatures. The particle size of as-produced
particles was obtained with the aid of FESEM. The more
uniform and smaller size particle was chosen for EDS,
AAS, XRD, UV-Vis, and PL analysis. The electrical
conductivity test of it was investigated too.

2 Experimental
2.1 Materials and methods

Lemon fruits (Citrus aurantifolia) purchased from a local
market were peeled and squeezed. The resultant pulps were
then filtered using muslin cloth to remove the solid parti-
cles. The pH value of the solution was between 3.7 and 4.0.
Then, 250 mg zirconium(IV) acetate was dissolved in
20 mL ethylene glycol and the extracted lemon juice in
different volumes of 10, 20, and 30 mL was added slowly
under stirring condition in 1 h. The mixtures were heated to
90 °C under continuous stirring for 3 h; after that, the
brown gel was observed. The gel was calcined at 750 °C
for 2 h. In another experiment, 1 g sucrose was dissolved
in the extracted lemon juice and other steps were repeated
as mentioned above. For comparison, 250 mg zirco-
nium(IV) acetate was dissolved in 20 mL ethylene glycol
and 20 mL distillated water was added and other steps
were repeated again. The samples were cleaned with
deionized water and ethanol prior to characterization. The
synthesized samples were analyzed by field emission
scanning electron microscopy (FESEM, Tescan mira,
Czech). The XRD patterns were recorded on a Philips
X’pert Pro MPD model X-ray diffractometer using Cu K,
radiation as the X-ray source. The diffractograms were
recorded in the 26 range of 20°-80°. The UV-Vis absor-
bance spectra were obtained for the samples using spectra
UV-Vis double-beam PC scanning spectrophotometer
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model UVD-2950 equipped with a glass of 1-cm path
length; furthermore, the spectra were recorded at room
temperature in air within the range of 200-600 nm.
Moreover, for comparison optical properties of nanosized
zirconia with bulk sample, the one sample was prepared
with Pulse Electrical Explosion (PEE) Nano Engineering
and Manufacturing Co. (Model: PEE10k or PEES0K
(Nano Engineering and Manufacturing Co. (PNF Co.),
made in Iran). The PL spectroscopy was used with the
xenon light at 210 nm. We measured the density of the
sintered samples using Archimedes’ method in distilled
water.

2.2 Sintering and conductivity measurements

For electrical conduction measurement, zirconia nanopar-
ticles synthesized by 20 mL lemon juice and sucrose were
selected. The cubic pellets with the dimensions of
3 x 2.5 mm in surface and 2.1 mm in thickness were
prepared by the uniaxial pressure of the mixed powders at
400 MPa for 1 min. After that, the specimens were sintered
in air in different temperatures for 4 h. Four-probe con-
ductivity measurement was taken on the selected specimen.
High-temperature silver paste was applied on both sides of
the pellets to make the electrodes. After drying the pasted
silver electrode, the pellets were again sintered to the
temperature of 500 °C with 5 °C raise per min from room
temperature and kept at 500 °C for 2 h and then cooled to
room temperature.

3 Results and discussion

3.1 FESEM and EDS analysis of synthesized
powders

Figure 1 shows the FESEM micrographs of as-synthesized
ZrO, particles. From Fig. la, it could be seen that the
sample synthesized without the use of any modifier (lemon
juice and sucrose) had an agglomerated and a micron-size
structure. Citric acid is known as the predominant organic
acid component in lemon juice, and its amount ranges from
5 to 6 % [24]. So, it could be applied as o-hydroxycar-
boxylic acid in the Pechini-type sol-gel process. By using
lemon juice with the volume of 10 mL, it was observed
that the size of ZrO, particles became smaller (Fig. 1b).
The smallest nanoparticles were formed using 20 mL
lemon juice (Fig. 1c). However, it was notable that the
particles were merged together and embedded in the
adjacent particles (agglomerated particles). This agglom-
eration was increased with more lemon juice usage
(Fig. 1d). Figure le, f shows that with the addition of
sucrose to the starting material, the uniformity of the
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products was improved. According to Fig. 1, the sample
prepared with 20 mL lemon juice and sucrose (Fig. le) had
the smaller particle size of 21 nm as compared to other
samples. Thus, this sample was used for further analysis.
The EDS data of ZrO, synthesized by 20 mL lemon juice
and sucrose are shown in Fig. 2. Nano-ZrO, showed
characteristic peak lines around 0.18, 2.04, and 15.74 keV,
which could be attributed to M,,, L,, and K, for Zr and
0.52 keV for K, of O, respectively. Moreover, the EDS
data of the sample showed characteristic emission lines of
1.25 keV of Mg K, and 3.69 keV of Ca K, [25]. Lemon
juice contains some minerals such as Ca>" and Mg [24].
It could be, therefore, concluded that Ca and Mg were
entered in the ZrO, structure from lemon juice. As implied
in the introduction, there have been a lot of studies doping
ZrO, with Ca™, Mg™, and other cations. With doping
these compounds, the cubic phase of zirconia could be
stabilized at room temperature.

