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PREFACE

This thesis represents the culmination of my extensive research and
academic endeavors over the past years. It centers on the Investigation of the
Impact of Cobalt lon Doping on the Synthesis and Structure of Magnesium
Orthoborate Ceramic Powders—a subject of both personal relevance and scientific
significance. The insights and findings presented herein are the result of countless

hours of rigorous experimentation, meticulous analysis, and critical reflection.



ABSTRACT

INVESTIGATION OF THE IMPACT OF COBALT ION DOPING ON
THE SYNTHESIS AND STRUCTURE OF MAGNESIUM
ORTHOBORATE CERAMIC POWDERS
MSC THESIS
BETUL YILDIRIM
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. AYSE MORKAN)
(CO-SUPERVISOR: DR. ESRA GOGCEGOZ)
BOLU, 9 APRIL 2025
X+ 28 pages

In this thesis, the synthesis of undoped and cobalt ion doped nanosized magnesium
orthoborate ceramic powders was carried out via conventional solid state synthesis
technique. Cobalt-containing magnesium orthoborates were prepared using
Mg(NO3)2.6H20, 5% excess HsBO3 and cobalt nitrate Co(NO3)..6H20 as starting
materials. Different concentrations of cobalt metal ion were used to obtain the
kotoite type of magnesium orthoborate given within the formula Mgs.xCox(BOs3):
(x: 0.005, 0.01, 0.025, 0.05, 0.075, 0.500, 1.000, 1.500, 2.000, 2.500). The impact
of different concentrations of cobalt metal on the structural features of the
synthesized products was examined by the XRD technique. When the XRD data
were examined, it was observed that in the kotoite structured borate materials
obtained in the orthorhombic crystal system at 900°C, the low amount of Co(ll) ion
added did not cause any change in the crystal structure of the kotoite. However as
the cobalt ion content increased, the formation of cobalt orthoborate (Cos(BO:s)2)
has became evident. Additionally, FTIR analysis revealed that all the characteristic
bands of orthoborates were observed between 2000-500 cm™ L. According to the
DRS studies, the absorbance spectra of all compounds showed two bands at 250
and 335 nm. It has been observed that the UV band positions for cobalt containing
magnesium orthoborate samples slightly shift to the different wavelengths in
comparison with the pure Mgs(BOs).. In addition, the thermal properties of cobalt-
containing kotoite-type magnesium orthoborate ceramic powders were examined
using TG/DTA techniques, and the presence of an endothermic peak around
1390°C was detected for all orthoborate products prepared in this study.

KEYWORDS: Kotoite, magnesium orthoborate, cobalt ion doping, XRD, FTIR



OZET

KOBALT iYONU KATKILAMASININ MAGNEZYUM ORTOBORAT
SERAMIK TOZLARININ SENTEZI VE YAPISI UZERINDEKIi
ETKIiSININ ARASTIRILMASI
YUKSEK LISANS TEZI
BETUL YILDIRIM
BOLU ABANT iZZET BAYSAL UNIVERSITESI
LiSANSUSTU EGITIiM ENSTITUSU
KIiMYA ANA BIiLiM DALI
(TEZ DANISMANI: PROF. DR. AYSE MORKAN)
(IKINCI DANISMAN: DR. ESRA GOGCEGOZ)

