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Titanium nitride (TiN), a prominent transition metal nitride (TMN), has garnered significant attention due
to its exceptional characteristics and versatile applications in modern technologies. This comprehensive
review highlights TiN's unique properties, positioning it as a promising alternative to traditional plasmonic
metals due to its abilty to overcome cost limitations and maintain plasmonic behaviour at lower
temperatures. The paper presents recent research on TiN, encompassing various synthesis techniques,
structural considerations, and its diverse range of applications. By focusing on the synthesis aspect, the review
delves into the different methods employed to produce TiN, showcasing the breadth of available strategies.
Additionally, the article sheds light on emerging applications where TiN demonstrates its prowess, such as
solar energy acquisition, energy storage, photocatalysis, electrochemical sensing, biomedical implants, and

Received 4th November 2023, protective coatings. Acknowledging the challenges and limitations of TiN, the review addresses potential
Accepted 3rd January 2024 areas for improvement and research directions. By offering a comprehensive analysis of TiN's capabilities, this
DOI: 10.1039/d3ma00965¢ review serves as an invaluable resource for researchers and scientists in the dynamic field of materials science

and engineering. The synthesis strategies and extensive technological applications discussed here will
rsc.li/materials-advances undoubtedly inspire further exploration and innovation in using TiN for advancing cutting-edge technologies.
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face-centered cubic (fcc), hexagonally close-packed (hcp), and
simple hexagonal (hex).® Transition metal nitrides typically demon-
strate greater covalent and metallic properties than their corres-
ponding sulfides and oxides, irrespective of their structural
configuration.® As a result, they have extraordinary properties such
as high melting temperatures, toughness, high Young’s modulus,
broad band gaps, excellent electrical conductivity (metallic), and
outstanding thermal and chemical stabilities."®™ The distinctive
characteristics exhibited by metal nitrides render them highly
advantageous candidates for a diverse range of energy-related
applications, encompassing heterogeneous catalysis, photocatalytic
elimination of pollutants, and energy storage and conversion."> ¢
Among the transition metal nitrides, TiN is one of the most
extensively studied and widely employed materials due to its excep-
tional mechanical, electrical, and thermal properties (see Fig. 2).
Titanium nitride, with the chemical formula TiN, belongs to
the family of refractory compounds known as transition metal
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nitrides.'® It is a hard, wear-resistant material with a high
melting point and excellent thermal stability, making it suitable
for extreme conditions and high-temperature applications.*®2°
TiN is widely recognized for its remarkable mechanical
properties.”** These attributes have led to its utilization in
various industries, such as cutting tools,> wear-resistant
coatings, and protective layers for electronic devices.**?*”

Besides its mechanical prowess, TiN exhibits interesting
electrical properties, including metallic conductivity, high elec-
tron mobility, and low resistivity.”®*° These properties have
made TiN an attractive material for applications in microelec-
tronics, where it is employed as a diffusion barrier, an adhesion
layer, or an ohmic contact in integrated circuits and nanoelec-
tronics. Furthermore, the catalytic properties of TiN have
recently received considerable attention.*® The surface chemis-
try and unique electronic structure of TiN make it an intriguing
material for catalytic reactions, including ammonia synthesis,
nitrogen fixation, and oxygen reduction.*** Its potential as a
replacement for expensive metal catalysts has sparked interest
in developing TiN-based catalysts for sustainable and cost-
effective industrial processes.>*

The synthesis of TMNs can be achieved through a variety of
methods, including chemical vapor deposition, reactive sputter-
ing, and arc melting.>>~*” These methods allow for the control of
the resulting materials’ composition, crystal structure, and mor-
phological features. Furthermore, the characterization of TMNs is
essential for understanding their properties and behavior. The
crystal structure, morphology, and chemical composition of
TMNs can be determined using several structural, mircroscopic,
and spectroscopic approaches. In the past few years, numerous
reviews have highlighted the progress made in utilizing metal
nitrides for applications such as energy storage and conversion,
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Fig. 1 Typical crystal structures of TMNSs; (a) fcc, (b) hcp, and (c) hex (reproduced from ref. 17 with permission).
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Fig. 2 Various properties of titanium nitride (TiN).

fuel cells, and electrocatalysis.*®* *° For example, Luo and collea-

gues provided a comprehensive overview of nanostructured
TMNs and their energy-related applications.'”” Meng et al. pre-
sented a detailed overview of TMNs and their electrocatalytic
applications.*’ Lin and co-workers discussed recent advance-
ments in nanostructured TMNs for water electrolysis.** Mahadik
et al. highlighted recent development in the synthesis and
electronic structure engineering of nanostructured TMNs for
supercapacitor applications.”® Recently, Yang et al. and Zhang
et al. summarized applications of TMNs for electrochemical
nitrogen reduction and as a functional separator for lithium-
sulfur batteries.*>** More recently, Batool and co-workers high-
lighted the recent advancements in iron (Fe) and nickel (Ni)-
based TMNs for hydrogen evolution.*®

In addition to TiN, several other metal nitrides such as FeN,
CoN, NiN, VN, and MoN have been explored by researchers for
various applications.””*® Each metal nitride has its own set of

848 | Mater. Adv, 2024, 5, 846-895

advantages and applications, but TiN’s combination of hard-
ness, chemical stability, biocompatibility, optical and electrical
properties, and ease of deposition makes it particularly versatile
across various industries and applications. TiN research has
come a long way in recent years, yet a comprehensive explora-
tion of its synthetic methods and wide-ranging applications
remains elusive in the literature. While numerous publications
have focused on specific applications of various metal nitrides, a
thorough investigation specifically addressing TiN, including its
synthesis and diverse range of applications, is conspicuously
absent. Recognizing the pressing need to bridge this knowledge
gap and considering the rapid advancement of TiN, we present
an updated and comprehensive overview of the synthetic stra-
tegies employed for producing TiN-based materials. Further-
more, we delve into the extensive array of applications wherein
these materials demonstrate their immense potential, encom-
passing electrodes for energy storage devices, electrocatalysis,
photovoltaics, biomedical applications, electrochemical sen-
sing and wear-resistant coatings. By meticulously surveying
the existing body of research, we aim to consolidate the current
state of knowledge on TiN, shedding light on its synthesis
techniques and highlighting the remarkable versatility of
this burgeoning field. Our comprehensive review addresses
the key challenges and recent advancements, offering valuable
insights for researchers and practitioners with useful new
perspectives.