3.2 Composition analysis

To determine the composition of Ca and Mg in the syn-
thesized nanoparticles, first, 100 mg of zirconia powder
was dissolved in 10 mL aqua regia solution for 24 h. Then,
Ca and Mg contents of the prepared solution were mea-
sured by atomic absorption spectroscopy. 2.673 mg Ca and
1.756 mg Mg were detected by AAS per 100 mg of
nanoparticles powder synthesized by 20 mL lemon juice
and sucrose.

3.3 TG-DTA investigation

The TGA curve for the decomposition TG-DTA curve of
the zirconia gel was prepared using sucrose and 20 mL
lemon juice, as shown in Fig. 3. A little weight loss could
be observed in the range of 100-250 °C, probably due to
dehydration. An exothermic peak of about 350 °C was
followed by a weight loss of about 40 wt%, between 250
and 700 °C. This could be attributed to the oxidation and
the decomposition of organic compounds such as polyester
in the sample [26].

3.4 FT-IR Analysis

The IR spectra of the uncalcined gel and the synthesized
nanoparticles calcined at 750 °C are shown in Fig. 4. The
gel and calcined samples exhibited —OH stretching vibra-
tion in the frequency range of 3136-3857 cm™'. The
reduced reflectance and the bond depth of the gel powder
could be ascribed to the non-crystalline nature of the
material [27]. The band peaks 1637 and 1726 could be due
to the carbonyl groups of a carboxylic acid and an ester,
respectively. This confirmed that both carboxylic acid
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Fig. 1 FESEM images of
synthesized ZrO,: a without the
use of any modifier; b—d with
the use of only lemon juice in
the volume of: b 10 mL,

¢ 20 mL, and d 30 mL; and e,
f through the use of sucrose and
lemon juice in the volume of:

e 20 mL and f 30 mL
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(unreacted citric acid of lemon juice) and ester groups
(which resulted from the reaction of CA and EG mole-
cules) existed in the obtained uncalcined gel. These peaks
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disappeared in the heat-treated sample. In the calcined
sample, new bands observed at 499 and 580 cm ™' corre-
sponded to Zr—O vibrations. Also, M—OH stretching and
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Fig. 2 EDS spectrum of ZrO, synthesized by 20 mL lemon juice and
sucrose
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Fig. 3 TG-DTA curve of gel prepared using sucrose and 20 mL
lemon juice

the bending vibration of structural water, M—OH bonding,
could be seen at 1036 cm™' [28].

3.5 XRD analysis

The XRD pattern of ZrO, nanoparticles synthesized by
20 mL lemon juice and sucrose is shown in Fig. 5. The
XRD pattern demonstrated that the product had a cube
phase (JCPDS card No. 27-0997). The broadening XRD
peak showed that the crystallite size of ZrO, was fine.
Calculated via the Scherrer formula [24], the average
crystalline size for ZrO, sample was about 20 nm. More-
over, as compared to the reference pattern, a slight shift to
higher or smaller d-values was seen. These shifts could be
attributed to a distortion in the unit cell structure. The XRD
pattern did not show any magnesium or calcium phase, and
therefore, it could be concluded that Mg and Ca were
doped into the structure of zirconia, thereby leading to this
distortion in the zirconia unit cell.