BOLU, 9 NISAN 2025
X + 28 pages

Bu tezde, katkisiz ve kobalt iyonu katkili nano boyutlu magnezyum ortoborat
seramik tozlarmm 0retimi, geleneksel kati hal sentez teknigi kullanilarak
gerceklestirildi. Kobalt igeren magnezyum ortoboratlar, baslangic malzemesi
olarak Mg(NO3)2.6H.0, 5% fazla HsBOs ve kobalt nitrat Co(NO3)..6H.0
kullanilarak hazirlandi. Mgs-xCox(BO3). (x: 0.005, 0.01, 0.025, 0.05, 0.075, 0.500,
1.000, 1.500, 2.000, 2.500) formili ile verilen kotoit tipi magnezyum boratlarin
elde edilmesinde kobalt metal iyonunun farkli konsantrasyonlar1 kullanilmustir.
Sentezlenen Triinlerin yapisal 6zelliklerine farkli konsantrasyonlarda kobalt
metalinin etkisi, XRD teknigi ile incelenmistir. XRD verileri incelendiginde, 900°C
de ortorombik kristal sisteminde elde edilen kotoit yapili borathh malzemelerde,
diisiik miktarda katkilanan Co(II) iyonunun, kotoidin kristal yapisinda herhangi bir
degisiklik yapmadigr gozlenmistir. Ancak kobalt iyonu icerigi arttik¢a kobalt
ortoboratin (Co3(B0Os)2) olusumu belirgin hale gelmistir. Ayrica FTIR teknigi
ortoboratlarin tiim karakteristik bantlarmm 2000-500 cm™! arasinda gdzlendigini
ortaya ¢ikarmistir. DRS c¢alismalarma gore tiim bilesiklerin absorbans spektrumlar1
250 ve 335 nm'de iki bant goéstermistir. Kobalt igeren magnezyum ortoborat
orneklerinin UV bant pozisyonlarinin saf Mgs(BOs)2) ile karsilastirildiginda farkli
dalga boylarma kaydigi goézlemlenmistir. Ayrica, kobalt iceren Kkotoit tipi
magnezyum ortoborat seramik tozlarmimn termal 6zellikleri de, TG/DTA teknikleri
kullanilarak incelenmis ve bu c¢alismada hazirlanan tiim ortoborat {iriinleri i¢in
1390°C civarinda endotermik bir pikin varligi saptanmastir.

ANAHTAR KELIMELER: Kotoit, magnezyum ortoborat, kobalt iyonu
katkilama, XRD, FTIR
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1. INTRODUCTION

Boron stands out as an extraordinary and intriguing element. Throughout history, it
has posed enduring challenges and offered inspiration to both chemists and
engineers. Naturally occurring boron has two stable isotopes: B-10, representing
19.78% of its composition, and B-11, making up the remaining 80.22% [1-5]

Figure 1.1. Boron
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Figure 1.2. Boron minerals

Most of the Earth’s boron reserves are harbored in Russia, The United
States, and Turkey [6].
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Figure 1.3. Boron Reserves

1.1 Borates

Borates are minerals that contain boric oxide or boron-oxygen molecules.
They are the salts of boron’s oxyacids, including boric acid (HsBOs), metaboric
acid (HBO:.), and tetraboric acid (H2B4O-). Borates are produced through a boron
oxyacid with a base reaction or the interaction of boric acid or boron oxide with a
molten metal oxide. The structures of borate anions vary, ranging from the simple
trigonal planar BOs* ion to more intricate configurations that include chains and
rings composed of three- and four-coordinated boron atoms. According to Carpeni,
borates are categorized into three groups: (a) ortho- or metaborates, (b) tetraborates,

and (c) pentaborates [7].
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1.1.1 Orthoborates

Orthoborates are salts that contain the ions BOs* or BO4*". Their structural
arrangement is similar to that of nitrates and carbonates. Metal orthoborates
generally follow the chemical formula M3B2Os or M3(BOs)2, where M can represent
elements such as Mg, Ba, Ca, Sr, Ni, Cd, Mn, or Co. In recent years, metal
orthoborates have drawn significant attention because of their diverse applications
in areas namely electronic ceramics, wide bandgap semiconductors, anti-wear
additives, plastics, nonlinear optical devices, magnesium and aluminum matrix
alloys, luminescent materials, and laser technologies. Notably, among the numerous
orthoborates, only Mg:B.0Os (known as kotoite) and MnsB.Os (referred to as

jimboite) have been naturally identified to date [8, 9].




Figure 1.6. The minerals of (a) MgsB20s (kotoite) and (b) Mn3B20s (jimboite)

Kotoite, with the chemical formula Mgs(BOs)., features a crystal structure
in which each magnesium atom is coordinated by oxygen atoms in an octahedron
arrangement. In this arrangement, the oxygen atoms form the vertices of the
octahedra, while the magnesium atoms are positioned at their centers. Boron atoms,
on the other hand, are located at the center of triangular arrangements formed by
oxygen atoms. This structural configuration is depicted in Figure 1.7, where oxygen
atoms are represented as small spheres, magnesium atoms occupy the octahedra’s

center, and boron atoms are located at the centers of the triangular planes [10].



