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Abstract: Zirconia has its place in the biomedical industry because of its mechanical strength, bio-
inertness, and physiochemical properties. Zirconia was synthesized and doped with Terbium (Tb), a
lanthanide that was reported to show a photoluminescence property, which was a major characteristic
for carcinogenic studies. Zirconia and Tb doped Zirconia were synthesized using the co-precipitation
technique and were sintered at a temperature ranging from 900 to 1200 ◦C. The Zirconia sample
and Tb doped Zirconia were thus studied for structural diversities using the X-ray powder diffrac-
tion technique (XRD), FTIR, FE-SEM, and TEM. From XRD, Zirconia phase transformation from
monoclinic to tetragonal phase was observed, which signified limited fracture, elasticity, and crack
formation. It was evident that Terbium stabilized the tetragonal phase of Zirconia, which reportedly
shows mechanical properties, which include fracture toughness and flexural strength. The particle
size of the Zirconia was comparatively more than the Tb doped Zirconia. The particle size of Zirconia
ranged between 176 nm and 393 nm and the particle size of Tb doped Zirconia ranged between
110 nm and 343 nm. The biocompatibility of both the samples was tested using an Mg-63 cell line,
and the cell viability was observed to be higher in Tb doped Zirconia when compared to the undoped
Zirconia sample.

Keywords: Zirconia; Terbium; XRD; FTIR; FE-SEM; TEM; biocompatibility

1. Introduction

Zirconia is a ceramic that has been in the biomedical industry for years because of
its important applications. Zirconia at ambient pressure and higher temperatures exists
in three forms: at a temperature less than 1170 ◦C, Zirconia shows a monoclinic phase, at
a temperature ranging from 1170 to 2370 ◦C, Zirconia shows a tetragonal phase, and at
temperatures greater than 2706 ◦C, Zirconia shows a cubic phase [1–5]. Zirconia has various
advantages such as biocompatibility, the proliferation of cells, better osseointegration, it is
radiopaque, and it does not stock up in the tissues [6–9]. Zirconia exhibits great toughness,
mechanical strength and the most important feature of Zirconia is it prevents propagation
of cracks during phase transformation from the monoclinic to tetragonal phase [10,11].

Zirconia has been popular because of its inertness, i.e., it does not react chemically or
biologically within the bodily environment [12–15]. Zirconia has not been a great success as
a biomaterial, about 20 years ago, it proved to be a catastrophic failure in orthopedics due
to hydrothermal aging; however, it remains significant in the dental ceramics field. Zirconia
shows tremendous mechanical properties along with physicochemical properties when it
exists in the tetragonal phase [16]. The tetragonal phase of Zirconia is usually stabilized by
doping it with Yttria, Magnesia, Ceria, and Calcia [17–20]. A study showed that partially
stabilized Zirconia exhibits a good fracture toughness when compared to other phases of
Zirconia [21].

Zirconia coatings are cytocompatible and bioinert [22–24]. A study showed that the
bioactivity of Zirconia can be improved by modifying the Zirconia-coated implant surface
with micro-arc oxidation and exposing it to UV light [25]. Monoclinic Zirconia exhibited
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excellent bioactivity along with the proliferation of cells and adhesion when tested on
MG-63 cell lines. The Zirconia-Hydroxyapatite composite showed better biocompatibility,
bioactivity, and bonding strength [26–29].

The use of nanoparticles in medicine is a rapidly growing research field with numerous
potential applications, especially in the field of cancer diagnosis and therapy. Nanoparticles
can be intrinsically diagnostic or therapeutic, or they can be conjugated with diagnostic or
therapeutic compounds. Nanoparticles may also passively or actively target cancer cells
specifically using the enhanced permeation and retention (EPR) effect or the addition of
targeting ligands to their surface. Trivalent Terbium ions have an electronic structure 4f8

and exhibit luminescence mainly due to 5D4 to 7FJ transitions. The partially stabilized
Zirconium dioxide exhibited broad host-related emission peaking at 500 nm, disappearing
with the Terbium content and Terbium stabilization of ZrO2 influenced the luminescence
properties. The development of Tb-doped ZrO2 nanoparticles (NPs) is mainly used for ap-
plication in cancer imaging. One of the studies confirmed alimentary absorption and wide
distribution of luminescent ZrO2: Tb nanoparticles in mice with their gradual accumulation
in the experimentally induced mammary cancers [30].