2 Synthetic methods for TiN
nanostructures

The production of TiN nanostructures has attracted considerable
interest owing to their distinctive characteristics and possible
utilization in diverse domains. Various synthetic techniques
have been devised to produce TiN nanostructures, each with
unique benefits that allow for accurately manipulating their
structure, morphology, and chemical composition. This study
presents a comprehensive analysis of various prominent syn-
thetic methodologies utilized in fabricating TiN nanostructures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1 Chemical vapor deposition (CVD)

TiN synthesis using the chemical vapor deposition (CVD) tech-
nique has emerged as a prominent method for producing TiN
films and nanostructures with controlled properties.*® CVD offers
precise control over the deposition parameters, allowing the
synthesis of uniform and high-quality TiN coatings on various
substrates. The process involves the reaction of titanium precur-
sor, typically titanium tetrachloride (TiCl,;) and ammonia (NHj3),
in a controlled environment at elevated temperatures.’® During
the CVD process, the precursor gases are introduced into a
reaction chamber, typically made of quartz, along with a carrier
gas that aids in transporting the reactants. The chamber is then
heated to high temperatures, typically from 700 to 1000 °C,
promoting the decomposition of the precursor gases and the
subsequent reaction of TiCl, with NH;. This chemical reaction
facilitates the formation of TiN on the substrate’s surface.”" The
growth and control of TiN during CVD are achieved by carefully
adjusting the deposition parameters. Factors such as precursor
flow rates, chamber pressure, temperature, and deposition time
are fine-tuned to achieve the desired film properties. These
parameters influence the growth rate, film thickness, uniformity,
and crystalline structure of the TiN coating.*>*'"?

TiN is often deposited in H, surplus, allowing for rapid
reduction of TiCl, to TiCl,_,. However, CVD in a hydrogen-
deficient environment has the potential to alter the TiCl,/TiCl;
equilibrium and the decreased reactivity of the Ti-precursor.*>>®
The growth of TiN was investigated by Fieandt et al. using CVD
with a reaction gas mixture consisting of nitrogen (N,), titanium
tetrachloride (TiCl,), and hydrogen (H,). The deposition proce-
dure was conducted on three distinct metal substrates, namely
cobalt (Co), iron (Fe), and nickel (Ni), employing a range of
temperatures spanning from 850 °C to 950 °C.>' Gas-phase
interactions with metal substrates were studied utilizing com-
putational thermodynamics. This study examines the viability of
utilizing Fe and Ni as alternative binder phases in cemented
carbides to replace Co. Thermodynamic calculations were
employed to analyze the chemical reactions between the gas-
eous phase and the metallic substrates. According to thermo-
dynamic simulations, Ni substrates are the most resistant to
etching in the reaction gas phase. Applying the CVD technique
on cobalt (Co) substrates led to the formation of compact and
columnar shape coatings composed solely of single-phase TiN.
Substrate corrosion was not seen at all deposition temperatures.
The authors conclude that TiN must be deposited on a Ni-based
binder phase with a low H, partial pressure and a significant
amount of N, to prevent corrosion or undesired phases. Su et al.
fabricated TiN films using the CVD technique and used tita-
nium chloride, ammonia, and hydrogen as carrier gases.’* The
films were deposited on various substrates (See Fig. 3(a—c)). The
researchers proposed a kinetic model for simulating the TiN
film growth rate. Crystal orientation in TiN films was found to
be supersaturation dependent, with the underlying c-plane
sapphire dictating the favoured orientation. TiN films with a
low growth rate and a low N/Ti ratio in the gas phase are golden
in color, while TiN films with a high growth rate are brown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Das and colleagues studied the effects of N, gas flow rates on
TiN coating properties.®® They synthesized TiN coatings on Si
substrates at 1000 °C using TiO, powder. The coatings had a
dense microstructure, increased surface roughness, and a Bl
NaCl crystal structure (see Fig. 3(d)). Higher N, flow rates
decreased corrosion resistance, and the acoustic and optic pho-
non modes shifted to higher intensities. The mechanical proper-
ties showed a maximum hardness of 30.14 GPa and Young’s
modulus of 471.85 GPa. Ramanuja et al. investigated the synthe-
sis of TiN films via low-pressure chemical vapor deposition
(LPCVD) using TiCl, and NH;, focusing on these films’ growth
kinetics, composition, and characteristics.>® As the temperature
increased, the chlorine concentration of the solution decreased,
and the growth rate was shown to be stoichiometrically depen-
dent on NH; and TiCl, partial pressures. The film’s density and
resistivity changed due to deposition temperature and flow rate
ratios. The deposits had conformal step coverage up to a 4:1
aspect ratio. Recently, Feng et al. recently incorporated plasma-
enhanced CVD to in situ nitride titanium plates to improve
conductivity and corrosion resistance.”® They examined surface
shape, hydrophobicity, interfacial conductivity, and corrosion
resistance after synthesizing TiN coatings at varied temperatures
and intervals. Lower temperatures slowed surface reactions,
while higher temperatures accelerated TiN particle development.
Longer nitriding time accumulated TiN nanoparticles continu-
ously, creating a uniform coating but lowering flatness. TiN
coating prepared by nitriding at 650 °C for 90 min (TiN-650-90)
is compact, smooth, and fuel cell water-resistant. Titanium’s
corrosion potential is lower than TiN-650-90’s 0.56 pA cm 2
corrosion current density. Titanium bipolar plates have low
deposition temperature, fast deposition speed, high hydrophobi-
city, conductivity, and corrosion resistance, enabling effective
surface modification.

