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ABSTRACT

In this work, we have five samples of NiO Nanoparticles (NPs) embedded in tellurite glass system of composition
Neodymium doped tellurite nanostructured glass having a composition of (72.5-x)TeO,-15MgO-10Nay0-
2.5Nd,03-(x)NiO, x = 0.5, 1.0, 1.5, 2.0, 2.5 mol% has successfully been completed by melt-quenching proce-
dure. Structure of crystallization is determined using XRD technique verifies amorphous natures of produced
glass. Differential thermal stability analyser (DTA-Parkin-Elmer) is utilized to illustrate the thermal stability of a
sample at a temperature ranged from 300 to 600 °C. A Transmission Electron Microscope (TEM) is used to detect
the presence of NiO NPs and High-Resolution Transmission Microscope (HRTEM) is utilizing to measure the d-
spacing of the NPs. The structure in glass network is identified by FT-IR and Raman spectrometer. The elemental
trace in the glass sample is detected using the energy dispersive of X-ray (EDX) analysis. Meanwhile, magne-
tization measurements are carried out using Variable sample magnetometer (VSM). The transition temperature,
T, is found at 388 °C, the melting temperature T, is ranged at 530-540 °C depending on composition while the
thermal stability is around 117 °C. The structural and magnetic properties of the glass samples are observed to be
delicate to NiO NPs concentration variations. The d-spacing at (111) plane having a size of 0.24 nm proves the
presence of NiO NPs. The glass network contains of bending vibrations of Te-O-Te linkages centred at
448 cm ™~ 'which is also the stretching band of NiO mode. It is also found that the glass structure is dominated
with the existence of TeO3, TeO3 ., and TeO, tribypiramidal. The glass system reveals paramagnetic behaviour
by magnetic hysteresis at room temperature with Hc values were observed to be decreased from 610 + 30.5 to
139 = 6.95 (Oe) and ratio of (Mr/Ms) from 0.153 = 0.008 to 0.071 * 0.004with the increase of NiO NPs
concentration.

1. Introduction

applications [9,10]. However, the phosphate host materials are known
to be lack of durability, thus it need to be substituted with more suitable

International progress in tellurite glasses modified with rare earth
oxides (R.E.) or transition metal ion (T.M.) have been published caused
by their interesting properties [1-5].Tellurite glass is widely known due
to better glass stability, high non-linear refractive index, highly corro-
sion resistance and unaffected to moisture for long periods compare to
those of silicate, phosphate and fluoride glasses relatively. This implies
that tellurite glasses are suitable for optical fibres, modulators, non-
linear and laser applications [6-8]. Tellurium oxide is considered as
alluring hosts for dynamic medium, considering their low phonon vi-
tality and low liquefying temperature. So, adding a glass modifier en-
hances glass formation ability (GFA) through the breaking chain of
structural unit and changes in structural formation unit. Neodymium
doped phosphate laser glass had been used in many commercial
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host materials. The combination of tellurite oxide and neodymium
oxide offers novel and high optical efficiency in laser glass [11].
Recent technological applications have generated more attraction in
the studies of NPs of magnetic materials due to their properties which
usually vary from bulk materials. They have important applications in
magnetic data-storage media, in magnetic liquids (ferrofluids), i.e.
stable suspensions of magnetic NPs, in magnetic beads that are applied
in biotechnology, for contrast enhancement in magnetic resonance
imaging (MRI), and for the target drug delivery [12]. In this regard,
tellurite glasses embedded with magnetic metallic NPs system has also
gained a massive interest. The incorporation of magnetic metal NPs in
glass improve the electrical field around rare earth and produce
quantum effect to increase the optical efficiency of the glass system
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[13]. Among magnetic metal NPs, NiO NPs are particularly attractive
due to their beneficial magnetic and electronic properties. They can be
applied in the gas sensor, lithium - ion battery, p - type semiconductors
(cubic, 3.5 eV), alkaline battery cathode and electrochemical capacitors
[14-16].1t also exhibits anodic electrochromy, excellent durability,
electrochemical stability, and high optical spin density. A recent study
on NiO NPs has shown that NPs with an average diameter of 3-24 nm
exhibit superparamagnetic along with magnetic hysteresis under a
blocking temperature [17]. Other reported that small amount of NiO
particles were known to be super - paramagnetic [18] while for pure
NiO, it exhibits antiferromagnetic ordering with plane of opposite spin
[19].