Zirconia acts as an outstanding host for Terbium which resulted in green luminophores [31].
Terbium is popular for its magnetic and luminescence properties. A study showed that
Terbium stabilized the tetragonal phase of Zirconia and showcased various luminescence
properties to the limelight. A study on luminescent properties of Terbium showed that
Terbium emits in the blue-green spectrum range, which concluded that Terbium is sensitive
to higher ranges of temperatures. Tb+3 ions exhibit luminescent properties, and the results
were not favorable because of the formation of the Tb+4 ion [32].

In this paper, pure Zirconia and Tb stabilized Zirconia was prepared by the coprecipita-
tion method. Zirconia was doped with various concentrations of Terbium (2–8%) to analyze
various properties exhibited by the composite, which is considered to be a novel approach
in this work, since not much research has been found with different concentrations of
Terbium doped with Zirconia samples. These composites were used to analyze the particle
size using FESEM and TEM. Phase transformation using XRD for the composite material
was tested for future biomedical applications.

2. Materials and Methods
2.1. Synthesis of Zirconia

The Zirconium precursor used was 1M Zirconium oxychloride octahydrate (ZrOCl2·8H2O)
in distilled water. In total, 2M NaOH was added to the 1M ZrOCl2·8H2O solution and
stirred for 2 h, and the pH was checked and was maintained around 9. Once the stirring
process was complete, the solution was kept aside to age for 24 h. The aged solution was
washed using acetone to remove acid residues. The acetone wash was followed by drying
the solution overnight. Any possible residues were further removed by washing with
distilled water wash, dried overnight, and finally sintered at 900 ◦C, 1000 ◦C, 1200 ◦C, and
1300 ◦C.

2.2. Synthesis of Terbium Doped Zirconia

ZrOCl2·8H2O was dissolved in 50 mL distilled water. Various concentrations of
Terbium such as 2%(1 gm), 4%(2 gms), 6%(3 gms), and 8%(4 gms) were dissolved in 50 mL
distilled water and added to a 1M ZrOCl2·8H2O solution and stirred. After 15 min, 2M
NaOH solution was added to the solution. The prepared solution was stirred for 2 h and
left aside for 24 h. Later, the solution was washed using acetone and dried overnight.
The minute contaminations were removed by washing with distilled water and drying
overnight. The dried sample was sintered at 1300 ◦C.

2.3. Characterization

The Zirconia sample and Terbium doped Zirconia were characterized using XRD,
FTIR, TEM, FESEM, and for photoluminescence. XRD (BRUKER D8 Advance) was used for
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phase identification, and FTIR spectrophotometry (IR Affinity I, Shimadzu, Kyoto, Japan)
was used to analyze the functional groups attached. FESEM (Thermo Fisher FEI-Quanta
250 FEG) and TEM (TEM-Tecnai, G2 20 Twin) were used for microstructural analysis.
Photoluminescence (Fluorescence Spectrophotometer, Hitachi F7000) was analyzed for the
Zirconia sample and Terbium doped Zirconia (2–8%).

2.4. Biocompatibility

The doped and undoped Zirconia samples were tested in a biological environment
to analyze whether they would be able to survive. An Mg-63 (osteoblast) cell line were
used to check the biocompatibility. Then, 96-well plates were used in which Mg-63 cells in
DMEM (Dulbecco’s modified Eagle medium) with 10% fetal bovine serum and 1X antibiotic
antimycotic solution were plated and incubated at 37 ◦C with 5% CO2 in a CO2 incubator.
The compound with several concentrations in a media, which was free of serum, was used
to treat the cells before which, a wash step was performed on the cells using 200 microliters
of 1X PBS. Later, an MTT assay was added to the cells and incubated for 4 h at 37 ◦C.
Once the incubation was complete, the cells were washed with PBS, before which, the
medium with MTT was discarded. DMSO was used to dissolve the crystals. A microplate
reader was used to measure the absorbance at 570 nm.

3. Results and Discussion
3.1. FTIR

From Figure 1, it is observed that the band 3414 cm−1 describes the stretching vibration
of the OH group, and band 1663 cm−1 expresses the bending vibration of the OH group.
The stretching and bending were due to the distance between the bonds of two atoms that
can be caused by vibration and angle of the bond due to vibration, respectively. The spectra
from Z2-1 to Z4 showed the significant peaks of Zirconia oxide without any existence of
carbonate and nitrate peaks. From Figure 2, after stabilizing Zirconia with Terbium, there
was no effect in the functional group related to Zirconia. The peaks ranging between 420
and 470 cm−1 outline the stretching mode of Zr-O. The peaks in the range of 700, 501,
470–476, 450, 400 cm−1 define the tetragonal phase of Zirconia [18,19]. This was further
evidenced by the XRD pattern.
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Figure 1. FTIR of Zirconia.

