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ray (EDX) analyses. XRD patterns for pure ZrO, samples annealed at 400 °C-
500 °C had a tetragonal phase, while for ZrO, doped with different cadmium
ratios, the tetragonal phase appears at 200 °C or above, up to 700 °C. The
DSC measurements revealed that, the monoclinic phase was visible at 800 °C
for the pure zirconia sample, while it was seen above 800 °C for the Cd-doped
zirconia samples indicating a stabilization of the tetragonal phase. The FT-IR
spectra confirmed the presence of cadmium ions in the zirconia host lattice
and the formation of nano-zirconia in the tetragonal phase. EDX analysis
verified the absence of any other elements except Zr, Cd, and O. The optical
analysis demonstrated a reduction in the band gap for Cd-doped zirconia
compared to pure zirconia. SEM images showed that agglomeration and neck
formation occurred with increasing Cd ratios in the zirconia lattice.
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1. INTRODUCTION

Nanomaterials are gaining popularity due to their novel features and applications.
Zirconia, or zirconium dioxide (ZrO;) by its chemical name, is one of the unique
transition metal oxides because of its characteristics: high coefficient of thermal
expansion, high oxygen ion conduction, high refractive index, good thermal stability,
high dielectric constant, high melting point, high chemical resistance [1], and high
mechanical properties due to the martensitic tetragonal to monoclinic transition [2].
Zirconia has been used in various fields, such as thermal barrier coatings [1],
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batteries [3], catalysts [4], oxygen sensors [5], biomedical applications [6], body implants
(dental ceramics) [7-9], and also as multifunctional applications [10].

The crystal structure of ZrO, significantly affects its physical properties as well as the
performance of ZrO,-based devices [11]. Pure zirconia undergoes three polymorphic
phases at different annealing temperatures: tetragonal, monoclinic, and cubic phases
[11-13]. It has been discovered for bulk ZrO, that the monoclinic phase ‘which, although
thermodynamically stable, lacks any useful applications since, upon cooling from the
high-temperature tetragonal phase, it forms a crack in the sintered zirconia material due to
volume expansion (5 vol.%) and shear strain’ can transform completely to the tetragonal
phase in a reversible manner at temperatures above 1170 °C in normal conditions and the
tetragonal phase to the totally cubic phase at a temperature greater than 2370 °C [2].

However, at the nanoscale, the same martensitic tetragonal-to-monoclinic
transformation is extremely important for mechanical applications since it serves as the
foundation for the transition toughening of ceramic components. Tuning the synthesis
process as well as the conditions or doping the zirconia lattice with various cations can
both result in the stabilization of t-ZrO, nanoparticles [1], and hence one can avoid these
mechanical issues. Transformation from tetragonal to cubic phase can be achieved at
room temperature by adding some stabilizers such as CaO, MgO, and Y,03 [12].

Garvie [14], first proposed the theory that the spontaneous appearance of the
tetragonal phase structure at a critical crystallite size at room temperature might be
explained by the tetragonal form's lower surface free energy than the monoclinic form,
while larger particle sizes would undergo a tetragonal to monoclinic phase transition.
Murase et al. [15, 16], reported that water enhanced the crystal growth rate and catalysed
the tetragonal phase to monoclinic phase transformation. However, domain barriers might
also prevent the transition from tetragonal phase to monoclinic phase [17].
Osendi et al. [18], proposed that anionic vacancies with trapped electrons facilitated the
early nucleation of tetragonal zirconia. Moreover, they postulated that defect centres
influenced the metastability of the tetragonal phase. Therefore, the mechanism of the
stability of the tetragonal phase at low temperatures is still under debate.

The preparation process and conditions have a significant effect on the phase structure
of the synthesized zirconia. Phase development and transition strongly influence most of
the properties of ZrO,. Various methods have been used to produce nano-sized zirconia,
such as precipitation, hydrothermal, spray pyrolysis, the sol-gel route, high-pressure
spark plasma sintering, and physical vapor deposition (PVD) techniques. The chosen
method should have some advantages, such as ease of use, low equipment costs, high-
purity raw materials, a high degree of nanostructure homogeneity, a relatively low
process temperature, and the absence of toxic waste. The sol-gel approach met these
criteria and offered a range of basic materials to choose from. The sol-gel process
produces materials by gelation from chemical solutions; it is a more precise way of
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creating nanocrystalline materials. Such a chemical technique allows the control of grain
size and phase formation at much lower temperatures, which is desirable.