TiN production through CVD allows for conformal coating
on complicated and three-dimensional substrates, which is a
significant advantage. Because of this, CVD can be used in
many different fields, such as microelectronics, wear-resistant
coatings, catalysis, and energy storage devices. CVD is also
interesting for high-throughput industrial applications since
it enables mass production. However, there are further obsta-
cles to overcome when synthesizing TiN using CVD. CVD
systems can be expensive and time-consuming to set up and
run, necessitating specialized equipment and trained person-
nel. Precursor gases, such as TiCl,, are very corrosive and
poisonous, necessitating cautious handling throughout use. It
is imperative to take precautions for the safety of workers and
machinery. The tuning of deposition parameters may also be
required to achieve homogeneous layer thickness and compo-
sition over vast substrate surfaces. Additionally, achieving uni-
form film thickness and composition over large substrate areas
can be challenging and may require optimization of deposition
parameters. Despite these challenges, TiN synthesis using CVD
remains a versatile and effective method for producing high-
quality TiN films with controlled properties. Ongoing research
and development efforts continue to refine CVD processes,
enabling the synthesis of TiN coatings with enhanced

Mater. Adv., 2024, 5, 846-895 | 849
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Fig. 3 Cross-sectional and surface morphology of TiN layers with a (a) golden; (b) brown; and (c) brown color on sapphire (reproduced from ref. 54 with
permission); (d) AFM images of TiN coating grown at a different N, flow rate (reproduced from ref. 35 with permission).

performance for various materials science and engineering
applications.

2.2 Atomic layer deposition (ALD)

Thin films are also known as conformal coatings, which adhere
closely to the form of the structures they cover, are an essential
constituent in an extensive range of contemporary technologies,
including optical and optoelectronic components,™ magnetic sto-
rage devices,”” membranes®® and catalysts.> Particularly in micro-
electronics, the majority of manufacturing processes demand the
growth of thinfilms to facilitate the in situ assembly of capacitors,
metal interconnects, diodes, transistors, and other components
within integrated circuits.®® Nowadays electronic devices are fre-
quently manufactured with individual structures measuring less
than 100 nm, possessing extremely high aspect ratios and many
narrow, deep cavities and trenches.®! Physical deposition methods,**
being primarily directional, may not be well-suited for certain
applications, whereas chemical-based processes offer isotropy and
excel in depositing films evenly, especially on irregular surfaces.
Additionally, their strength lies in creating uniform and dense films
consistently. Moreover, the wide range of available chemical con-
stituents ranging from hydrides and halides to organometallics
enables the deposition of a diverse array of substances.*

In addition to the aforementioned advantages, the CVD
technique is not without its drawbacks, including the need

850 | Mater. Adv, 2024, 5, 846-895

for elevated temperatures and challenges in regulating the
thickness and morphology of the developing layers. To over-
come such issues, a modified form of CVD known as atomic
layer deposition (ALD) is utilized nowadays. In ALD, two
complementary self-limiting reactions are employed in a
sequential and alternating fashion to construct solid films
one monolayer at a time.®> Musschoot et al. investigated TiN
films via atomic layer deposition (ALD), comparing thermal and
plasma-assisted processes. The optimized thermal method
achieved 0.06 nm per cycle growth rate and 53 x 10° pQ cm
resistivity, while plasma-enhanced NH; produced 0.08 nm per
cycle growth and 180 puQ cm resistivity. High resistivity in
thermal ALD films is correlated with oxygen (37%) and carbon
(9%) contamination, reduced to below 6% in optimized plasma
films. Their research highlighted that TiN films from plasma-
assisted processes exhibit excellent copper diffusion barrier
properties similar to or better than those from physical vapor
deposition (PVD).** In a pioneering work, H. J. lee and team
developed an innovative ALD surface reaction pathway using
H,S after the TiCl, pulse, leading to a remarkable reduction in
the resistivity of TiN films (<130 pQ cm) at lower ALD process
temperatures (<400 °C). This unconventional approach trans-
formed titanium sulfide into titanium nitride by subsequent
NH; gas exposure, reducing Cl impurities (~1%) and resulting
in a (>20%) decrease in resistivity compared to conventional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ALD methods (TiCl, + NHj3). The resistivity decrease of the TiN
film can enable a reduction of power consumption in the
dynamic random-access memory (DRAM) operation, which
offers an aggressive scaling of DRAM capacitors for high-
density integration, showcasing the distinctive potential of this
novel ALD synthesis pathway.®® Further, J. Shin et al. studied
plasma-enhanced atomic layer deposition (PEALD) parameters
on TiN film properties. Their findings revealed that higher
nitrogen plasma power and longer exposure times yielded
highly dense, crystallized TiN films with minimal impurities,
notably enhancing adhesion to Si substrates by 50%. The
research underscores the potential for tailored plasma para-
meters in PEALD to produce TiN thin films with enhanced
mechanical stability and electrical conductivity, promising for
various applications in semiconductor technology.®®

Recently, B. Lee explored the impact of deposition tempera-
ture on TiN thin films using thermal atomic layer deposition
(ALD). They demonstrated a decrease in resistivity to 177 pQ cm
at 600 °C but noticed increased surface roughness and decreased
step coverage. To enhance film quality at lower temperatures,
they performed a post-treatment using a N,/He plasma mix (3:2
ratio), resulting in a 25% decrease in resistivity for films depos-
ited at 400 °C. This innovative approach offers insights into
improving TiN thin film quality for semiconductor applications
via ALD processes.®” The evolution from conventional techniques
like CVD to advanced methodologies such as ALD and PEALD has
revolutionized the fabrication of TiN thin films, addressing
challenges related to temperature, thickness control, and mate-
rial purity. However, further advancements are required to miti-
gate some challenges related to ALD, such as the slow deposition
rate, undesirable contaminants due to the decomposition of
precursors, and carrier gas impurities in some films. Further
research will mitigate such challenges, and TiN films with
improved performance will be obtained for various material
and engineering related applications.