3.2. XRD Analysis

The XRD results of the Zirconia sample showed the monoclinic phase of Zirconia
when sintered at 900◦, 1000◦, 1200◦, and 1300 ◦C. Figure 3a represents the raw peak of
XRD analysis performed on an unsintered Zirconia sample. From Figure 3a, the peaks
at 2θ = 24.2◦, 28.2◦, 31.4◦, 34.3◦ were compared to JCPDS file no.37-1484 and confirmed
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to be the monoclinic phase of Zirconia. The peaks occurring before 2θ = 24.2◦ are due to
the deficiency of oxygen in Zirconium oxide. Figure 3b shows the XRD result, the various
concentrations of Terbium doped Zirconia.
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It was observed that 2% Tb-Zirconia showed a monoclinic phase with fewer intensity
peaks. The 4% Tb-Zirconia showed the slow phase transformation from a monoclinic
phase to tetragonal phase. The 6% Tb-Zirconia showed a combination of monoclinic and
tetragonal phases of Zirconia. When Zirconia was doped with 8% Terbium, peaks at
2θ = 30.2◦, 35.2◦, 50.6◦, and 60.2◦ were observed, which was confirmed as a tetragonal
phase of Zirconia through JCPDS file no. 80-0965. Therefore, the Tetragonal phase of
Zirconia was stabilized, as it has mechanical properties to offer.

3.3. FE-SEM

FE-SEM provides a greater magnification with good resolution at lower accelerating
voltages. From Figure 4, it was observed that particles existed in a cylindrical shape
and their size ranged between 176 nm and 393 nm. From Figure 5, the particles were
observed to exist in a spherical shape, and the particle size ranged between 110 nm and
343 nm. The range of particle size was observed to be less in Terbium doped Zirconia
when compared to undoped Zirconia. Particle size ranging in nanoscale, has an advantage
in drug delivery, has greater effective surfaces and generally promotes the growth of the
bone cells, and affects the resorption rate. Particle agglomeration was observed, which was
because of the collision of particles during the stirring and aging procedures. Figure 5c
shows clouding, which was seen as one particle surrounded by another, which in turn
indicates that Terbium has been successfully doped into Zirconium.

3.4. TEM

TEM images portrayed a greater magnification, where the structural details of the
samples were studied. From Figure 6, the diffraction was different for different regions
and orientations of the crystal, and thus, there arose a difference in diffraction contrast.
The contrast observed was because of the spherical-shaped particles wherein the electrons
have to travel short distances at the edges, so, it was brighter at the edges, whereas the
electrons had to take a longer path, so, it was darker towards the center of the particle.
The particles were observed to be in spherical and rod shapes. From Figure 7, there was
agglomeration observed and the spherical Zirconia particles were observed to be clouded
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by the Terbium particles. From Figure 8a,b, the distance ‘d’ between two layers of undoped
and doped sample crystals was observed to be 0.37 nm and 0.278 nm, respectively. The
distance between the two layers was comparatively less in the doped sample. Thus, the
obtained ‘d’ was used to calculate Bragg’s equation, which explains the relationship of
reflected X-rays from the surface of the crystal.

Condens. Matter 2022, 7, 20 5 of 14 
 

 

 

 

Figure 3. (a) XRD of Zirconia and (b) XRD of Terbium doped Zirconia. 

It was observed that 2% Tb-Zirconia showed a monoclinic phase with fewer 
intensity peaks. The 4% Tb-Zirconia showed the slow phase transformation from a 
monoclinic phase to tetragonal phase. The 6% Tb-Zirconia showed a combination of 
monoclinic and tetragonal phases of Zirconia. When Zirconia was doped with 8% 
Terbium, peaks at 2Ө = 30.2°, 35.2°, 50.6°, and 60.2° were observed, which was confirmed 
as a tetragonal phase of Zirconia through JCPDS file no.80-0965. Therefore, the 
Tetragonal phase of Zirconia was stabilized, as it has mechanical properties to offer. 

  

Figure 3. (a) XRD of Zirconia and (b) XRD of Terbium doped Zirconia.