Cadmium’s role as a stabilizer has received less attention compared to other dopants.
In this study, we present a simple and low-cost modified sol-gel method for producing
ZrO, nanoparticles and investigate the effect of Cd-doped zirconium oxide prepared by
the sol-gel process on the thermal stability of the material in air. Furthermore, we explore
the improvement in their optical properties. Also, we demonstrate that Cd*? ions can
stabilize the tetragonal phase when applied by an impregnation method.

2. EXPERIMENTAL TECHNIQUE

2.1 materials
Zirconium oxychloride octahydrate, 98% extra pure (ZrOClI,.8H,0), cadmium

chloride AR monohydrate (CdCl,.H,0), sodium hydroxide scales (NaOH), and ethyl
alcohol (CH3CH,OH). All the chemicals were bought from the LABO CHEMIE
PVT.LTD. company and used without further purification.

2.2 synthesis of pure zirconia and Cd-doped zirconia

Pure ZrO, and Cd-doped ZrO, (Cdx@ZrO,) were synthesized by the same preparation
steps as the sol-gel technique. To prepare Cd-doped zirconia, ZrOCI,.8H,O and
CdCl,.H,0O with various cadmium concentrations (x=5%, 10%, 15%, 20%, 25%, and
30%) were dissolved in double-distilled water at 50 °C and stirred vigorously for
20 minutes until a clear solution was obtained. Then, NaOH was added dropwise to the
solution while stirring continuously for 20 minutes without heating until a white gel
formed. This gel was allowed to cool down to room temperature. To remove any residuals
from the reaction, the solution was washed several times in an ultrasonic cleaner with
double-distilled water and CH3CH,OH. After that, the gel was dried for 24 hours at
60 °C, and then the dried gel was crushed to a fine powder. This powder was used to
study the onset of crystallization at different annealing temperatures ranging from 200 °C
to 800 °C and to monitor the phase change for pure zirconia, and investigate the effect of
doping with different cadmium ratios at different temperatures on the stabilization of the
tetragonal phase of zirconia.

We can explain the use of an alkaline medium (NaOH) in the reaction process to
achieve the proposed goal (stabilize the tetragonal phase) [19], and avoid the unusual
transformation of zirconia when using an acid medium, where zirconia appears in a
mixed phase at the beginning of crystallization with a high percentage of monoclinic
phase, implying that the weaker bond energies of the hydroxyls present in the hydrous
zirconia precipitated under acidic conditions [20]. And this contributes to our aim.
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2.3 characterization

XRD patterns for pure zirconia powder and Cd-doped zirconia nanoparticles were
obtained at ambient temperature using a Philips PW 1710 diffractometer with CuK,
radiation and a graphite monochromator (A=1.54056 A) operating at an applied voltage of
40 KV and a current of 30 mA. The measuring angles ranged from 4° to 80°, and the scan
rate was 0.06° per minute. DSC analysis was performed using a STA PT/1600
simultaneous DSC-TGA instrument with a standard error of +1°. Powder samples were
placed in a crucible cell and heated at a rate of 10 °C per minute up to 1000 °C. The
transmittance (T) for the prepared samples was determined using the NICOLET FTIR
6700 spectrometer by applying the KBr pellets method in the wavenumber range of
4000-500 cm™. The absorbance (A) spectra were measured at normal incidence at room
temperature in the wavelength range of 200-900 nm using a computerized UV-visible
spectrophotometer model JASCO V-770 with a 1 nm step. Elemental analysis was
performed using EDX data, which were evaluated using a scanning electron microscope
model, ULTRADRY QUANTA FEG 250 (Field Emission Gun), connected to an EDX
unit. The JSM-T200 Jeol-Japan SEM apparatus was used to analyse the surface
morphology of the powder samples.