2.3 Solvothermal and hydrothermal methods via nitridation

Solvothermal and hydrothermal approaches are employed to
fabricate nanomaterials, such as TiN, through distinct reaction
environments.>® These methods involve using a solvent or
water under specific temperature and pressure conditions to
facilitate the reaction between precursor materials and nitro-
gen sources, resulting in the formation of TiN. In solvothermal
synthesis, an organic solvent is used as the reaction medium.
The titanium precursors and a nitrogen source, such as ammo-
nia or amines, are dissolved in the solvent. The reaction
mixture is then sealed in a high-pressure autoclave and heated
to an elevated temperature. The high temperature and pressure
conditions facilitate the reaction between the precursors and
nitrogen, forming TiN nanoparticles or thin films. The sol-
vothermal synthesis method enables meticulous manipulation
of the TiN material’s particle size, shape, and composition.®®
On the other hand, hydrothermal synthesis utilizes water as the
reaction medium. The titanium precursors and a nitrogen
source are dissolved in water, typically with the addition of a
mineralizer or a pH adjuster. The reaction mixture is then

© 2024 The Author(s). Published by the Royal Society of Chemistry
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placed in a high-pressure vessel called an autoclave and sub-
jected to elevated temperature and pressure conditions. The
hydrothermal environment enables the chemical interaction
between the precursor chemicals and nitrogen, resulting in the
formation of TiN.%® Hydrothermal synthesis offers advantages
such as using water as an environmentally friendly solvent,
relatively low reaction temperatures, and carefully manipulat-
ing the TiN material’s particle size, shape, and composition.>®
These methods help modify the nanoscale TiN NPs in terms of
their form, size, and crystallinity. These characteristics can be
fine-tuned by altering factors like solvent type, reaction time,
and temperature during the TiN NPs’ synthesis. This synthetic
method can be used to create materials with desired phase
characteristics, metastable states, vapor pressures, and melting
points. The technology has some substantial downsides, the
most significant being the need for prolonged exposure, which
may result in the aggregation of nanoparticles. In addition, the
autoclave can get dangerously overheated and explode if high
pressure and temperatures (80 °C to 400 °C) are used.

The solvothermal method has successfully produced TiN
nanostructures with diverse morphologies, including multifa-
ceted shapes and spherical rings featuring a central void.>*”°
Balogun et al. conducted a study where they synthesized TiN
nanowires (NWs) using hydrothermal methods and annealed
them on a carbon fabric.”* The SEM analysis showed that the
morphological features of the TiO, nanoparticles remained
unchanged after curing at temperatures of 1000 °C, 900 °C,
and 800 °C. The TEM image of the TiN-900 sample confirmed
the synthesis of TiN nanoparticles with a size of approximately
160 nm and a nanowire structure (see Fig. 4(e-i)). This study
demonstrates the successful synthesis of TiN nanowires
through hydrothermal synthesis and highlights their stability
during the annealing process. Qin et al. produced nanopillars
of hierarchical TiN nanoparticles using a simple hydrothermal
technique.”” The electrode is fabricated through the nitration
process of TiO, nanotubes, resulting in the formation of H-TiN
nanopillars (see Fig. 4(a—d)). These nanopillars possess a sur-
face area of 23.1 m> g~ ', with a diameter ranging from 100 to
150 nm and a length of 6 m. The H-TiN nanoparticles, when
used as an electrode, demonstrated a capacitance of 69 F cm >
at a current density of 0.83 A cm™>. The authors additionally
asserted that the remarkable electrochemical performance can
be attributed to the significant specific surface area and
enhanced electroactive sites. Coatings made of various materi-
als can increase TiN nanostructures’ stability. A hydrothermal
procedure is ideally suited for this purpose. TiN electrodes
degrade structurally during cycling because electrolyte ions are
constantly intercalating and deintercalation, as noted by Lu et al.
To protect the carbon fabric from the TiN nanowires, the team
employed a hydrothermal approach to produce a thin coating of
amorphous carbon on top of the nanowires.”” The resultant
TiN@C electrode has a specific capacitance of 124.5 F g ' at a
current density of 5 A g, compared to 107 F g~ * for a pure TiN
electrode. TiVN, a bimetallic nitride synthesized by a solvother-
mal technique, has recently been reported for SC applications by
Wei et al TiVN composite’s mesoporous hollow spheres

Mater. Adv.,, 2024, 5, 846-895 | 851
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(a) Schematic illustration of the formation process of TiN NTs and H-TiN NPs; (b) TEM images of TiN NTs; (c) H-TiN NPs; (d) rate performance of

H-TiN NPs and TiN NTs (reproduced from ref. 72 with permission); (e) TEM image; (f) HRTEM image of the TiN-900 sample; (g) XRD patterns; (h) Raman
spectra of the TiO, and different TiN samples; and (i) a red LED in the bent position is seen being powered by a fully charged LiCoO,/TiN-900 battery

(reproduced from ref. 71 with permission).

contribute to its enhanced electrical conductivity and specific
capacitance.”* The exceptional result can be ascribed to the
combined effects of both counterparts.