Figure 1.7. The crystal structure of magnesitum orthoborates

1.2 Synthesis Methods of Borates

Several methods have been devised to produce high-quality borate
compounds. These include approaches like precipitation, hydrothermal
techniques, combustion-based synthesis, microwave-assisted methods,
conventional solid-state reactions, co-precipitation techniques, spray drying,
flux methods, sol-gel processes, mechanochemical strategies solid-state
combustion, and solution combustion synthesis. Such techniques, widely
utilized for producing powdered ceramics, can generally be grouped into three
primary categories: solid-state methods, solution-based approaches, and vapor-

phase synthesis [11].

1.2.1 Solid State Reaction Method

Solid-state reactions involve the process of combining powdered solid
reactants and applying heat to produce a new solid compound. Common reactants
in such processes include metal salts like nitrates, carbonates, sulfates, hydroxides,

acetates, alkoxide, and oxalates [12].

The success and efficiency of these reactions are influenced by several
factors, such as the chemical properties of the reactants, characteristics of the

resulting product, particle size and its distribution, particle shape, uniformity of the



mixture, and external conditions like reaction atmosphere, temperature, and

duration of heating.

These reactions offer several advantages, including the use of readily
available oxide precursors and cost-effective scalability for industrial powder
production. Additionally, they are highly suitable for laboratory-scale synthesis
[11-16].

1.3 Purpose of the work

The importance and the aim of this thesis is the preparation and
characterization of undoped and cobalt ion doped nanosized magnesium
orthoborate ceramic powders as Mgz-«CoBO3)2 (x: 0.005, 0.01, 0.025, 0.05, 0.075,
0.500, 1.000, 1.500, 2.000, 2.500) by high temperature solid state synthesis
method. In the first part of this work, aim is to characterise their crystal structures
of Kotoite type of Mgz.xCoBO3)2 prepared by different concentrations of cobalt
metal ion by X-ray diffaraction (XRD) and to investigate the vibrational motions of
B-O bonds in triangular BO3 units by Infrared spectroscopy (FT-IR) technique. In
the second part of this study, the other aim is the observation the UV band positions
for different concentration cobalt containing magnesium borate compounds and to
study their thermal behaviors using TG/DTA. The proposed reactions are given

follows;

(3-X)Mg(NO3)2.6H20 (s) + (X)Co(NO3)2.6H20(s) + 2H3BO3(s) — Mg(3-X) Co(x)
(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(Q)

(x: 0.005, 0.01, 0.025, 0.05, 0.075, 0.500, 1.000, 1.500, 2.000, 2.500)


callto:0.005,%200.01,%200.025,%200
callto:05,%200.075,%200.500,%201
callto:05,%200.075,%200.500,%201
callto:000,%201.500,%202.000,%202
callto:0.005,%200.01,%200.025,%200
callto:05,%200.075,%200.500,%201
callto:000,%201.500,%202.000,%202

2. MATERIALS and METHOD

2.1 Materials

During the preparation process, the chemicals that were used are provided
below :

Mg(NOs3)..6H20, Magnesium nitrate hexahydrate (Merck,
99.50%)

Co(NO3)2.6H20, Cobalt nitrate hexahydrate (Merck, 99.90%)
HsBO3, Boric Acid (Merck, 99.90%)

KBr, potassium Bromide for the IR pellets preparation (Merck,
99.90%)

2.2 Solid State Reactions of (3-x) Mg(NO3)2.6H20(s) +
(X)Co(NO3)2.6H20(s) +2H3BO3(s)
For each value of x (0.005, 0.010, 0.025, 0.050, 0.100, 0.5, 1.0, 1.5, 2.0,
2.5), stoichiometric quantities of Mg(NO3)2.6H20, Co(NO3)2.6H20 and H3BO3
were precisely measured. The materials were finely ground together in an agate
mortar to achieve a homogeneous mixture. Each mixture was directly placed
into porcelain crucibles, which were then introduced to the furnace for further

heating processing [17-21].

e Heating Process:

- The temperature of the furnace was firstly adjusted to 450°C with a
heating rate of 15°C per minute. The mixture of starting reactants
was maintained for 4 hours at this temperature, after which it was
removed from the furnace, allowed to cool, and then thoroughly
crushed and blended before being returned to the furnace.