According to Pechini method, the first step in making
nanoparticles is the preparation of stable metal chelate
complexes such as Zr—citric acid of lemon juice (CA
complexes). It is known that most zirconium—CA com-
plexes are soluble and stable in a mixed solvent of EG and
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Fig. 5 XRD pattern of synthesized ZrO, nanoparticles using sucrose
and 20 mL lemon juice

water. The esterification of CA (both free CA and com-
plexed CA) occurs readily in the presence of EG at mod-
erate temperatures (100-150 °C), and the prolonged heating
of the mixed solution with the concomitant evaporation of
excess EG promotes polyesterification, thereby yielding a
transparent polymeric resin precursor. The principle
underlying this route is, thus, to obtain a polymeric resin
precursor comprising randomly branched polymer
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Fig. 6 Schematic of

esterification of citric acid—

ethylene glycol molecules and

the distribution of zirconium OH
ions in its polyester
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molecules throughout which the zirconium cations are
uniformly distributed, as schematically shown in Fig. 6.
Heating the polymeric resin at high temperatures (above
300 °C) can cause a breakdown of the polymer. Moreover,
in this process, connecting some dissociated carboxylic
acid groups (-COO-) through metal ions plays an impor-
tant role in polymers cross-linking. Thus, although a
bonding between a cation and a (dissociated) carboxylic
acid group is generally weaker than the chelate bonding in
metal-CA complexes, the randomness of the initial solu-
tion can be retained in the final polymeric gel. This is
because the gel consists of many chains twisted and tangled
together, and both cations and solvents are entrapped by
the steric hindrance. Due to these tangled chains, the
resulting ZrO, nanoparticle, after the calcination of the as-
obtained gel, was highly agglomerated, as shown in
Fig. le-d. Figure le, f shows that with the addition of
sucrose to the starting material, the uniformity of the
products was improved. Sucrose is a disaccharide, a
molecule derived from two simple monosaccharides
(fructose and glucose). In the presence of lemon juice as a
catalyst for the hydrolysis of sucrose, this modifier agent
was converted to its monomers, i.e., glucose and fructose.
It has been reported that in the absence of catalysts,
hydrolysis of sucrose is so slow that the solutions of
sucrose can sit for years. However, in the acidic medium,
such as lemon juice, it can accelerate this conversion
(Fig. 7) [29]. Moreover, by heating the solution, the

CH,OH
H NG
H
OH
OH
H OH Lemone juice H OH
+ H,0 Glucose
0}
HoCH, ~© HOCH, O~ OH
H O H
H CH,0H H CH,0H
OH H OH H
Sucrose Fructose

Fig. 7 Schematic illustration of sucrose hydrolysis catalyst by lemon
juice

glucose and fructose could be further oxidized into sac-
charic acid, glycolic acid, and trihydroxy butyric acid, with
a large number of -COOH and —OH groups. Furthermore,
the COOH groups could be easily coordinated with metal
ions in the solution, quite similar to citric acid complexing
mechanisms. In this method, sucrose acted as the com-
plexing agent in the synthesis process. Thus, the resulted
polymeric resin, in the presence of sucrose, was able to
accommodate a higher amount of cations, in comparison
with chelating the solution. Also, sucrose was decomposed
exothermally at a low ignition temperature (480 °C) [30].
During the calcination of zirconia gel, sucrose, along with
hydrolyzed and oxidized products, could be converted to
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water and CO, gases. These escaping gases caused the
better separation of the final nanoparticles. Due to this fact,
more uniform ZrO, nanoparticles were obtained, as shown
in Fig. le, f.

3.6 UV-Vis and photoluminescence analysis

ZrO, is a direct band gap insulator with two direct band-to-
band transitions: 5.2 and 5.79 eV (238 and 214 nm,
respectively) [31]. As known, the uppermost molecular
orbitals of the valence band (HOMOSs) of ZrO, are formed
by the 2p states of oxide ions with some admixing of
4d states of Zr**; the lowest-energy molecular orbitals of
the conduction band (LUMOSs) arise from the 4d states of
Zr*" with some admixing of the 2p states of oxygen [32].
Figure 8 shows the room temperature UV-VIS absorption
spectrum of the synthesized ZrO, nanoparticles dispersed
in ethanol. A sharp peak observed at about 213 nm
(5.82 eV) could be attributed to the band gap energy of
[33]. This peak showed a small blue shift compared to the
bulk. In the semiconductor nanoparticles, it is usually
observed that band gap energy is increased (blue shift) with
decreasing particle size [34]. Apart from the strong
absorption peak, a weak peak centered at 283 nm (4.2 eV)
was observed. As confirmed by EDS and AAS analysis, the
Mg "2 and Ca™? were doped in the synthesized nanoparti-
cles, causing a defective structure in these nanoparticles. It
has been shown that the high concentration of the dopant
ions and compensating anion vacancies results in a wide
variety of simple and complex defects in the cation and
anion sublattices [35]. Defects associated with anion
vacancies dominate in case. This peak was expected to
arise from transitions involving extrinsic states such as
surface trap states and anion vacancies. Figure 9 shows
fluorescence spectrum with an excitation wavelength of
210 nm (5.89 eV). The spectrum features showed a broad
band in the range of 310-390 nm, which was followed by a
peak at 403 nm with a shoulder of about 411 nm. In
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Fig. 8 UV-Vis spectra of ZrO, nanoparticles synthesized using
20 mL lemon juice and sucrose
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Fig. 9 Photoluminescence spectra of ZrO, nanoparticles synthesized
using 20 mL lemon juice