3. RESULTS AND DISCUSSION

3.1 XRD analysis

The XRD spectra for pure ZrO, and ZrO, doped with different Cd ratios and
annealed at different annealing temperatures are shown in Figures 1&2. The XRD
patterns revealed the crystallinity, phases (crystal structure), and crystallite size of the
produced nanopowder. All significant peaks in the XRD pattern were indexed using
ICDD cards no. 79-1768 for the tetragonal phase and no. 37-1484 for the monoclinic
phase. The calculated lattice parameters for pure zirconia and zirconia doped with
different concentrations of cadmium ions (Cdx@ZrO,) (x=5%, 10%, 15%, 20%, 25%,
and 30%) in the tetragonal and monoclinic phases are tabulated in Table 1.

The analysis of these patterns is divided into two parts: general characterization,
which examines each incorporation ratio to evaluate the effects of thermal treatment at
different annealing temperatures, and detailed characterization. The latter part focuses on
Cd inclusion, tetragonal phase stability, and the role of heating and substitution in
stabilizing the tetragonal phase up to higher annealing temperatures in order to track the
crystallization of the tetragonal phase. The monoclinic phase is a new crystallizing phase
that emerges by annealing dried powders at high temperatures. Since the main goal of this
investigation is to stabilize the tetragonal phase, the maximum annealing temperature for
each inclusion ratio is determined by the point at which all the peaks of the tetragonal
phase completely disappear. Figure 1(a) indicates that the XRD patterns for pure zirconia
samples annealed at temperatures below 400 °C is amorphous like the as-prepared
samples, and those annealed between 400 °C and 500 °C is crystalline, with the
tetragonal phase as the beginning of the crystallization. Samples annealed at 600 °C and
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700 °C showed mixed tetragonal and monoclinic phase patterns, while samples annealed
at 800 °C underwent almost complete monoclinic phase transformation.

Table 1: Lattice parameters of the tetragonal and monoclinic phases for pure zirconia and
Cd-doped zirconia nanoparticles obtained from XRD patterns.

Crystalline Lattice Doping concentration

phase parameters ™ gy 5% 10% 15% | 20% | 25% | 30%
a=b(R) | 3.6000 | 35983 | 3.6023 | 3.6190 | 3.6042 | 3.6183 | 3.6113
Te”sgona' Cc A 5.1674 | 5.1907 | 5.2063 | 5.1316 | 5.1969 | 5.1481 | 5.0925
phase Volume (A% | 66.97 | 67.21 | 6756 | 67.21 | 6751 | 67.41 | 66.41
a(A) 5.3053 | 5.3162 | 5.3159 | 5.3130 | 5.3028 | 5.3180 [ 5.3122
N b (A) 52108 | 5.2050 | 5.2050 | 5.2198 | 5.2112 | 5.2066 [ 5.2116
Monoclinic c () 51355 | 5.1473 | 5.1471 | 5.1460 | 5.1329 [ 5.1451 | 5.1435
phase B () 99.26 | 99.14 | 99.14 | 99.12 | 99.32 | 99.26 | 99.26
Volume (A% | 140.12 | 1406 | 1406 | 1409 | 1401 | 1406 | 1405

Incorporation of Cd ions stabilizes the tetragonal phase at much lower temperatures
than for pure zirconia (200 °C and 300 °C), and also for a wider range of temperatures.
ZrO, doped with small ratios of Cd ions (5% and 10%) that annealed at 200 °C showed
all peaks for the tetragonal phase, but with a shift in the peak position. Increasing the
incorporation of the Cd ratio (15%, 20%, and 25%) at the same temperature results in
only the main peak for the tetragonal phase (101). However, 30% Cd-doped zirconia ratio
samples show an amorphous phase (Figure 1(b)). For 5%, 10%, 15%, and 20% Cd-doped
ZrO, annealed at 300 °C, the obtained structure was tetragonal, and the same structure
was also obtained for samples doped with a 25% cadmium ratio but with low intensity
peaks. Samples doped with a 30% Cd ratio showed an amorphous structure at this
temperature (Figure 1(c)). This can be explained by the fact that increasing the dopant
ratio requires more energy to achieve a complete and stable tetragonal phase.