Condens. Matter 2022, 7, 20 6 of 13

Condens. Matter 2022, 7, 20 6 of 14 
 

 

3.3. FE-SEM 
FE-SEM provides a greater magnification with good resolution at lower accelerating 

voltages. From Figure 4, it was observed that particles existed in a cylindrical shape and 
their size ranged between 176 nm and 393 nm. From Figure 5, the particles were observed 
to exist in a spherical shape, and the particle size ranged between 110 nm and 343 nm. 
The range of particle size was observed to be less in Terbium doped Zirconia when 
compared to undoped Zirconia. Particle size ranging in nanoscale, has an advantage in 
drug delivery, has greater effective surfaces and generally promotes the growth of the 
bone cells, and affects the resorption rate. Particle agglomeration was observed, which 
was because of the collision of particles during the stirring and aging procedures. Figure 
5c shows clouding, which was seen as one particle surrounded by another, which in turn 
indicates that Terbium has been successfully doped into Zirconium. 

 
Figure 4. FE-SEM of Zirconia with magnification at different scales (a) 5 µm, (b) 4 µm, (c) 1 µm, and 
(d) 500 nm. 

Figure 4. FE-SEM of Zirconia with magnification at different scales (a) 5 µm, (b) 4 µm, (c) 1 µm, and
(d) 500 nm.

Condens. Matter 2022, 7, 20 7 of 14 
 

 

 
Figure 5. FE-SEM of Terbium doped Zirconia with magnification at different scales (a) 5 µm, (b) 4 
µm, (c) 1 µm, and (d) 500 nm. 

3.4. TEM 
TEM images portrayed a greater magnification, where the structural details of the 

samples were studied. From Figure 6, the diffraction was different for different regions 
and orientations of the crystal, and thus, there arose a difference in diffraction contrast. 
The contrast observed was because of the spherical-shaped particles wherein the 
electrons have to travel short distances at the edges, so, it was brighter at the edges, 
whereas the electrons had to take a longer path, so, it was darker towards the center of 
the particle. The particles were observed to be in spherical and rod shapes. From Figure 7, 
there was agglomeration observed and the spherical Zirconia particles were observed to 
be clouded by the Terbium particles. From Figure 8a,b, the distance ‘d’ between two 
layers of undoped and doped sample crystals was observed to be 0.37 nm and 0.278 nm, 
respectively. The distance between the two layers was comparatively less in the doped 
sample. Thus, the obtained ‘d’ was used to calculate Bragg’s equation, which explains the 
relationship of reflected X-rays from the surface of the crystal. 

From Figure 9a, the EDAX of the Zirconia sample showed Zirconia and O peaks. 
EDAX of the 8% Terbium doped Zirconia showed both Zirconia and Terbium peaks. 
Zirconia peaks were designated together with Tb and O peaks as observed in Figure 9b. 
The appearance of Cu peaks is the result of the copper grid. C peaks are the results of a 
carbon-coated copper grid. No other peaks were evident from the figures indicating that 
the composition was pure. 

Figure 5. FE-SEM of Terbium doped Zirconia with magnification at different scales (a) 5 µm, (b) 4 µm,
(c) 1 µm, and (d) 500 nm.



Condens. Matter 2022, 7, 20 7 of 13
Condens. Matter 2022, 7, 20 8 of 14 
 

 

 
Figure 6. TEM images of Zirconia at different scales (a) 1 µm, (b) 200 nm, (c) 100 nm, and (d) 1 nm. 

 
Figure 7. TEM images of Terbium doped Zirconia at different scales (a) 100 mm, (b) 5 µm, (c) 0.5 
µm, and (d) 200 nm. 

Figure 6. TEM images of Zirconia at different scales (a) 1 µm, (b) 200 nm, (c) 100 nm, and (d) 1 nm.

Condens. Matter 2022, 7, 20 8 of 14 
 

 

 
Figure 6. TEM images of Zirconia at different scales (a) 1 µm, (b) 200 nm, (c) 100 nm, and (d) 1 nm. 

 
Figure 7. TEM images of Terbium doped Zirconia at different scales (a) 100 mm, (b) 5 µm, (c) 0.5 
µm, and (d) 200 nm. 

Figure 7. TEM images of Terbium doped Zirconia at different scales (a) 100 mm, (b) 5 µm, (c) 0.5 µm,
and (d) 200 nm.



Condens. Matter 2022, 7, 20 8 of 13Condens. Matter 2022, 7, 20 9 of 14 
 

 

 
Figure 8. TEM images with distance ‘d’ between two layers of the particle of (a) Zirconia and (b) 
Terbium doped Zirconia. 