Although the behaviour of local environment of NiO NPs has been
well established, advanced investigation on the influence of NiO NPs
embedded in tellurite glass on the structural characteristics and mag-
netic properties are still deficient. Thus, in this research, the thermal,
structural and magnetic properties of (72.5-x)TeO5-15MgO-10Na,O-
2.5Nd,03-(x)NiO glasses are studied using XRD, TEM, HRTEM, EDX,
DTA, FTIR and Raman spectroscopy techniques. All the results will be
discussed in detail with respect to composition.

2. Experimental work

The glasses with nominal composition of (72.5-x)TeO,-15MgO-
10Na,0-2.5Nd,03-xNiO with x = 0.5, 1.0, 1.5, 2.0, 2.5 mol% are made
through melt quenching method. By mixing the oxides, batches of 20 g
of well - mixed starting materials were prepared. Then, the well - mixed
raw material is melted in an electric furnace at 900 °C in platinum
crucible for half an hour. After that, the melts were quenched on a pre-
heated stainless-steel mould at 300 °C before cooling gradually down to
the room temperature. The obtained glass samples are named as
0.5NiO, 1.0NiO, 1.5NiO, 2.0NiO and 2.5NiO for x = 0.5, 1.0, 1.5, 2.0,
and 2.5 respectively. The X-ray diffraction (XRD) measurement is done
on a relatively fine powder by CuKa radiation at 40 kV, 30 mA utilizing
Siemens Diffractrometer D5000 to identify the amorphous nature of
glass. The differential thermal stability analyser (DTA-Parkin-Elmer) is
utilized to illustrate thermal stabilities of sample in the range of
300-600 °C. The energy dispersive X-ray spectrometer (model Swift
ED3000 EDX) was utilized to perceive elemental traces of glass samples.
The existence of NiO NPs is noticed utilizing Transmission Electron
Microscope (TEM) (model Philips CM12 along with Docu Version 3.2
and High-Resolution Transmitted Electron Microscope (HRTEM)func-
tioned at a voltage acceleration of 20 kV. All infrared spectrum of the
glass isnoted at the room temperature (25 °C) utilizing a Perkin-Elmer
Spectrum on FTIRspectrometer over the ranged 4000400 cm ™~ 'by 10
scans419at 4cm™ ! resolutions. The Raman spectra are measured
through a confocal Horbia Jobin Yvon (HR800 UV) at the spectral
ranged 200-2000 cm ™', with the laser power on the samples being
1000 mW. Magnetization measurements are carried out using Variable
Sample Magnetometer (VSM).

3. Result and discussions

Table 1 shows the formation, colour and transparency of produced
glass samples (72.5-x)TeO,-15Mg0-10Na,0-2.5Nd,05-(x)NiO, x = 0.5,
1.0, 1.5, 2.0, 2.5 mol%. All samples are transparent and slightly change
in colour from green yellowish to light brown. Fig. 1 displays the dis-
ordered nature of the glass sample in the 2.5NiO glass spectra as con-
firmed by XRD measurement. The XRD pattern verifies the glass is in
the amorphous states, as indicated by the absence of sharp peaks with a
broad hump for 26 around the region 20-35°. Fig. 2(a) demonstrates the
TEM images for 2.5NiO glass. The selected area in Fig. 2(a) is accep-
table to predict the size of NiO NPs. Some black non-spherical spots
having various shapes and sizes are visibly distributed inside the glass
network. The inset of the Fig. 2(a) demonstrates the size of NiO NPs is
observed to be gaussian having an average diameter 4.9 nm. Fig. 2(b)
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clearly shows the sample SAED pattern suggesting strong bright dif-
fraction spots revealed single crystalline cubic nickel oxide formation
[20-23]. The appearance of NiO NPs lattice spacing for sample in HR-
TEM image is shown in Fig. 2(c). The estimated distance between
crystal lattice spacing is about 0.24 nm corresponding to (111) crystal
facet of NiO NPs which matched with JCPDS card no. 00-004-0835
[24] and 03-065-5745. Fig. 2(d) demonstrates an optical absorption
spectrum of the bulk samples (=2.0 mm thick) with seven absorption
bands of; (*P1,2, *Ds/2),(*G7/2),(*Gs 2, Gy/2), (*Fos2),(*Sz/2, *Fr,2),
(®Ho 2, *Fs,/2) and(*F3,,) as explained in previous report [25]. It can be
seen in the present glasses that optical absorption edge has no sharp
peaks indicates their glassy nature [26]. It is observed that the cut-off
wavelength is in the range of (367-370) nm which indicate the limiting
absorption at UV range. This result is in agreement with the other
tellurite glass system reported elsewhere [27].