The samples of ZrO, doped with Cd ratios of 5%, 10%, 15%, 20%, and 25%, which
annealed at 400 °C, were maintained in the tetragonal phase, and for ZrO, doped with
30% Cd, the samples still looked amorphous, (Figure 1(d)), but the tetragonal phase
became clearly visible at 500 °C to 600 °C for all Cd doped ratios (Figure 1(e), and 2(a)).
However, when the temperature increased to 700 °C, the samples doped with Cd ratios of
5%, 10%, and 15% showed a metastable state between the tetragonal and monoclinic
phases, which we call in simple words a mixed phase, but it can be noticed that the ratio
of the tetragonal phase gradually increased with increasing Cd ratio from 5% to 15%,
(Figure 2(b)). Samples annealed at 800 °C doped with the proposed Cd ratios displayed a
typical monoclinic phase, revealing peaks positioned at 24.0°, 28.0°, 31.1°, 32.8°, 34.1°,
35.0°, 45.0°, 49.1°, 50.0°, 54.0°, 55.3°, 59.7°, 65.6°, and 71.1° corresponding to (110),
(-111), (111), (200), (020), (-112), (211), (220), (022), (003), (122), (131), (023) and
(-223) planes, respectively, which are in high agreement with card no. ICDD 37-1484 as
shown in (Figure 2(c)). A more precise way to say it is that the samples with ratios of
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20%, 25%, or 30% skipped any metastable phases at any of the annealing temperatures
and went directly from the tetragonal phase to the monoclinic phase.
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Figure 1 (a): XRD patterns for pure ZrO, samples annealed at 200 °C to 800 °C; (b, c, d,
and e): XRD patterns for ZrO, nanostructured doped with different Cd ratios (x= 5%,
10%, 15%, 20%, 25%, and 30%), annealed at 200 °C, 300 °C, 400 °C, and 500°C,
respectively.
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Figure 2 (a, b, and c): XRD patterns for ZrO, nanostructured doped with different Cd

ratios (5%, 10%, 15%, 20%, 25%, and 30), annealed at 600 °C, 700 °C, and 800 °C,

respectively.
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As can be seen from Figures 1 and 2, the XRD patterns for samples doped with
different Cd ratios and annealed at different annealing temperatures developed two main
crystalline phases (the tetragonal phase and the monoclinic phase). The tetragonal phase
peak profile (101, 110, 112, 211, and 202 at positions of 26 = 30.18°, 35.0°, 50.4°, 60.0°,
and 63.1°, respectively) matches ICDD card no. 79-1768, indicating that there are no
impurities or Cd-related peaks (Cd has been successfully incorporated in the zirconia
lattice). This could be explained by the slight difference in ionic radius between host Zr™
(0.16 nm) and Cd*? dopant (0.154 nm). As a result, Cd ions replaced Zr ions in the host
lattice with ease. All the diffraction patterns had large peaks, indicating that the materials
were nanocrystalline as prepared.

Table 1 show that the lattice parameters of ZrO, nanoparticles doped with different
Cd ions are not significantly different from the lattice parameters of pure zirconia
nanoparticles, which confirming that cadmium has been successfully incorporated into
the zirconia lattice.

The volume fraction of the tetragonal phase (V) was calculated by first computing
the average peak areas of the corresponding tetragonal (101); plane and monoclinic
planes (-111)m,, (111), and then applying the following formula [21], and the obtained
data are listed in Table 2.

, A(101)t 1)
A(111)m+ A(—111)m + A(101)t

Vv

From the phase ratio of pure zirconia to that of the zirconia with the highest ratio
of Cd doping (30% Cd), we can clearly see how adding Cd ions and increasing their
proportion affects the stabilization of the tetragonal phase, as shown in Figure 3. From
our study of samples annealed at different temperatures (from 200 °C to 800 °C with a
100 °C step), we find that for pure zirconia, the tetragonal phase starts at 400 °C and
becomes a mixed phase with a dominant monoclinic phase ratio (97.8% as calculated in
Table 2) at 600 °C. Therefore, we further investigated the phase change between 500 °C
and 600 °C with a 20 °C step. The study revealed that the tetragonal phase ratios were
92.48%, 34.88%, 26.2%, 9.6%, and 3% at temperatures of 510 °C, 530 °C, 550 °C, 570
°C, and 590 °C, respectively.
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The average crystallite size (D) for tetragonal zirconia was calculated based on
the full width at half maximum intensity parallel to the (101) plane for the tetragonal
phase and the (-111, 111) reflection for the monoclinic phase, with peak deconvolution
for mixed phase samples, using Scherrer’s equation [22].