Recently, Bai and colleagues studied hydrothermally oxi-
dized multi-arc ion-plated (MAIP) titanium nitride (TiN) coatings.
Hydrothermal oxidation of TiN at temperatures above 200 °C
produced a thick oxide layer with a 20-50 nm thickness. The oxide
layer comprised 50-150 nm-long anatase particles covered in
smaller anatase nano crystallines.””> Passivation range, corrosion
current, and impedance were all significantly boosted for TiN after
oxidation treatment in simulated saliva. This study demonstrates
the beneficial effects of hydrothermal oxidation on the structural,
corrosion, and wear properties of TiN coatings. Yang et al
employed a solvothermal technique to achieve the formation of
ruthenium nanorods supported on TiN nanosheets, thereby indu-
cing a robust metal-support interaction (SMSI) effect.”® The Ru
NRs/TiN catalyst demonstrates remarkable hydrogen evolution
reaction (HER) efficiency in a KOH solution with a concen-
tration of 1.0 M. It exhibits a minimal overpotential of only

852 | Mater. Adv, 2024, 5, 846-895

25 mV. The substance exhibits exceptionally high mass activity
and demonstrates superior turnover frequency values. The SMSI
effect results in the redistribution of charges at the interface
between ruthenium and TiN, thereby increasing the catalytic
action of the catalyst for the HER (see Fig. 5). The stability of the
catalyst is deemed exceptional, as it has demonstrated a remark-
able endurance of 10000 cycles without any observable decay.
This study broadens the scope of ruthenium-based catalysts for
the HER and provides novel perspectives on surface modifica-
tion by the SMSI engineering.

Both solvothermal and hydrothermal approaches offer
convenient and controllable methods for synthesizing TiN
materials. These methods provide flexibility in tuning the
properties of the TiN products by adjusting reaction parameters
such as temperature, pressure, precursor concentration, and
reaction time. The ability to control particle size, morphology,
and crystal structure makes these methods suitable for several
applications, such as catalysis, energy storage, and opto-
electronics. Overall, solvothermal and hydrothermal approaches

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic synthesis processes and structure of Ru NRs/TiN catalyst; (b) and (c) SEM of Ru NRs/TiN; (d) TEM of Ru NRs; (e) N, adsorption—

desorption isotherms and XRD patterns of Ru NRs/TiN, TiN, and Ru NRs/C (reproduced from ref. 76 with permission).

contribute to the development of TiN materials with tailored
properties for specific applications.

2.4 Magnetron sputtering technique

Magnetron sputtering has evolved into an advanced technique
for precisely applying extremely pure and evenly thin layers of
metal oxides, nitrides, and sulfides.”” This method finds applica-
tions in a wide range of fields, including memory storage, optics,
semiconductors, decorative coatings, and electronic devices,
among various other uses. The two types of sputtering in a
magnetron are radio frequency (RF) and direct current (DC). A
sputtering target is hit with fast, powerful ions to deposit the
target’s film onto the substrate. As a result, atoms are emitted
from the target and deposited in thin layers on the surface of the
substrate, which is elevated and positioned directly opposite the
target. Defect-free thin films are formed when the operating
conditions, including pressure, temperature, and voltage, are
precisely controlled.”® The production of TiN nanostructures
through alternative methods like the hydrothermal process
necessitates the involvement of different gases, including O,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and NHj, as well as the application of exceedingly high tempera-
tures, typically around 800 °C. Since no binders or conducting
agents are required, the electrochemical performance is
improved when TiN nanostructures are deposited directly onto
the substrates.”” Magnetron sputtering allows the direct depos-
iting of binder-free, highly conformal, and pure TiN thin films
onto substrates. In this context, Arif et al. employed DC sputter-
ing with a power supply of 80 W to fabricate nanostructured TiN
thin films in a pyramid shape.®® The resulting films exhibited
an atomic percentage ratio of Ti: N as 54.24:15.26%. A symme-
trical supercapacitor device utilizing thin films of TiN demon-
strated a capacitance of 112 F g ' at 1 A g ', exhibiting
impressive capacitance retention of 92.6% over a prolonged
cycle count of 30000.

The need for micro-supercapacitors has grown significantly in
recent years, primarily attributed to their excellent robustness
and capability to energize other integrated apparatus effectively.
Nevertheless, the primary criteria for achieving enhanced per-
formance are reliable cyclic stability and increased energy den-
sity. Utilizing magnetron sputtering for the deposition of TiN
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thin films contributes significantly to the enhancement of micro
supercapacitor fabrication. Achour et al. employed a sputtering-
based technique to produce TiN thin films on planar silicon
substrates.®’ The prepared films exhibited regulated porous
structure and demonstrated a volumetric capacitance of
146.4 F cm > while exhibiting a minimal decline in capacitance
over a span of 20000 cycles. Nitrogen doping of the TiO, layers
and the film’s inherent porosity are both likely responsible for
the observed performance. Later, the same team of researchers
created a micro-SC using a TiVN thin film composite by employ-
ing DC magnetron sputtering based on binary metal nitrides.®* It
has been determined that the greatest areal capacitance is
delivered at a 1:1 Ti-V ratio, translating to 15 mF em . In
addition, after being subjected to 10000 cycles, the TiVN thin
film-based electrode displayed almost no degradation in capaci-
tance (see Fig. 6a). This excellent capacitance retention can be
attributed to the combined efforts of both components.