general, the emissions that appear at short wavelength can
be ascribed to the excitation from the near band-edge
transitions [36]. The broad band and the substantial red
shift of the band maximum, as compared to the band gap
(5.82 eV) of the bulk material, strongly indicated that flu-
orescence was involved in the mid-gap trap states of ion
vacancies.

3.7 FESEM and EDS mapping of the synthesized
pellets

The FESEM micrographs of prepared pellets sintered
between 1450 and 1700 °C in air atmosphere are shown
Fig. 10. The micrographs in Fig. 10 show that prepared
pellets except the sample sintered at 1450 °C look com-
paratively dense, while the grain size was apparently
increased as the sintering temperature was increased. It is
commonly known that in the final stage of the sintering
process where the relative porosity becomes by and large
less then 7 %, most of the pores are closed shaped and a
ratio of the number of pores to grain becomes constant. In
addition, in the final sintering stage, grain growth pre-
dominantly occurs rather than a further densification pro-
cess. From this point of view, all prepared pellets except
the sample sintered at 1450 °C have reached the final
sintering stage. Moreover, the grain size of the samples
showed rather strong dependency at sintering temperatures.
As seen from Fig. 10, the grain sizes were distinctly
increased as the sintering temperature increases [37]. The
densities and grain sizes of as-prepared ZrO, samples
sintered between 1450 and 1700 °C in air atmosphere are
summarized in Table 1, and the relative densities of all
samples are not much different except for the sample sin-
tered at 1450 °C because of some existed porosity in its
structure.

Figure 11 exhibits EDS mapping analysis of the syn-
thesized ZrO, pellet. The results showed that Mg*" and
Ca’" elements were uniformly distributed through the
whole scanning area, indicating that these cations were
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Fig. 10 FESEM images of the prepared pellets at different temperatures a 1450 °C, b 1550 °C, ¢ 1650 °C, and d 1700 °C

Table 1 Densities and grain

Sintering temperature (°C)

Density (g/cm’) Average grain size (Lm)

size of the as-prepared pellets at Sample

different temperatures 1 1450
2 1550
3 1650
4 1700

4.79 0.7
5.14 5

5.31 12
5.25 15

uniformly distributed in the ZrO, pellet. Table 2 shows the
elemental composition of the synthesized pellet. As shown
in Table 2, the sample had about 2 wt% Mg and 4.6 wt%
Ca in its structure. The good distribution of elements and
the dense structure resulted in the good conduction of
semiconductor [38, 39]. According to results, the prepared
pellets sintered at the 1550 °C that have dense structure
and small gain size were selected for conductivity
measurements.

3.8 Conductivity measurements

Fuel cell is a device that generates electricity by a chemical
reaction of a fuel with oxygen or another oxidizing agent.
Fuel cells have traditionally been categorized first by the
type of electrolyte and then by the type of fuel used. Fuel
cells can be further categorized by the operating tempera-
ture, with polymer -electrolyte membrane fuel cells
(PEMFCs) typically having the lowest operating
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Fig. 11 EDS mapping analysis of Zr, O, Mg, and Ca elements in the synthesized ZrO, pellet