- Then, the temperature was gradually increased to 600°C with a
heating rate of 1°C per minute and kept at this temperature for 3
hours.

- Following this heating, the sample underwent four separate heating
cycles to 900°C, with the temperature of the furnace rising at a rate
of 1°C per minute. Each cycle included keeping the sample at 900°C

for 12 hours.



- Finally, the product was allowed to cool down to room temperature

at a controlled rate of 1°C per minute.

2.2.1 The solid state chemical reactions expected for different
dopant concentrations for the general reaction;

(3-x) Mg(NO3)2.6H20 (s) + (X)Co(NO3)2.6H20(s) + 2H3BO3(s) —
Mg -x) Corx) (BO3)2(s) + 6NO2(g) + 21H20() + 1.502()

e The expected reaction when x = 0.005
2.995Mg(NO3)2:6H20 (s) + 0.005C0(NO3)2:6H20 (s) + 2H3BO3(s) —
MQ2.995C00.005(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(Q)

® The expected reaction when x = 0.010
2.990Mg(NO3)2.6H20(s) + 0.010Co(NO3)2.6H20(s)+ 2H3BO3 (s) —
Mg2.990 C0 0.010(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(g)

® The expected reaction when x = 0.025
2.975Mg(NO3)2-6H20 (s) + 0.025C0(NO3)2-6H20 (s) + 2HsBO3(s) —
MQ2.975C00.025(BO3)2(s) + 6NO2(g) + 21H.0(g) + 1.502(9)

® The expected reaction when x = 0.050
2.95Mg(NO3)2.6H20(s)+ 0.05Co(NO3)2.6H20(s) + 2H3BOs(s) —
Mg2.950 C00.050(BO3)2 (S) + 6NO2(g) + 21H20(g) + 1.502(9)

e The expected reaction when x = 0.100
2.900Mg(NO3)2.6H20(s) + 0.100Co(NO3z)s.6H20(s) + 2H3BOs(s) —
Mg2.900 C00.100(BO3)2(S) + 6NO2(g) + 21H.0(g) + 1.502(9)

e The expected reaction when x = 0.5

2.5Mg(NOs)2.6H20(s) + 0.5C0(NOs)3.6H20(s) + 2HsBOs(s) —

10



Mg25Co.5(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(g)

e The expected reaction when x = 1.0
2.0Mg(NO3)2.6H20(s) + 1.0Co(NO3)3.6H20(s) + 2H3BO3(s) —
Mg2.0C01.0(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(g)

® The expected reaction when x = 1.5
1.5Mg(NO3)2.6H20(s) + 1.5Co(NO3z)3.6H20(s) + 2H3BO3(s) —
Mg1.5C015(BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(g)

® The expected reaction when x = 2.0
1.0Mg(NO3)2.6H20(s) + 2.0Co(NO3)s.6H20(s) + 2H3BO3(s) —
Mg1.0C02.0 (BO3)2(s) + 6NO2(g) + 21H.0(g) + 1.502(9)

® The expected reaction when x = 2.5
0.5Mg(NO3)2.6H20(s) + 2.5Co(NO3)3.6H20(s) + 2H3BO3(s) —

Mgo.5C02.5 (BO3)2(s) + 6NO2(g) + 21H20(g) + 1.502(g)

11



3. RESULTS

3.1 X-Ray Powder Diffraction (XRD) Studies

In the first part of this work, magnesium orthoborate, Mgs(BOs). as the
products were synthesized using Mg(NOs)2-6H-0 and 5% excess H:BOs as starting
materials. Nitrogen-based borate chemicals commonly used in the chemical
industry were fabricated through a convential high-temperature solid-state reaction
method in a furnace set at 900°C [21, 23-25]. Hence the synthesis for ortoborates
considered throughout in this thesis was carried out through the following reaction,
with the materials being subjected to a temperature of 900°C for 48 hours. The XRD
pattern of the resulting magnesium orthoborate is depicted in Figure 1.1.