Creation of NiO NPs is as cribbed to nucleation and growth and
process, where potential for reducing redox system elements is de-
monstrated as follows:

Nd*+/Nd** = 2.6 V
Nd**/Nd® = -2.32V
Tef*/Te*t = 1.02V
The reduction procedures involved areas follows:
Te*t + 2Nd?** = Te®* + 2Nd**&AE® = —6.22V
3Te** + 2Nd3+ = 3Teb+ + 2Nd°&AE’ = —7.70 V
NiO = Ni2* + 02

where AE? is the total of reduction process. Furthermore, NiO does not
have AE® due to the bonding between Ni and O cannot be broken. The
existence of NiO NPs in a glass may be strengthened by HRTEM lattice
spacing, TEM images and EDX result. The calculated optical spectrum
of nanosized nickel SPR absorption was reported to be between 300 and
400nm [28]. Besides, this result is consistent with other reports
[29,30]. Fig. 3(a) illustrates the distribution of elements in 2.5NiO
glass. It can seemly be observed that Te, Mg, Nd, and Ni elements are
randomly distributed among each other in scale of 5um image. How-
ever, the blue colour for these NPs cannot be seen clearly because of too
small particle size (= 4.9 nm) of NiO NPs and low composition content
of NiO (2.5 mol%), in line with Fig. 1 that cannot be detected by XRD
either. However, EDX spectrum reveals some weak peaks of Ni from
spectra as shown in Fig. 3(b). Table 2 encapsulates the details of the
data collected from EDX. It shows the experimental and calculated
weight of elements for the 2.5NiO glass sample. From Table 2, it can be
seen that some Ni elements are detected which confirmed that the black
spots showed in Fig. 2(a) are indeed NiO NPs.

Fig. 4 shows the DTA thermogram for the present (72.5-x)TeO»-
15MgO0-10Na,0-2.5Nd,05-(x)NiO, x = 0.5, 1.0, 1.5, 2.0, 2.5 mol% and
glass crystallization temperature (T.), transition temperature (Tg) and
melting temperature (T,,) have been tabulated in Table 3. It indicates
one blunt endothermic hump pertaining to T, at about 338 °C which
due to arrangement of NiO in the glass system [31]. Another en-
dothermic band is corresponded to Ty, in the range 530-540 °C. The
exothermic peak at about 455 °C is translated for T.. The glass stability
(AS) and the Hruby (Hg) are the ways to evaluate the glass thermal
stability [32].These equations are defined as follows [33]:

AS = (T, — T €
Hy = (T, — T)/(Ty — T) ®)

The AS of 2.5% NiO discovered the maximum thermal stability
around 117 °C which is considered to be stable, in good agreement with
the preceding value of AS when it is > 100 °C [34]. While the value of
Hgis1.52 that can be defined as the denominator of growth rate and
nucleation rate [32]. These values are also consistent with the one
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Table 1
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:The nominal composition of(72.5-x)Te05-15Mg0-10Na,0-2.5Nd,05-(x)NiO, where 0 < x < 2.5 mol% glasses.