Table 2 Elemental

composition of the synthesized Element i at.%

zirconia pellet Oxygen 272 64.7
Magnesium 2.0 32
Calcium 4.6 4.4
Zirconium 66.2 27.7
Total 100 100

temperatures, below 100 °C, and SOFCs showing the
highest operating temperature, 850—1000 °C. SOFCs have
several advantages over other types of fuel cells and are
able to convert carbon monoxide as well as hydrogen.
Also, at high operating temperatures, fuels can be reformed
within the fuel cell itself, eliminating the need for external
reforming and allowing the units to be used with a variety
of hydrocarbon fuels. They are also relatively resistant to
small quantities of sulfur in the fuel. A further advantage of
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the high operating temperature is that the reaction kinetics
are improved, thereby removing the need for a metal cat-
alyst [40]. However, there are some disadvantages with the
high temperature: These cells take longer to start up and
reach the operating temperature, they must be constructed
of robust, heat-resistant materials that restrict the material
selected for the stack components, such as interconnecting
and sealing, and they must be shielded to prevent heat loss.
Therefore, there is a strong incentive to develop interme-
diate-temperature solid oxide fuel cells that operate
between 500 and 750 °C [41]. The ideal efficiency of fuel
cells can be obtained as follows:

Wout - AG - nFE
O.n HHV HHV’

where work done (W) is given by AG (or nFE) and heat
input (Q;,) is calculated based upon the higher heating
value of fuel. But the ideal and actual performance of a fuel
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Fig. 12 Electrical conductivity of synthesized ZrO, pellet

cell is quite different, and the actual cell potential is lower
than its equilibrium potential because of irreversible losses
due to various reasons. The losses, which are generally
called polarization or overpotential, originate primarily
from activation polarization, ohmic polarization, and gas
concentration polarization. Ohmic losses in fuel cells
mainly result from ionic conductivity through the elec-
trolyte [42]. One way to reduce ohmic resistance in SOFCs
is operating at higher temperatures. The ionic conductivity
of the solid oxide is defined as follows [43]:

=
0 = 0y - erT,

where o and E factors depend on electrolyte materials, T is
the electrolyte temperature, and R is the ideal gas constant.
So, by decreasing the operating temperature of solid oxide
fuel cells (SOFCs), the ionic conductivity is decreased. On
the other hand, the electrolyte conductivity is also closely
related to the starting powder. The electrical conductivity
in an oxide can be related to the type and concentration of
the dopants and the microstructure [44]. The electrical
conductivity of a solid electrolyte is explained by the so-
called brick layer model [45]. This model shows that grain
boundaries have a lower effective charge carrier concen-
tration and are more resistive than the grains. The magni-
tude of grain boundary conductivity is almost twice less
than that of the grain conductivity. Experimental studies on
fully dense, highly pure specimens of nano- and micro-
crystalline, different ions-doped zirconia have shown a
significant increase in the conductivity at interfaces with
decreasing crystallite size to nanometer [46]. Figure 12
displays the ionic conductivity as a function of tempera-
ture. The electrical conductivity of the sample reached
0.0034 S/cm at 750 °C. For oxygen ion transport in based
electrolytes, the charge carriers were oxygen vacancies.
The following equation is usually applied to oxygen ionic
conductors [47]:

L T) =logA — —~
og(oT) =logA = 502

where ¢ is the ionic conductivity, T is the absolute tem-
perature, A is the pre-exponential constant, and E, is the

activation energy. The activation energy normally includes
energy terms of the formation and migration of oxygen
vacancies. In the extrinsic regime, the activation energy is
dominated by the migration energy. In this case, the acti-
vation energy could be represented by the migration energy
for the doped oxide ionic conductors in the extrinsic
regime. The conductivity data were fitted to the above
equation by a least square analysis. The correlation factor
of the linear regression for the above equation was 0.982.
The conductivity activation energy of 31.015 kJ/mol was
observed for this sample. The results revealed that this
cubic nanoparticle could have fairly good electrical prop-
erties, with a potential application as an electrolyte material
in intermediate-temperature solid oxide fuel cells (IT-
SOFCs).

4 Summary and conclusion

To summarize, ZrO, nanoparticles were successfully pre-
pared via a green method using lemon juice at the ambient
temperature. The results showed that sucrose addition
protected the synthesized particles from aggregation. SEM
images also showed that the sample prepared with 20 mL
lemon juice and sucrose had the smaller particle size of
20 nm, as compared to other samples. Furthermore, the
XRD results showed the cubic-phase formation of the
prepared ZrO, nanoparticles. EDS analysis for ZrO, pre-
pared by 20 mL lemon juice and sucrose revealed that Ca
and Mg existed in ZrO, structure. The UV-Vis and PL
spectra indicated that the particles had a narrow size with
extrinsic states. This sample was chosen, and a cubic pellet
was prepared by sintering the sample. Overall, it was
verified that ZrO, nanoparticles synthesized with this
method could be one of the promising electrolyte materials
for intermediate- or low-temperature SOFCs.
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