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Abstract

In this work, a chemical reaction of titanium chloride with ammonia was initiated and
induced by microwaves in order to synthesize titanium nitride nanopowders. Different
powers of microwaves as well as induction times were used to study their effects on the
structural characteristics of the synthesized nanopowders. The effect of microwave
power was observed in decreasing the particles size within the nanopowder while the
effect of induction time was observed in allowing more crystal planes to grow within the
structure of the synthesized nanopowders.
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1. Introduction

Nanopowders are ultrafine particles with dimensions in the nanometer range (1-100 nm),
characterized by a high surface area-to-volume ratio and unique physicochemical properties. These
materials have garnered significant attention in various fields, including catalysis, energy storage, and
advanced coatings, due to their exceptional reactivity, mechanical strength, and tunable properties.
Among these, titanium nitride (TiN) nanopowders stand out for their remarkable combination of electrical
conductivity, thermal stability, and chemical inertness [1-3].

Titanium nitride (TiN) is a ceramic material known for its exceptional hardness, wear resistance, and
high melting point. It is typically golden-yellow in color and exhibits metallic conductivity [4,5]. TiN’s
properties make it highly suitable for applications in cutting tools, decorative coatings, and electronic
components [6]. When synthesized in nanopowder form, TiN demonstrates enhanced surface reactivity
and optical properties, making it an excellent candidate for advanced technological applications [7,8].

Electromagnetic radiation plays a crucial role in accelerating chemical reactions for synthesizing
nanomaterials without requiring sophisticated setups [9,10]. By providing energy to reaction systems,
electromagnetic waves (e.g., ultraviolet (UV), visible light, microwave, or infrared (IR)) can induce or
enhance chemical transformations, enabling precise control over reaction rates and product
morphology. For instance, UV and visible light can excite electrons in reactants or catalysts, generating
reactive species like radicals or electron-hole pairs that drive reactions more efficiently. This approach
is commonly utilized in photochemical synthesis, where light-sensitive precursors produce
nanomaterials like metal oxides, quantum dots, or photocatalysts with high precision [11-13]. Microwave
radiation offers rapid, uniform heating at the molecular level, significantly reducing reaction times
compared to conventional methods [14]. It enhances reaction kinetics by directly interacting with polar
molecules and solvents, promoting the formation of nanostructures with controlled size and shape
[15,16]. Moreover, microwaves enable solvent-free or low-solvent reactions, making the process
environmentally friendly [17,18]. Infrared radiation aids in heating reaction systems selectively,
minimizing energy wastage and improving reaction efficiency [19,20]. The simplicity of setups involving
electromagnetic radiation makes this approach cost-effective and accessible, especially in resource-
limited settings [21,22]. Overall, electromagnetic radiation provides a sustainable, energy-efficient
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pathway for producing high-quality nanomaterials, revolutionizing fields like catalysis, energy storage,
and biomedical applications [23,24].

Microwave-assisted chemical synthesis is an innovative method for producing nanopowders,
including TiN [25]. This technique utilizes microwave radiation to provide rapid, uniform heating at the
molecular level, significantly reducing reaction times compared to conventional methods [26]. For TiN
nanopowders, precursors such as titanium salts (e.g., titanium chloride) and nitrogen sources (e.g.,
ammonia or urea) are mixed in a suitable solvent [27]. When exposed to microwave energy, the reaction
proceeds efficiently, forming TiN nanoparticles [28]. This method offers several advantages, including
energy efficiency, precise control over reaction parameters, and the ability to achieve high purity and
uniform particle size distribution [29].

TiN nanopowders are widely used in protective coatings for cutting tools, medical implants, and
decorative applications [30]. Their high hardness and wear resistance improve the durability and
performance of coated surfaces [31]. Due to their excellent electrical conductivity and thermal stability,
TiN nanopowders are used in microelectronics as electrodes, interconnects, and diffusion barriers in
integrated circuits [32]. TiN nanopowders serve as electrode materials in supercapacitors and lithium-
ion batteries [33]. Their high conductivity and stability enhance charge storage and cycling performance.
TiN nanopatrticles exhibit plasmonic properties similar to gold, making them suitable for applications in
photonic devices, sensors, and surface-enhanced Raman spectroscopy [34]. TiN’s high surface area
and chemical stability make it an effective catalyst or catalyst support in chemical reactions, including
hydrogen production and environmental remediation [35]. TiN nanopowders are used in medical
implants and devices due to their biocompatibility and resistance to corrosion, reducing wear and
extending the lifespan of implants [36].