Sample
No.

Nominal composition (mol%)

Color Samples figure

TeO>

MgO

NaxO

Nd203

NiO

TMNNI1

72.0

15.0

10.0

2.5

Transparent,

0.5 yellow

TMNN2

71.5

15.0

10.0

2.5

Transparent,

1.0 yellow

TMNN3

71.0

15.0

10.0

25

Transparent,

1.5 light brown

TMNN4

70.5

15.0

10.0

2.5

Transparent,

2.0 brown

TMNNS5

70.0

15.0

10.0

2.5

Transparent,

2.5 brown

Intensity (a.u)

2.5 mol% NiO

10

20 30

40

50 60

20 (degree)

70

Fig. 1. XRD pattern of glass 2.5NiO.

80

reported by R. El-Mallawany [34].

Fig. 5 shows FTIR spectra of the present glass samples with 0.5, 1.0,
1.5, 2.0, 2.5mol% of NiO NPs in a range of 400-2000 cm ™ L. Table 4
abridges the illustrated peak at the whole spectral area and correlating
band assignment. Any band centred at around 448 cm ™! is allocated to
combined bending vibration of the O-Te-O or Te-O-Telinkage [35].
This band also allocated to stretching NiO mode [36,37]. The broad-
ening band in between 610 and 680 cm™! is suggested due to Te-O
stretching vibration of TeO, trigonal bipyramidal unit with connecting
oxygen [38]. With a gradual increase in concentration of NiO, the TeO,4
band shifted to lower number corresponding to a reduction in the
number TeOs; units [39]. Meanwhile, the other band centred at
702 cm ™ 'matches to a transitional coordination of tellurium atom be-
tween 4 and 3 [40]. The shoulder band appearance at766 cm " lis at-
tributed to TeOstrigonal pyramidal (tp) units with non-bridging oxygen
inside glass network.

As a complementary technique to the infrared spectra, Raman
spectrum of present glass system with 0.5, 1.0, 1.5, 2.0, 2.5mol% of
NiO NPs is shown in Fig. 6. (a) Raman patterns consisting of broad
peaks in a range: 550 to 950 cm ™~ land 300 to 550 cm ™!, Fig. 6. (b)
shows the deconvolution of the Raman spectra of 2.5 mol% NiO NPs
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Fig. 2. (a) TEM images displaying the distribution of non-spherical NiO NPs (inset shows corresponding size distribution). (b) SAED pattern of 2.5NiO glass. (¢) HR-
TEM image and the lattice fringe profile of 2.5NiO glass. (d) UV absorption spectra of glass samples (inset illustrating cut off wavelength of glass samples).
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Table 2
Experimental and calculated weight of elements for the 2.5NiO glass sample.
Element Experimental Calculated
Wt% Atomic% Wt% Atomic%
Na 3.69 8.03 4.50 18.43
Mg 2.55 5.26 3.11 12.07
Ni 1.74 1.49 2.12 3.42
Te 68.40 26.85 83.45 61.63
Nd 5.59 1.94 6.82 4.45
S
»
=
]
=]
=
=
=
300 400 500 600 700 800 900
0
Temperature (C)
Fig. 4. DTA curve of glass samples.
Table 3

Glass transition temperature (Tg), crystallization temperature (T.) and melting
temperature (Tp)of (72.5-x)TeO,-15MgO-10Na,0-2.5Nd,03-(x)NiO, where
0 < x < 2.5mo0l1%.