Recently, there has been a notable surge in the exploration
of flexible and wearable electronic devices.®* In these devices,
the movement of electrolyte ions through nanostructured and
porous thin films is enhanced, as these films effectively shorten
the paths for ionic diffusion. To illustrate, Sial et al. employed
DC magnetron sputtering to fabricate a flexible solid-state
supercapacitor (SC) device. They achieved this by depositing a
TiN-Ni thin film under specific conditions: a power of 150 W
and a pressure of 10 mTorr, carried out for 30 minutes.?* The
generated porous TiN thin films have a consistent thickness of
103 nm. A thin layer of Ni improved the TiN-Ni electrode’s
electrical performance, resulting in a specific capacitance of
10.21 mF g ' and decent energy and power densities in the
constructed device (see Fig. 6(b and c)). In another study, Xie
et al. produced tunable TiN films to study the effect of substrate
bias current (I;) on film characteristics.®> Upon increasing the
value of Iy from 0.1 to 3.0 A, it was observed that the films
exhibit a preferred orientation for growth along the TiN(111)
crystal plane. Additionally, a significant transformation in the
morphology of the films was observed, transitioning from a
loosely packed columnar microstructure to a densely packed
and smooth microstructure devoid of distinct features.

In a recent study, Anas et al. analyzed the impact of N,
content on the structural, mechanical, and corrosion properties
of TiN coatings.®® X-Ray diffraction analysis showed that as N,
flow was increased, so too did the average grain size. Nitrogen
content seemed to have the most significant impact on hard-
ness. One advantage of TiN synthesis using magnetron sputter-
ing is the ability to achieve highly adherent and uniform films
on various substrate materials, including metals, semiconduc-
tors, and ceramics. The technique also offers good control over
the film’s stoichiometry, enabling the production of stoichio-
metric TiN with a desirable nitrogen-to-titanium ratio.

Magnetron sputtering allows for the deposition of TiN films
with excellent mechanical and physical properties. TiN exhibits
high hardness, excellent wear resistance, and good thermal
stability, making it suitable for protective coatings, cutting tools,
and wear-resistant components.®>*”*® However, there are some
limitations to consider. Magnetron sputtering equipment can
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be costly and requires a well-controlled vacuum environment.
Additionally, the process may lead to high residual stresses in
the deposited films, which can affect their mechanical perfor-
mance. Careful optimization of the deposition parameters and
post-deposition treatments may be necessary to mitigate these
effects.

2.5 Electrochemical deposition technique

TiN synthesis using the electrochemical deposition technique
involves the electrodeposition of TiN films onto a conductive
substrate from an electrolytic bath containing suitable precursor
materials.®® This method offers advantages such as simplicity,
cost-effectiveness, and the ability to deposit TiN coatings on
complex geometries or large-area substrates.’ The process typi-
cally begins by preparing an electrolyte solution containing
titanium salts, such as titanium chloride or titanium sulphate,
along with a nitrogen source, usually in the form of ammonium
salts or urea. The conductive substrate, often made of stainless
steel or copper, serves as the cathode, while an inert or sacrificial
anode is employed. During electrochemical deposition, a current
is applied between the anode and the cathode, inducing a
reduction reaction at the cathode surface. This promotes the
formation of TiN nuclei on the substrate, which then grows into a
continuous TiN film. The thickness, composition, and quality of
the deposited film depend on the precise regulation of the
deposition parameters, which include current density, bath
composition, pH, and temperature. As an application in energy
storage, Gray and colleagues sought to clarify the role that surface
oxide layers play in diminishing the electrochemical functioning
of TiN thin films.°® After the electrodeposition, Ti foils were
anodized in ammonia to produce TiN thin films. Their cyclic
voltammetry analysis suggested that more oxidative treatment
would not improve the initial cycles’ capacitance values. How-
ever, at a high scan rate of 100 mV s, the capacitance of the
succeeding cycles was 39 F cm ™2, Zhao and co-workers developed
mesoporous TiN nanotube arrays (TiN NTAs) as a substrate for
ultra-low platinum (Pt) loadings.®® The resulting TiN NTAs exhib-
ited uniform structures with 80 nm inner diameter and 7 um in
length, featuring mesoporous holes on the nanotube walls with
excellent stability. Mao et al. developed Ni-Cu/TiN for direct
methanol fuel cells.”” Electrochemical techniques are used to
coat Ni-Cu nanoparticles on the surface of a TiN film. For the
electrochemical oxidation of methanol, the prepared Ni-Cu/TiN
has greater electrocatalytic activity than its counterparts. Xie et al.
successfully incorporated MoN, with TiN to create MoN,-TiN
nanotube arrays (NTAs) using electrodeposition and nitration in
ammonia.”® The resulting nanotubes had an average diameter of
110-130 nm and a length of approximately 4 pm.

The combined influence of MoN, and TiN resulted in an
enhanced capacitance, reaching a measure of 121.50 mF cm ™2,
coupled with an impressive peak rate capability of 93.8% sus-
tained throughout 1000 consecutive charge-discharge cycles. In
another study, Jiangjing et al. produced two distinct types of
nanocomposites through the electrochemical deposition of
poly(3,4-ethylene dioxythiophene) (PEDOT) into porous hard
template films containing TiC or TiN nanoparticles.®® This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) SEM images from a top view capturing TiVN electrodes, categorized as TiVN1, TiVN2, and TiVN3. The SEM cross-section of these three
samples is also presented, along with the XRD pattern of TiVN electrodes, and the atomic percentages of Ti and V (reproduced from ref. 82 with
permission); (b) the XRD pattern for a TiN/Ni nanocomposite, accompanied by deconvoluted spectra of Ti 2p, N 1s, and Ni 2p; (c) cross-sectional images

of TiN/Ni nanocomposite (Reproduced from ref. 84 with permission).