 

Figure 8. TEM images with distance ‘d’ between two layers of the particle of (a) Zirconia and
(b) Terbium doped Zirconia.

From Figure 9a, the EDAX of the Zirconia sample showed Zirconia and O peaks. EDAX
of the 8% Terbium doped Zirconia showed both Zirconia and Terbium peaks. Zirconia peaks
were designated together with Tb and O peaks as observed in Figure 9b. The appearance
of Cu peaks is the result of the copper grid. C peaks are the results of a carbon-coated
copper grid. No other peaks were evident from the figures indicating that the composition
was pure.

3.5. Photoluminescence Property

Figure 10 shows the results obtained after performing fluorescent spectroscopy on
Zirconia and Terbium doped Zirconia (2–8%). From Figure 10, the excitation at 285 nm
showed emission spectra at 200–280 nm in the Zirconia sample (S1) and all the concen-
trations of Terbium (S2–S5) [33–35]. The emission spectrum was commonly observed at
547 nm for all the compositions from S2 to S4. S1 was observed to have peaks within the
ranges of 430.6–472.0 nm, 481.6–495.8 nm, and 512.0–568.8 nm. S2 was observed to have
peaks in the range of 366.8–472.2 nm and 553.4–565.2 nm. S3 displayed peaks in the range
of 432.8 nm-472.0 nm, 481.2–497.2 nm, 525.6–548.2 nm, and 554.2–570.6 nm. S4 showed
peaks at 398.8–440.8 nm, 479.4–494.8 nm, 528.2–548.4 nm, and 555.0–567.2 nm. S5 displayed
peaks at 444.8–495.6 nm, 525.8–548.2 nm, and 553.0–574.2 nm. A sudden increase in the
intensity of the band was observed in S2, and the intensity decreased with the increase
in the Terbium concentration. The transition state of Terbium 5D4 to 7F5 resulted in the
emission spectrum ranging between 530 and 560 nm, and 5D4 to 7F6 results in the emission
spectrum ranging between 480 and 510 nm [33–35].
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3.6. Biocompatibility

The samples were tested for any possible adverse effects. Graphs were plotted
with concentration along the x-axis and percentage of cell viability along the y-axis.
From Figure 11a,b, the cell viability decreased as the concentration increased from 50
to 250 µg/mL in both undoped and doped samples. Cell viability was observed to be more
in the doped sample at every concentration tested when compared to the undoped sample.
Biocompatibility of a material defines whether the implant material releases components
into the bodily environment and the cell viability. The biocompatibility of material usually
depends on the effect of bodily fluids, force applied, and pH of the surrounding environ-
ment. The attachment of host cells or bacterial cells is generally based on the properties of
the surface. The composition of the sample, physical form, surface reactivity, and impurities
present usually influence the test results [33,34]. From the optical microscopy, Figure 12,
showed the presence of both live and dead cells. From Figure 12e, dead cells (spherical
shaped cells) were more in the Zirconia sample when compared to the Terbium doped
Zirconia sample [35–37].
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(a,f) 250 µg/mL, (b,g) 200 µg/mL, (c,h) 150 µg/mL, (d,i) 100 µg/mL, and (e,j) 50 µg/mL.

4. Conclusions

In this paper, Zirconia and Terbium doped Zirconia were synthesized using the co-
precipitation method and were studied in detail using various characterization techniques.
Biological activity was studied on the Mg-63 cell line. The XRD of 8% Tb doped Zirconia
showed phase transformation from monoclinic to the tetragonal phase when sintered at
1200 ◦C for 2 h. There was no possible contamination of other functional groups, and pure
Zirconia and Terbium doped Zirconia were observed from FTIR analysis. The microstruc-
tural diversities were studied in detail with the help of FE-SEM and TEM and the particle
size was seemingly reduced for 8% Terbium doped Zirconia. EDAX showed the presence of
a pure form of Zirconia and Terbium doped Zirconia. The biocompatibility test of Zirconia
and Terbium doped Zirconia showed that the cell viability of Zirconia was 63.42%, whereas
the cell viability of 8%Terbium doped Zirconia was observed to be 79.38%. Therefore, a
Terbium doped Zirconia composite can be used for biomedical applications. In addition to
the work carried out in this paper, a detailed analysis of the cytocompatibility of Tb doped
Zirconia composite samples needs to be determined. The future work on biocompatibility
studies will involve the influence of mesenchymal stem cells on Terbium doped Zirconia
samples. Antibacterial activity will also be carried out in the future.
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