3Mg(NO3)2.6H20¢s) + 2H3BO3(s) — Mga(BO3)2(s) + BNO2(g) + 21H20(g) + 1.502(g)

Can.um.)

,‘ﬁL.JLL“JuLJIJJ e

Iomnteewnsidyw

ICDD 75-1807 Mgy(BO:) ||
1

| | |! i ‘ | aF | L L
20,00 ' 40,00 ' 60.00
Xtheta (deg)

Figure 3.1: XRD patern of Mg3(BOs):

In the continuation of the thesis, cobalt-containing magnesium
orthoborates were prepared using Mg(NOz3)..6H20, and 5% excess HsBO3s and

cobalt nitrate (Co(NOz3)..6H20) as starting materials used in different treatments.

12



To synthesize Co(ll) ion-doped magnesium orthoborate nutrients at the
concentrations given in Table 1, the starting materials were individually weighed,
crushed, and mixed homogeneously in an agate pestle and mortar. These resulting
mixtures were subjected to heat treatment in high temperature furnaces at 900°C for
24 hours and cobalt-containing magnesium orthoborates were synthesized at

different concentrations of Co and Mg ions given in Table 1.

Table 1.1 Cobalt concentrations in cobalt-containing magnesium orthoborates

Code PRODUCTS Co(Il) (Yowt.)
F3-4-1  Mg2.995C00.005(BO3)2 0.005
F3-4-2 MQ2.990C00.010(BO3)2 0.010
F3-4-3 MQ2.975C00.025(BO3): 0.025
F3-4-4 Mg2.950C00.050(BO3)2 0.050
F3-4-5  MQ2.925C00.075(BO3)2 0.075

C3-4-1c  Mg2500C00500(BO3)z 0.500
C3-4-2c  Mg2000C01000(BO3): 1.000
C3-4-3c  Mgus00CO1500(BO3): 1.500
C3-4-4  MQ1.000C02.000(BO3)2 2.000
C3-4-5  Mgos0oCoz500(BO3)2 2,500

The fabricated products were analyzed by XRD and FT-IR techniques.
Figure 3.1 illustrates the XRD patterns of the samples prepared with the addition of
cobalt ion. Analysis of these patterns revealed that at lower concentrations of cobalt
ions, magnesium orthoborate (Mgs(BOs)., ICDD No: 75-1807) was the
predominant phase. As the cobalt content increased, the formation of cobalt
orthoborate (Cos(BOs)2) became evident. Additionally, the intensity of peaks
associated with ICDD No: 25-0102 was observed to increase progressively with

higher cobalt concentrations.
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3.2 Infrared Spectroscopy Studies

The vibrational bands of borates in the FTIR spectra typically appear in the
range of 2000-500 cm™. These bands represent the characteristic bands of the
borate network, which can be divided into three distinct regions.

The first region corresponds to the asymmetric stretching vibrations of the
B-O bond in trigonal BOs units assigned between 1200-1600 cm™, The second
region is assigned between 800-1200 cm™, arises from the stretching virational
motions of the B-O bond in BO. tetrahedral units, while the third region is attributed
to the B-O-B linkages bending vibrational movements within the borate network
found at approximately around 700 cm™.