investigation aimed to assess these nanocomposites’ viability as
potential catalysts in dye-sensitized solar cells (DSSC) that utilize
a Co>"/Co®" polypyridyl redox mediator. Recently, Zhang et al.
investigated the synthesis of an efficient catalyst for the HER
using a combination of TiN and platinum (Pt) nanoparticles.’®

© 2024 The Author(s). Published by the Royal Society of Chemistry

The catalyst was prepared on carbon cloth (CC) through a two-
step process involving nitridation of TiO, in ammonia (NHj3)
followed by electrodeposition of Pt nanoparticles (see Fig. 7). The
researchers found that introducing TiN as a plasmonic booster
and Pt nanoparticles as a cocatalyst significantly improved HER

Mater. Adv,, 2024, 5, 846-895 | 855


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00965c

Open Access Article. Published on 04 januari 2024. Downloaded on 14/08/2024 23:11:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Review

Hydrothermal Nitridation Electrodeposition
NH; 900 °C
CcC TiO2/CC TiN/CC Ptx/TiN/CC

Fig. 7

PP

09

TiN/CC

Intensity/a.u.

10 20 30 40 50 60 70 80
2 Theta/degree

(@) Schematic illustration of electrode preparation; SEM images of (b) TiN; (c) Pt500/TiN/CC; (d) Pt7500/TiN/CC; (e) Pt1000/TiN/CC; and

(f) Pt1500/TiN/CC NWs; (g) XRD spectra of different samples (reproduced from ref. 95 with permission).

properties. The catalyst exhibited a small overpotential of 16 mV
at a current density of 10 mA cm™?, indicating its high catalytic
activity.

Electrochemical deposition of TiN offers several benefits.
Adjusting the deposition parameters allows for precise control
over the film’s properties, including thickness, morphology, and
crystal structure. The method also enables the formation of
conformal coatings on complex-shaped substrates, making it
suitable for applications where uniform coverage is essential,
such as microelectronics and corrosion protection.”®® Further-
more, TiN films synthesized via electrochemical deposition exhi-
bit desirable characteristics.””°® However, there are certain
considerations to take into account. The electrochemical deposi-
tion process requires careful optimization of parameters to
ensure uniform film growth and minimize defects or impurities.
The choice of electrolyte composition and operating conditions
can impact the film’s properties and deposition efficiency. Addi-
tionally, post-treatment steps like annealing may be necessary to
enhance the crystallinity and performance of the deposited
TiN film.

2.6 Sol-Gel technique for TiN nanoparticles synthesis

The sol-gel method is a wet chemical technique that produces a
wide range of nanomaterials, specifically metallic oxide nanos-
tructures. In a conventional methodology, the dissolution of
the precursor, commonly a metal alkoxide, in either alcohol or
water is conducted, followed by its transformation into a gel
through heat and agitation via alcoholysis or hydrolysis.®®**

856 | Mater. Adv., 2024, 5, 846-895

TiN synthesis using the sol-gel approach involves forming a
sol, a colloidal suspension of nanoparticles, followed by gela-
tion and subsequent thermal treatment. A precursor solution
containing titanium and nitrogen sources is prepared in this
process. Common titanium precursors include titanium alk-
oxides or titanium salts, while nitrogen sources can be organic
or inorganic compounds. The sol-gel process begins with the
hydrolysis of the titanium precursor, which reacts with water to
form metal hydroxides. Subsequently, a condensation reaction
takes place, leading to the formation of a three-dimensional
network or gel. The gel is then subjected to a thermal treatment
process, typically at high temperatures, to promote the conver-
sion of the gel into the desired TiN phase. During the thermal
treatment, the gel undergoes various chemical reactions, such
as nitridation, reduction, and decomposition, resulting in the
formation of TiN nanoparticles. The exact conditions of the
thermal treatment, including temperature, duration, and atmo-
sphere, are critical factors influencing the properties of the TiN
material.*®

The low reaction temperature makes the sol-gel method a
labour and material saving procedure that precisely manipulates
product chemical composition, size distribution, and shape.®® In
addition to its many other applications, the sol-gel method can
be used during the ceramics manufacturing process as a molding
product and as a bridge between metal oxide thin films.'®" The
methods used to create these materials have several potential
uses in fields as diverse as electronics, optics, surface engineer-
ing, energy, pharmacology, and separation science.'®>'® The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sol-gel approach offers several advantages for TiN synthesis. It
allows for controlling particle size, morphology, and composition
by adjusting the precursor concentration, reaction conditions,
and additives. It also enables the incorporation of dopants or the
formation of composite materials. The resulting TiN coatings or
films can exhibit enhanced hardness, stability, and thermal
resistance properties.>>'**

An instance of the fabrication of nanostructured TiN was
carried out by Kim and Kumta using a hydrazide sol-gel (HSG)
process.'®® The process involves the reaction of anhydrous hydra-
zine with titanium isopropoxide in the presence of anhydrous
acetonitrile, resulting in the formation of a solid titanium alkoxy
hydrazide precursor. Integrating sol-gel technology with comple-
mentary methodologies enables synthesising nanostructured
materials with tailored properties. Using a combination of micro-
wave carbothermal reduction and sol-gel methods, Zhang et al.
created ultrafine TiN powders from sucrose and tetra butyl
titanate.’® The molar ratio of titanium to carbon, the impact
of NH,F concentration, and the role of crystal seeds were also
studied in this study. The results of the studies indicate that the
created TiN NPs are favourably affected by the inclusion of crystal
seeds, an excess amount of carbon, and NH,F at low tempera-
tures. In a different study, Zhang et al. conducted a synthesis of
sol-gel derived TiN nano powder, resulting in the production of
crystallite sizes smaller than 10 nm."® Additionally, they success-
fully achieved a TiN coating with exceptional conductivity. The
study utilized an optimized TiN coating containing 10 wt% TiN to
coat LiFePO, particles, commonly used as a battery material. The
resulting materials demonstrated notable enhancements in elec-
trochemical performance compared to uncoated LiFePO,. These
improvements were observed in terms of increased specific
capacity, enhanced cycle stability, and improved rate capability.
Hengyong et al. successfully prepared a TiN thin film by direct
nitriding a TiO, thin film at various temperatures in the presence
of NH;."”” This study aimed to analyze the thin films’ composi-
tion, microstructure, and optical properties to examine their
impact on the surface-enhanced Raman scattering (SERS) cap-
abilities exhibited by the thin films.