K )
Brwrmcosd
Where A is the wavelength of CukK,, radiation, k is a minor factor with a value of 0.94,

Brwnwm 1S the full width at half maximum measured in radians, and 6 is Bragg’s diffraction
angle.

D

The theoretical density (p) can be estimated from the X-ray diffraction pattern
using the formula [23].
_ M @)
PN,V
Where Z is the number of molecules per unit cell (Z = 4 for the monoclinic phase and
2 for the tetragonal phase), V is the unit cell volume, N4 is Avogadro’s number, and M is
the molecular weight of the composition.

The strain (¢) in the packed structure can also be calculated using the Williamson-
Hall (W-H) formula [24].

= DGF'[-'VHM (4)

" 4tanB
The peak position is adjusted according to the strain value. This causes a change in the
lattice constants and the estimated strain values.

The crystallite size is used, and the dislocation density () is calculated using
equation [25].
1 ()
8 - E
The average grain size D (nm), dislocation density 6 (nm)'z, density p (g/cm3), and

strain ¢ for pure and Cd-doped zirconia nanoparticles in the tetragonal and monoclinic
phases are listed in Table 3.

Table Y shows that the average crystallite size calculated for the pure tetragonal
zirconia nanoparticles is about 10.2 nm. This is consistent with the expected range
reported by Garvie [14], (D less than 10 nm). The table also clearly shows that the
crystallite size for pure zirconia increases automatically from 10.2 to 17.9 nm when the
calcination temperature increases from 400 to 800 °C.

Moreover, we can observe that the crystallite size decreases from 14.3 nm for the
5% Cd ratio to 9.4 nm in the highest ratio of 30% Cd for the same annealing temperature
as a result of maintaining the tetragonal phase at higher temperatures. Furthermore, since
Cd and Zr ions have different atomic radii, with Cd ions being smaller than Zr ions,
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increasing the ratio of Cd ions reduces the host lattice size. which explains how Cd ions
stabilize the tetragonal phase of zirconia.

For pure zirconia, the dislocation density and strain decrease systematically when
the tetragonal phase transforms to the monoclinic phase as a result of increasing
crystallite size with increasing temperatures. For the same ratio of Cd-doped zirconia,
dislocation density and strain also decrease when changing from the tetragonal phase to
the monoclinic phase for the same reason as in pure zirconia, but when comparing
different ratios of Cd-doped zirconia for the same phase, we find that both & and ¢
increase with increasing the ratio of doping as a result of stabilizing the tetragonal phase.

Table 2: Volume fraction of tetragonal phase (V%) percentage for pure zirconia and
Cd-doped zirconia nanoparticles at various annealing temperatures.

Doping Annealing Temperatures (°C)
concentration
200°C | 300°C | 400°C | 500°C | 600 -°C 700°C | 800 °C
T=22% | T=1.4%
[0) - -
0% T T M=97.8% | M=98.6% M
= 0,

5% T T T T T T_ 6'4/8 M

Phase M=93.6%

ratio 0 T=72.2%
%) 10% T T T T T M=27 8% M

T=92.0%

0,

15% T T T T T M=8.0% M
20% T T T T T T M
25% T T T T T T M
30% A A A T T T M

Table 3: The average grain size D (nm), dislocation density & (nm)?, density p (g/cm?),
and strain & for pure and Cd-doped zirconia nanoparticles in the tetragonal and
monoclinic phases.

Crystalline Structure Doping concentration
phase parameter [“ao6~ T 506 10% | 15% | 20% | 25% | 30%
D (nm) 102 | 143 13.0 12.0 11.0 10.0 9.4
Tetragonal §(mm)? | 0.009 | 0.004 | 0.006 | 0.005 | 0.009 | 0.008 | 0.011
phase p(zem®) | 690 | 693 | 694 | 703 | 705 | 712 | 7.28
Strain ¢ 0.003 | 0.002 | 0.002 | 0.002 | 0.003 | 0.003 | 0.003
Monoclinic D (hm) 17.9 23.9 23.8 21.0 21.6 22.7 24.2
phase 8 (nm)” 0.003 | 0.0017 | 0.0022 | 0.0017 | 0.0021 | 0.0019 | 0.0017
p (g/cm3) 6.59 6.62 6.67 6.71 6.80 6.82 6.88
Strain € 0.001 | 0.0014 | 0.0016 | 0.0014 | 0.0015 | 0.0014 | 0.0013
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3.2 DSC analysis
Thermal analysis shows the suitable temperature for the calcination process to obtain