When analyzing the IR spectra of the fabricated borate materials, the FTIR
assignments indicate that the bands at 1293 and 1203 cm™ are associated with
stretching vibrations of B-O in the BOs* unit of orthoborates. Additional bands
appearing at 736, 661, 610, 486, and 420 cm™! are due to out-of-plane and in-plane
bending, as well as lattice vibrations [27-31]. The absorption band at 3421 cm™!
belongs to the symmetric stretching mode of OH. The vibration bands of the
products align well with those of Mgs(BOs)2, with no significant changes observed

upon the addition of varying amounts of dopant.
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3.3 Optical Studies of the Co doped Magnesium borates

The optical properties of the samples prepared in this study were
investigated using a UV-Vis spectrophotometer coupled with an integrating sphere
for diffuse reflectance spectroscopic (DRS) measurements [26-28]. According to
the results, the absorbance spectrum of all compounds showed two bands at 250
and 335 nm. The UV band positions for cobalt metal ion doped magnesium
orthoborate samples slightly shift to the different wavelengths in comparison with
the pure Mgz(BOz)2 which can be attributed to the change in the acceptor level
induced by the substitutional cobalt metal ion and the band-gap narrowing of

Mgs(BO3z)2 with the cobalt metal ion dopants.

56,144
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Figure 3.5. The Absorbance Spectra of Mg-x) Co) (BOs)2 ( x =0.005, 0.010,
0.025, 0.050, 0.100)
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3.4 The Thermal Studies, (DTA/TG)

The DTA/TG curves [22] of cobalt doped magnesium orthoborate,

Mg:—<Cox(BOs)2 (where x =0, 0.01, 0.025, and 0.05), are presented as follows:

The heating rate was maintained at 10°C per minute, with the temperature

range extending from room temperature to 1400°C

The curves demonstrate that these doped compounds maintain
thermodynamic stability up to 1390°C, with only a minimal amount of

weight loss observed within this temperature range.

Additionally, as the cobalt content increases, the melting point of the doped

samples varies.

This confirms the presence of cobalt in the kotoite structure of magnesium

orthoborate.
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4. DISCUSSION

In this study, the magnesium orthoborate and Co(ll) ion doped magnesium
ortoborates were synthesized using a solid-state reaction technique at high
temperatures. The starting materials, magnesium and cobalt nitrate hexahydrate and
boric acid were chosen for their availability and suitability for producing
orthoborate compounds. The solid state reaction was conducted at 900°C for 48
hours, which is a standard temperature for such conventional solid-state reaction
method, allowing for the formation of the desired orthoborate structure. Introducing
a 5% excess of boric acid ensures that sufficient boron is present to drive the
reaction towards the formation of magnesium orthoborate. The products were then
characterized using X-ray powder diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FT-IR) to determine the crystal structure and band
vibrations of the desired cobalt ion doped magnesium orthoborate compounds
synthesized respectively.

The XRD analysis revealed that at lower cobalt concentrations, the
predominant phase in the samples was magnesium orthoborate agreed with ICDD
No: 75-1807. However, as the cobalt content increased, a shift in the phase
composition occurred, with the formation of cobalt orthoborate becoming
increasingly evident. This behavior highlights the concentration-dependent of
dopant.

In the IR analysis, the data revealed that the bands at 1293 and 1203 cm'*
were associated with the stretching vibrations of B-O in the BOs* unit of the
orthoborate structure. Additional bands at 736, 661, 610, 486, and 420 cm™ were
assigned to out-of-plane and in-plane bending vibrational motions. The absorption
band at 3421 cm™' was attributed to the symmetric stretching mode of the OH group.
These vibration bands were consistent with those of Mgs(BOz)2, and no significant
changes were observed upon the addition of varying amounts of the cobalt dopant,
indicating that cobalt doping did not drastically alter the band vibrations of
synthesized products.

The optical properties of the samples were also analyzed and revealed that
the absorbance spectra of all the synthesized products showed two distinct bands at
250 nm and 335 nm. Notably, the UV band positions for the cobalt-doped

magnesium orthoborate samples shifted slightly to different wavelengths compared
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to single-phase Mgs(BO3)2. These findings suggest that cobalt doping influences the

optical properties of magnesium orthoborate.