Sample no Temperature ( = 0.01 °C)

T, T. T
TMNN1 334.46 427.56 552.72
TMNN2 330.83 439.47 549.44
TMNN3 333.47 438.63 547.68
TMNN4 334.06 448.19 541.79
TMNNS5 337.86 454.91 531.78
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. Map Sum Spectrum
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Te 684
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Nd 5.6
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Fig. 5. NiO NPs content (mol%) dependent IR transmission bands of glass
samples.

with baseline is corrected and peaks are centred at464, 689, and
789 cm ~ .The assignment of Raman band is summarized in the Table 5.
In the frequency range of 300 to 550 cm ™!, the existence of bending
vibrations ofTe-O-Te and O-Te-O linkage is observed at about
464 cm™'with O at a position alternatively equatorial and axial
[41,42]. The strong band that appeared at peak around 689 cm ™! is
ascribed to stretching vibrational modes of TeO, tetrahedral with
bridging oxygen (BO) atoms. It has been proposed that this band de-
termined to a coupled symmetric vibration along Te-O-Te axis in the
TeOs31/TeO4 unit and TeO,4/TeO3 pair [43]. Meanwhile, it has been
considered that band to be related measure of connectivity among
TeO4, TeOszand TeOs.ispecies [44].A Raman band centred at
789 cm ™ 'can be assigned to the TeOsor TeOs.; units [42,45,46].In-
creasing the NiO content of samples results in a shift to higher wave
numbers from 752cm”'when x =0.5mol% to 789cm ™ ‘when
x = 2.5mol%. This is because an increase in the NiO content increases
the quantity of non-bridging oxygen atom and transforms of TeO,4 to
TeOsand TeOs . structural unit in glass networks [44,47].

Fig. 7 displays the set of glass system hysteresis loop data obtained
from magnetization M versus field H. It can be said that, the glass
system at room temperature is an indication of paramagnetic beha-
viour. It is also in a similar trend with the hysteresis loop as reported
previously [48].The value of their remnant magnetization (Mr), sa-
turation magnetization (Ms) and the coercivity field (Hc) can be found
from the curve which are listed in Table 6. The obtained values of Ms. of
bulk Ni (77.65emu/g) [49]and Ni-Co oxide NPs [50] at room tem-
perature are much higher than Ms. of glass system because of the im-
plication of the non-magnetic surfactant coated [51]. It is might be due
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Table 4
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:IR band assignments of (72.5-x)TeO,-15Mg0-10Na,0-2.5Nd,05-(x)NiO, where 0 < x < 2.5 mol%glass samples with varying concentration of NiO NPs.

Glass

Band assignments

0.5NiO 1.0NiO 1.5NiO 2.0NiO

2.5Ni0

448 450 448 444
622 618 616 614
696-698 702 702-704 702
764 764 766 774

448 Bending vibrations of Te-O-Te

614 Stretching vibrations of Te-O of TeO,4
700-702 Stretching vibrations of Te-O of TeOs3 .,
774 Stretching vibrations of Te-O of TeOs units

(a) TeO4 TeO 3/ TeO -~

Te-O-Te

Intensity (a.u)

300 400 500 600 700 800 900

Raman shift (cm'l)

789 em™

(b)

689 cm”

Intensity (a.u)

L] L] L] L]
300 400 500 600 700 800 900

Raman shift (cm'l)

Fig. 6. (a) Raman spectra of TeO,-MgO-Na,0-Nd,03-NiO, (b) thedeconvolu-
tion of the Raman spectra of 2.5NiO.

Table 5
Assignments of Raman bands of glass samples(72.5-x)TeO5-15MgO-10Na,0-
2.5Nd,03-(x)NiO, where 0 < x < 2.5 mol%.

Glass Band assignments

0.5Ni0 1.0NiO 1.5NiO 2.0NiO 2.5NiO

457 471 469 469 464 Bending vibrations of Te-O-Te and
O-Te-O

671 675 670 679 689 Stretching vibrations of TeO4

752 752 757 764 789 Stretching vibrations of TeO3 or

TeOs3 41

to disorder canting spin (Spin-glass-like)onto the exterior of NiO NPs
[52]. From Fig. 8(a), it was found that Hc value decreases as NiO NPs
increase, which can be attributed to the effects of porosity that work as
a demagnetizing field generator. A higher field is required to push that
domain wall by decreasing the porosity and thus decreasing Hc
[53].According to Brown's relation [54] as per below,

0.6

— 0.5 NiO
— 1.0 NiO
0.44 —— 1.5NiO
— 2.0 NiO
—2.5Ni0
0.24

-0.2 4

p—u

M (emug")

0.4

-0.6 T T
-15000 -10000 -5000 0

H (O¢)

5000 10000 15000

Fig. 7. The magnetic hysteresis loops (M-H curve) of NiO NPs embedded in
tellurite glass.