the desired structure and confirms the structure obtained from XRD analysis. Figure 4
shows the DSC scan for as-prepared pure zirconia and Cd-doped zirconia with selected
Cd concentrations (from x = 15% to x = 30%). It clearly shows that the peak for the
tetragonal phase is centred at around 450 °C for pure zirconia and around 500 °C for the
selected Cd ratios, with a small shift as indicated in the XRD data. This shift confirms
that with an increase in Cd percentage, the tetragonal phase forms at higher temperatures.
While the peak for the monoclinic phase is cantered around 800 °C for pure zirconia and
shifted towards a higher temperature for Cd-doped ZrO, ratios as a result of stabilizing
the tetragonal phase, these results are the proposed aim of this study. Furthermore, these
results agree well with those obtained from XRD measurements.

40

(™)

DSC(V)

100 200 300 400 500 600 700 800 900 1000

Tomperature ("C)

Figure 4: DSC for the as-prepared pure zirconia and Cd-doped zirconia with selected
cadmium concentrations.

3.3 phase composition analysis (FT-IR)

FT-IR spectroscopy was used to investigate the vibrational bonds of the pure and
Cd-doped zirconia in the tetragonal phase, as shown in Figure 5, in addition to detect any
changes that occur due to doping. The powder was calcined to the tetragonal phase at
500 °C for pure zirconia and at 600 °C for Cd-doped zirconia ratios. Pure zirconia
samples show only three peaks: a broad band exists around 3500 cm™, which corresponds
to the stretching vibrations of O-H; the other broad band is around 1600 cm™, which is
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related to the bending vibrations of O-H due to the presence of water on the gel particles
[26], and the peak at 493 cm™, which corresponds to the tetragonal stretching of Zr-O
[26, 27]. The obtained data are fully consistent with those presented in [28, 29].

FTIR spectra for Cdx@ZrO, (from x = 5% to x = 30%) reveal the same peaks as pure
ZrO,, with a small shift to a higher wavenumber region due to the change in the bond
lengths, which can be attributed to the introduction of Cd ions, in addition to three other
peaks. The peak around 3500 cm™ represents O-H stretching but is stronger than that for
the pure one, which suggests that adding Cd ions to the zirconia lattice increases surface
hydroxylation, and these hydroxyls are responsible for the tetragonal phase [19]. The
peak around 1620 cm™ represents O-H bending, and the peak exists between 470 cm™
and 500 cm™ for tetragonal Zr-O stretching as well. Besides the peaks appearing for pure
zirconia samples, there is a minor peak around 620 cm™ related to tetragonal Zr-O
bending [30], and a less intense peak between 900 cm™ and 990 cm™ for the t-zirconia
Zr = O stretching mode [28], which starts to appear in the 10% Cd-doped ZrO, as a result
of strengthening the tetragonal phase with doping. These peaks disappeared in the pure
zirconia and became clear in the Cd-doped zirconia. Therefore, FT-IR spectroscopy
confirms the formation of the tetragonal phase in pure zirconia and its enhancement in
Cd-doped zirconia nanoparticles, and these are significant results for the proposed aim
(stabilization of the tetragonal phase), which is consistent with XRD and DSC analyses.
Another additional peak is the characteristic peak for Cd-O stretching around 1100 cm™
[31], which is the main difference from the pure zirconia FT-IR. The assignments of
FT-IR bands are presented in Table 4.
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Figure 5: FT-IR spectra for pure zirconia and Cd-doped zirconia nanoparticles in the
tetragonal phase.
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Table 4: FT-IR vibrational bonds for pure zirconia and Cd-doped zirconia nanoparticles
in the tetragonal phase.