The thermodynamic stability of the cobalt-doped magnesium orthoborate
was assessed through Differential Thermal Analysis (DTA) and Thermogravimetric
Analysis (TGA) [23]. The heating rate was maintained at 10°C per minute, with
the temperature range extending from room temperature to 1400°C. The DTA/TG
curves revealed that the doped compounds maintained thermodynamic stability up
to 1390°C, with only minimal weight loss observed within this temperature range.
Furthermore, the melting point of the doped samples varied with increasing cobalt
content, suggesting that the presence of cobalt affects the melting behavior of the
material. This confirms the addition of cobalt into the kotoite structure of
magnesium orthoborate not only influences the material’s optical properties but

also enhances its thermal stability.
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5. CONCLUSION

In this study, cobalt(ll) ion doped magnesium orthoborates were
successfully synthesized via the conventional solid-state reaction method using
varying concentrations of cobalt ion as a dopant. The primary objective was to
investigate the structural, vibrational, optical, and thermal properties of the
synthesized ceramic borate materials, with particular attention to the effects of

cobalt incorporation into the magnesium orthoborate matrix.

Structural characterization was carried out using X-ray diffraction (XRD).
At low cobalt doping levels, the diffraction patterns matched exclusively with
magnesium orthoborate, Mgs(BOs)2, indicating the formation of a pure single-phase
orthoborate material. The absence of secondary phases suggests that cobalt ions are
homogeneously incorporated into the magnesium orthoborate, Mgs(BOs). lattice
without disrupting the host crystal structure. This demonstrates that the kotoite-type
structure can accommodate a limited amount of cobalt substitution. However,
beyond a certain doping threshold, additional diffraction peaks associated with
cobalt orthoborate, Cos(BOs)., appeared, signaling the onset of phase separation.
This shift from single-phase to multiphase composition reflects the limited
solubility of cobalt ions within the magnesium orthoborate lattice, with excess

cobalt amount crystallizing into its own phase once the solubility limit is exceeded.

These findings emphasize the critical role of dopant concentration in
maintaining structural homogeneity and phase purity. To further probe the local
structural environment, Fourier-transform infrared (FTIR) spectroscopy was
employed. Across all cobalt concentrations, the FTIR spectra exhibited distinct
absorption bands characteristic of trigonal planar BOs units, which remained
consistent in both position and intensity. This spectral invariance indicates that
cobalt incorporation does not significantly alter the local bonding environment of
the borate groups. The symmetric and asymmetric B-O stretching vibrations
remained unaffected, confirming that the borate substructure and overall lattice

symmetry are preserved despite metal ion substitution.

The consistency of the FTIR spectra supports the XRD results, collectively

demonstrating that cobalt ions integrate into the magnesium orthoborate lattice
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without causing detectable perturbations to either the long-range crystalline order
or the local bonding structure. Even at increased doping levels, the kotoite-type
structure retains its integrity, with no evidence of significant band broadening or
peak shifting in the FTIR spectra. This dual confirmation underscores the structural
compatibility of cobalt ions within the magnesium orthoborate, Mgs(BOs)2

framework.

In addition to structural and vibrational studies, optical and thermal
properties were explored. Ultraviolet-visible (UV-Vis) spectroscopy revealed a
slight redshift in the absorption edge for cobalt(I1) ion doped samples compared to
undoped magnesium orthoborate, Mgs(BOs).. This shift indicates minor
modifications in the electronic structure due to cobalt substitution, which may
influence the optical band gap and enhance the material’s potential in optoelectronic

or photonic applications.

Thermal stability was assessed through thermogravimetric-differential
thermal analysis (TG-DTA). All samples exhibited high thermal resistance, with no
significant mass loss observed up to approximately 1390 °C. Notably, this thermal
behavior was consistent across all cobalt concentrations, indicating that doping does

not compromise the material’s thermal robustness.

In conclusion, the successful incorporation of cobalt(ll) ions into the
magnesium orthoborate matrix has been demonstrated without sacrificing structural
order, vibrational stability, or thermal resistance. While the optical properties
exhibited subtle yet meaningful changes, the borate framework and kotoite-type
crystal structure remained fundamentally intact. These results provide a promising
foundation for further development of cobalt ion doped orthoborate materials in
advanced functional applications, particularly in high-temperature and

optoelectronic technologies.
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