2. Experimental Part

A 100 mL of titanium(VI) chloride (TiCls) was placed in a glass vessel of 8cm in diameter and an
aqueous solution of ammonia (NHs) was dropped slowly using a micropipette to avoid the sudden
initiation of the chemical reaction. The mixture was left for 30 s then the vessel was transferred to a
microwave chamber. The microwave shown in Fig. (1) is operated at frequency of 2.45 GHz and the
heating power can be adjusted from 1.6 to 9.6 kW to reach 1000 °C during 45 s.

Fig. (1) Microwave furnace system used for inducing the chemical reaction in this work

The chemical reaction to induce is the following:

32 NH3 (ag) + 6 TiCla gy — N2 (g) + 24 NH4Cl (ag) + 6 TiN (s)

The reaction between ammonia (NH3) and titanium tetrachloride (TiCl,) produces nitrogen gas (N),
ammonium chloride (NH,CI), and titanium nitride (TiN). In aqueous solution, ammonia reacts with TiCl,
to reduce titanium ions, forming solid titanium nitride and releasing nitrogen gas [37]. Ammonium
chloride, a byproduct, remains in the aqueous phase. The balanced equation shows that for every 32
moles of ammonia, 6 moles of titanium tetrachloride are consumed, producing 6 moles of titanium
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nitride, 24 moles of ammonium chloride, and 1 mole of nitrogen gas. This reaction is an example of a
reduction and precipitation process in a controlled environment.

This reaction is slow and producing nitrogen gas, which is removed from the chemical reaction volume
to avoid the overdosed nitriding of titanium released from the chloride precursor [38]. However, this
extraction should compensate the required amount to produce titanium nitride (TiN) with the aimed
specifications.

As soon as the golden color is seen within the produced solid product (Fig. 2), the reaction vessel should
be taken out the microwave furnace system, closed well, and left in the room environment for 2 hours
to allow the formation step to complete.

To remove NH,CI aqueous solution from the product of a chemical reaction, several strategies can be
used depending on the properties of the product and reaction conditions. Since NH,ClI is soluble in
water, the water can be evaporated leaving behind NH,CI as a solid (if it is part of a precipitate) or
removing it entirely if it remains dissolved. If NH,CI crystallizes upon cooling or partial evaporation, the
reaction mixture is cooled to promote crystallization [39]. Vacuum or gravity filtration can be used to
separate the solid NH,CI from the liquid product. Alternatively, the mixture can be centrifuged if fine
particulates are present. This method may lead to an increase in the particle size of titanium nitride (TiN)
nanopowder due to the thermal accumulation effects [40].

Using a solvent in which the product is soluble but NH,Cl is not (e.g., organic solvents like ethyl acetate
or chloroform if the product is organic). The product is extracted into the organic layer, leaving NH,Cl in
the aqueous layer [41]. This method is not preferred as an additional step to separated the titanium
nitride (TiN) from the organic layer is highly required.

Fig. (2) TiN nanopowder collected from this work

The NH,CI sublimes at approximately 338°C, so, the mixture can be heated in a controlled environment
to sublime NH,CI. The titanium nitride (TiN) should ensured to be stable at this temperature. Finally, the
sublimed NH,CI is collected separately. This method may include unintentional heating to the titanium
nitride (TiN) nanopowder, which may lead again to increase the particle size or change the structural
characteristics [42].

As the NH,ClI is soluble in water and titanium nitride (TiN) product is insoluble, then the product can be
separated by filtration, leaving NH,ClI in the aqueous solution. The solid product is washed thoroughly
with water to remove residual NH,CI [43]. This method was used in this work. Heating during filtration
can enhance the separation of NH,Cl and TiN by increasing the solubility of NH,Cl in water, ensuring it
remains dissolved. Simultaneously, TiN, being insoluble, can be efficiently separated as a solid residue.
Proper temperature control prevents premature crystallization of NH,CI, optimizing filtration efficiency
and minimizing contamination [44].