Hcvaryinginversely to Ms. which in accordance with current result and
similar for NiFe,O, prepared by others [53].

H, = 2K, /u.M @)

Therefore, a rising trend of both Ms. and Mr. are shown in Table 6
with an increased concentration of NiO NPs. Which clearly shows that
changes NPs local field environment and their electron spins can lead to
an increase in Ms. in the NiO NPs [55]. The comparison of the present
values to other glass systems revealed higher values than phosphate
glasses containing nickel NPs [49].The modification of (Mr/Ms) as a
function of NiO NPs concentration is presented in the Fig. 8(b).The
(Mr/Ms) is an extent of how square a hysteresis loop is, which proposed
a dominant role performed by an uniaxial magnetocrystalline aniso-
tropy [56].1t is typically related with the bigger particles and the for-
mation of domain - walls and high texture value [57]. The lower values
of (Mr/Ms) in the range 0.01 to 0.1 indicates that the materials are in
multidomain magnetic grains composed in the structure of the present
tellurite glasses.

4. Conclusion

Transparent tellurite glass samples in the form (72.5-x)TeO,-
15Mg0-10Na,0-2.5Nd,03-(x)NiO, x = 0.5, 1.0, 1.5, 2.0, 2.5mol%
have been achieved in the amorphous matrix by using melt quenching
technique. TEM observation shows the nucleation of NiO NPs has non-
spherical shape with average size around 4.9 nm. Compositional ana-
lysis (EDX) discovered the existence of Ni, O,Te, Na, Mg and Nd in the
prepared samples. Differential thermal analysis showed that T, at
338°C, Ty, in the range 530-540 °C, exothermic peak T, at about 455 °C,
glass stability (AS) and the Hruby (Hg) are AS > 100 °C implies the
glass system is regarded as stable and the value of Hy is 1.52. FTIR and
Raman analysis have observed the involvement of all functional groups,
and this study has confirmed that adding NiO content raises the
quantity of non - bridging oxygen atoms. They revealed the presence of
various groups such as bending vibrations of Te-O-Te, stretching vi-
bration of TeO4and stretching NiO mode in a title of glass. The magnetic
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Table 6
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Magnetic parameters of glass systemof(72.5-x)TeO,-15Mg0-10Na,0-2.5Nd»03-(x)NiO, where 0 < x < 2.5 mol%.

Sample No. Ms(emu/g)

Mr x10 3 (emu/g)

Hc(Oe) Mr/Ms

0.5Ni0
1.0NiO
1.5NiO
2.0NiO
2.5NiO

0.023
0.063
0.079
0.164
0.084

0.001
0.003
0.001
0.008
0.004

3.51
6.47
1.88
2.49
6.00

H o+ o+
H o+ 1+

0.176
0.324
0.094
0.125
0.300

610
349
336
125
139

30.5
17.45
16.8
6.25
6.95

0.153
0.103
0.024
0.015
0.071

0.008
0.005
0.001
0.001
0.004

H o+ I+t
H o+ o+

(a)h

B
[ ]

0 15 20 25

NiO NPs (mol%)

0.5

(b%

0.154

n
T—nm

0 15 20 25

NiO NPs (mol%)

0.5

Fig. 8. (a) The variation of Hc as a function of NiO NPs concentration. (b) The
variation of Mr./Ms. as a function of NiO NPs concentration.

measurements showed that the existence of NiO NPs in a glass specimen
is paramagnetic behaviour at room temperature (25 °C) and Hc values
were observed to be decreased from 610 *+ 30.5 t0139 * 6.95 (Oe)
and ratio of (Mr/Ms) from 0.153 + 0.008 t00.071 + 0.004with the
increase NiO NPs concentration indicates that the materials are in
multidomain magnetic grains composed in the glass structure.
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