Sample name Wavenumber (cm™) Bond
around 3500 cm™ O-H stretching
Pure ZrO, around 1600 cm™ O-H bending
around 500 cm™ t-Zr-0 stretching
around 3500 cm™ O-H stretching
-1 _ -
Cd-doped ZrO, around 1620 cm 1 O-H bendlng
between 470-500 cm t-Zr-O stretching
around 620 cm™* t-Zr-O bending
between 900-990 cm™ t-Zr = O stretching
around 1100 cm™ Cd-O stretching

3.4 Elemental analysis (EDX)

To identify the elemental composition of the prepared samples and verify their purity,
EDX analysis, which is a qualitative method, was employed. The EDX analysis for pure
zirconia samples annealed at 500 °C (tetragonal phase), shown in Figure 6, reveals only
Zr and O peaks, with no significant impurities. While the Cd-doped zirconia samples
annealed at 600 °C (tetragonal phase), have Zr, O and Cd peaks. It is clearly
demonstrating that the intensity of Cd-related peaks increased as its percentage increased.
Table 5 shows that by increasing the Cd doping ratio, the Zr percentage decreased,
implying that Cd ions substituted Zr ions in the host lattice, resulting in a suppression of
the tetragonal to monoclinic transformation (stabilization). Therefore, we can conclude
that the EDX data are consistent with the XRD, DSC and FT-IR data.

Table 5: Elemental composition for selected samples of CdyZr;-«xO, (X = 5%, 10%, 20%
and 30%).

Element Zr 0] Cd
Wit.% At. % Wit.% At. % Wit.% At. %
Zr0, 78.0 38.9 20.9 59.3 0 0
5% Cd- ZrO, 73.6 35.5 23.0 63.1 35 14
10% Cd- ZrO, 66.7 30.1 26.2 67.4 7.0 2.6
20%Cd- ZrO, 51.0 23.7 25.4 67.4 235 8.9
30%Cd- ZrO, 50.5 23.7 25.0 67.0 24.4 9.3
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Figure 6: EDX spectra for pure zirconia and Cd-doped zirconia nanoparticles in the
tetragonal phase.

3.5 optical analysis

UV-Vis absorbance spectra were used to study how the optical properties of ZrO,
nanostructures changed when doped with different Cd ratios. The Beer-Lambert law
employed to compute the absorption coefficient (a) in terms of the absorbance A [32].

A (6)

Where c is the concentration of the suspension, L is the optical path length, and here is
1cm.

Tauc’s law [33], which describes the relationship between incident photon energy
and the absorption coefficient of semiconductor materials, was used to calculate the band
gap of the fabricated samples.

(chv)? = B(hv — Eg)" (7)

Where B is a probability constant, h is Planck’s constant, and v is the optical frequency,
so that hv is the energy of the incident photon, Ey is the optical band gap energy, and n is
an exponent whose value depends strongly on the type of the electronic transition.
Therefore, n takes 1/2 for the direct transition and 2 for the indirect transition.

In this study, Figure 7(a), (b), and Table 6 show that the pure tetragonal zirconia
prepared by the sol-gel technique has E; = 4.30 eV and that Cd-doped zirconia has
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Eg=2.80 eV, 2.70 eV, 2.25 eV, 2.10 eV, 2.00 eV, and 1.80 eV for x ratios of 5%, 10%,
15%, 20%, 25%, and 30%, respectively. This reduction in the optical band gap may be
due to the creation of high oxygen vacancies resulting from the introduction of cadmium
ions in the zirconia lattice. According to Osendi et al. [18] ‘anionic vacancies with
trapped electrons promote the early nucleation of t-ZrO,’. As a result, new energy levels
emerge near the top of the valence band and the bottom of the conduction band. These are
good results for Cd-doped zirconia compared to the results obtained by Ahmed W. et al.
[28], who used the facile co-precipitation method for Fe-doped zirconia and obtained an
optical band gap of 3.7 eV for pure zirconia, and 2.1 eV as the optimal value for
10% Fe-doped zirconia. They are also better than the results of Rajesh et al. [34], who
used the facile precipitation method and obtained an optical band gap of 5.12 eV for pure
zirconia and reduced it to 3.15 eV for 8% Ni-doped zirconia, and Rani et al. [35], who
used the sol-gel route, and obtained 5.32 eV for pure zirconia, then reduced it to 5.06 eV
for 7% Ag-doped zirconia nanoparticles.