3. Results and Discussion
The X-ray diffraction (XRD) is highly advantageous for assessing nanopowder quality. It provides
precise information on crystal structure, phase composition, and lattice parameters. XRD detects
impurities, identifies phases, and evaluates crystallite size and strain through peak broadening analysis.
Its non-destructive nature ensures accurate characterization without altering the nanopowder’s
properties. Figure (3) shows the XRD patterns of the titanium nitride (TiN) nanopowder samples
synthesized at different microwave powers and different induction times. The sample synthesized at 5.6
kW power of microwaves and 60 s induction time is considered the optimum as its structural
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characteristics were very similar to the typical specifications of TiN nanopowder prepared by other
highly-controlled synthesis methods and techniques. It is clear that the synthesized material is
polycrystalline with 9 distinct diffraction peaks assigned at 26 values of 24.915°, 37.459°, 47.697°,
53.423°, 54.799°, 62.305°, 68.476°, 69.993°, and 74.950° corresponding to crystal planes of (101),
(004), (200), (105), (211), (204), (116), (220), and (215), respectively. The average crystallite size was
determined by Debye-Scherrer equation to be 26 nm.

Field-emission scanning electron microscopy (FE-SEM) offers high-resolution imaging, enabling
detailed surface morphology analysis of nanopowders. Its superior magnification and minimal sample
damage provide precise size distribution, shape, and agglomeration insights. FE-SEM's ability to
analyze conductive and non-conductive materials with minimal preparation ensures accurate quality
control for nanopowder production. Figure (4) shows the FE-SEM image of the titanium nitride (TiN)
nanopowder sample synthesized at 5.6 kW power of microwaves and 60 s induction time. The
morphology shows high homogeneous surface with spherical particles and uniform distribution. The
minimum particle size within this sample is about 2.158 nm. No aggregation of clustering is seen, which
reflects the high quality of the synthesis method that attributed to the role of microwaves in producing
the nanomaterial with such high specifications.
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Fig. (3) XRD patterns of the TiN nanopowders synthesized in this work using different microwave powers and induction
times
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Fig. (4) FE-SEM image of the TiN nanopowder synthesized in this work using 5.6 kW microwave power and 60 s
induction time

Atomic force microscopy (AFM) offers high-resolution imaging and precise topographical analysis of
nanopowders. It enables measurement of particle size, shape, and surface roughness at the nanoscale.
AFM provides three-dimensional visualization and quantitative data, making it ideal for assessing
nanopowder uniformity, detecting defects, and ensuring consistent quality in advanced applications.
Figure (5) shows the 2D and 3D AFM images of the titanium nitride (TiN) nanopowder sample
synthesized at 5.6 kW power of microwaves and 60 s induction time. The nanopowder sample shows
sufficiently high roughness and good surface topography with average roughness of 33.5 nm.
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Fig. (5) 2D and 3D AFM images of TiN nanopowder synthesized in this work using 5.6 kW microwave power and 60 s
induction time
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Energy-dispersive x-ray spectroscopy (EDX) and color mapping provide precise elemental composition
and spatial distribution of elements in nanopowders. These techniques ensure quality control by
detecting impurities, verifying homogeneity, and visualizing elemental distribution at the nanoscale.
They are fast, non-destructive, and crucial for optimizing nanopowder synthesis and applications. Figure
(6) shows the EDX results of the titanium nitride (TiN) nanopowder sample synthesized at 5.6 kW power
of microwaves and 60 s induction time. The high structural purity is clearly observed with small trace of
chlorine, which inevitable product in such reaction. The color mapping of the sample shows
homogeneous distribution of titanium and nitrogen particles over the sample.
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Fig. (6) EDX results of the TiN nanopowder synthesized in this work using 5.6 kW microwave power and 60 s induction
time

4. Conclusions

In concluding remarks, a chemical reaction of titanium chloride with ammonia was initiated and
induced by microwaves in order to synthesize titanium nitride nanopowders. Different powers of
microwaves as well as induction times were used to study their effects on the structural characteristics
of the synthesized nanopowders. The effect of microwave power was observed in decreasing the
particles size within the nanopowder while the effect of induction time was observed in allowing more
crystal planes to grow within the structure of the synthesized nanopowders.
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