Table 6 indicated that for zirconia doped with different Cd ratios and annealed at
600 °C (tetragonal phase), both the band gap and the crystallite size decreases, which
contradicts the general assumption that the band gap decreases as the size increases. We
can explain this contradiction in terms of the temperature as follows: The tetragonal
phase starts at different temperatures for different ratios. For example, with 5% Cd-doped
zirconia, the tetragonal phase starts at 200 °C (Figure 1(b)), and continues to 600 °C, at
which it has the largest crystallite size for the tetragonal phase, then it begins to mix with
93.6% monoclinic at 700 °C. On the other hand, for 30% Cd-doped zirconia, the
tetragonal phase starts at 500 °C (Figure 1(e)), and continues to 700 °C (Figure 2(b)), so
it has the smallest crystallite size at 500 °C.
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Figure 7 (a): Tauc’c plot, and (b) optical band gap for pure zirconia and Cd-doped
zirconia with different cadmium concentrations in the tetragonal phase.
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3.5 morphological analysis (SEM)

To qualitatively evaluate the microstructure of the synthesized samples, scanning
electron microscopy (SEM) is carried out. Figure 8 shows the SEM images of pure and
Cd-doped zirconia for the selected ratios of (x = 5%, 10%, 15%, and 30%) and annealed
at 600 °C (tetragonal phase). It is evident from the figure that pure and Cd-doped zirconia
have the same morphology and that the produced nanoparticles have an irregular sheet
shape, a quasi-symmetrical morphology and a uniform size distribution. It can be clearly
observed that these sheets were covered with small spherical agglomerates
(more compact); the particles are connected to each other in a random manner, which is
why agglomeration and neck formation occur with increasing the ratio of Cd doping.

Cdo@zroz Cd5@zr02 Cdlo@ZFOZ Cd15@Zr02 Cdgo@Zl’Oz

Figure 8 (a): SEM images for pure zirconia, (b) SEM images for 5% Cd-doped zirconia,
(c) SEM images for 10% Cd-doped zirconia, (d) SEM images for 15% Cd-doped
zirconia, () SEM images for 30% Cd-doped zirconia. All have the same magnifications
(15 KV *1000).

4. CONCLUSION

Pure zirconia NPs and Cdy@ZrO, (0<x>30) were successfully synthesized by
using the sol-gel method. XRD patterns demonstrated that pure zirconia is amorphous
below 400 °C and started its tetragonal phase crystallization from 400 °C to 500 °C, then
transformed to a mixed phase (T+M) with a very small tetragonal ratio at 600 °C and
went to a complete monoclinic phase at 800 °C. While for small ratios of Cd-doped
zirconia (X = 5% and 10%) started with the tetragonal phase at an annealing temperature
of 200 °C, the mixed phase started at a temperature of 700 °C, and finally a nearly
complete monoclinic phase at 800 °C. Furthermore, for a large ratio of Cd-doped samples
(x = 30%), the tetragonal phase appeared at 500 °C but remained till 700 °C and directly
transitioned to the monoclinic phase at 800 °C. Therefore, adding Cd ions to the ZrO,
lattice stabilizes the tetragonal phase, which is the most important phase for zirconia
applications. This stabilization occurred at much lower temperatures, for a wider range of
temperatures, and up to higher annealing temperatures than that for pure zirconia.
Stabilization of the tetragonal phase was also confirmed using DSC and FT-IR analyses,
in which DSC revealed that the peak related to the tetragonal phase was around 450 °C
for pure zirconia and around 500 °C for all Cd ratios-doped zirconia, but the peak related
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to the monoclinic phase appeared around 800 °C for pure zirconia and above for
Cd-doped zirconia. FTIR spectroscopy revealed only hydroxyl group peaks and the peak
related to stretching t-ZrO, for pure zirconia, but FTIR for Cd-doped zirconia shows the
characteristic peak related to Cd-O and more peaks for t-Zr-O than those in pure zirconia.
The detection of Zr, Cd, and O using energy dispersive X-ray spectroscopy (EDX)
confirms the proposed formation of CdxZr;«O, nanoparticles. UV-visible spectroscopy
shows a reduction in the optical band gap from 3.1 eV for pure zirconia to 1.8 eV for 30%
Cd-doped zirconia. SEM images indicate that Cd-doped zirconia have the same
morphology; they are irregular sheets with a quasi-symmetrical shape.
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