In another study, Yi-Min and colleagues employed a sol-gel
technique with phase separation and nitridation to produce a
macro and mesoporous TiN structure on carbon paper.'®® The
surface area and pore size of TiN were adjusted by varying the
concentrations of polyvinylpyrrolidone (PVP) in the solvent.
The deposition of Pt nanoparticles onto TiN was achieved
through atomic layer deposition, forming a Pt@TiN@carbon
paper electrode. This electrode exhibits potential for utilization
in proton exchange membrane fuel cells. In a recent report, the
optical, electrical, and mechanical properties of TiN films were
investigated by Valour et al. through the utilization of a direct
rapid thermal nitridation process.'® This process involved the
transformation of a photo-patternable TiO, sol-gel layer (see
Fig. 8). The findings suggest that TiN thin films synthesized
using this approach hold great potential for developing optical
metasurfaces devices and novel plasmonic materials. Qin et al.
recently employed a sol-gel-assisted Fe-catalysed carbon ther-
mal reduction nitridation reaction to synthesize ultrafine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TiN."'® The reaction was conducted at temperatures ranging
from 900 °C to 1100 °C. The purpose of this research was to
examine iron’s (Fe) catalytic influence on the dry gel carbon’s
heat reduction nitration reaction. The results showed that Fe
greatly improved the dry gels’ carbothermal reduction nitration
reaction. The dry gel was supplemented with 4 wt% of Fe and
subjected to calcination at a temperature of 900 °C. This process
produced ultra-fine TiN nanoparticles with an average particle
size of approximately 24 nm. Overall, the sol-gel method provides
a versatile and tunable route for the synthesis of TiN, offering
opportunities for various applications, including protective coat-
ings, catalysis, electronics, and energy storage.

2.7 Laser ablation technique

Integrating nanotechnology with the concept of “light” has
given rise to a new and dynamic field called “laser-assisted
synthesis.” This field has garnered significant attention world-
wide due to its extensive applications in catalytic activity, energy
resources research, biomedical science, and optics.'***** When
comparing laser ablation synthesis in the air to other methods, it
is important to consider the potential risks it poses to the health
of researchers. One such risk is the contamination of their work
environments with aerosols, which can adversely affect their well-
being."*® Laser ablation synthesis in liquid is a relatively safe and
controlled method for laser processing and synthesis, offering
the advantage of containing the resulting nanoparticles."** In
contrast to pulsed laser deposition (PLD), a method that utilizes
vacuum techniques to create and immobilize nanostructured
materials or thin films on a material surface, liquid processing
promotes the transportation of nanoparticles onto various sub-
strates and necessitates straightforward processing equipment
typically consisting of a water-filled vial and a solid plate.'****>
TiN synthesis using the laser ablation approach involves a
high-power laser to ablate a TiN target in a controlled atmo-
sphere. The process utilizes the interaction between the laser
beam and the target material to generate a plasma plume
containing TiN species. These species then condense and
deposit onto a substrate to form TiN thin films or nanoparticles.
In the laser ablation technique, a pulsed laser with high energy
density is focused onto the surface of the TiN target. The intense
laser pulse rapidly heats and vaporizes the target material,
creating a plasma plume of energetic ions, atoms, and clusters.
The plume expands and cools, allowing the TiN species to
condense and deposit onto a substrate placed in the deposition
chamber. The deposition parameters, such as laser fluence,
repetition rate, target-to-substrate distance, and gas environ-
ment, can be optimized to control the properties of the synthe-
sized TiN films. By adjusting these parameters, it is possible to
influence the film’s morphology, crystallinity, composition, and
thickness."'®'"” The production of size-adjustable, highly pure
TiN NPs was presented by Popov et al. through the utilization of
femtosecond (fs) laser ablation in liquid and fragmentation
techniques in acetone and water."'® The synthesized nano-
particles exhibited high crystallinity, with only negligible TiO,.
The authors have demonstrated the potential to manipulate
the nanoparticles’ size by adjusting the laser pulses’ energy.
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(a) Scheme for the preparation; (b) cross-sectional HRTEM of the TiN thin film, annular dark field (ADF), and element mapping images for the N, Ti,

and O; (c) photographs of structured TiO, thin films after UV exposure (A) and (D), after nitridation (B) and (E) and in transmission (C) and (F) elements in

the TiN layer (reproduced from ref. 109 with permission).

Bonse et al. studied TiN coated with various substrate materials,
generating 2.5 um thick TiN layers."'® They developed large surface
areas of laser-induced periodic surface structures (LIPSS) using
femtosecond laser pulses. The tribological performance of the
nanostructured surfaces was determined using tribological tests
against hardened 100 Cr6 steel. Tribological performance was
sensitive to substrate material, laser fluence, and lubrication.
However, LIPSS did not significantly reduce friction and wear
compared to reference TiN surfaces. Researchers investigated the
nanostructured surfaces’ wear patterns using morphology, depth,
and chemical composition. Fedorov et al. employed a femtosecond
laser process with a power output of 100 W to carry out treatments
on titanium and silicon substrates under different atmospheric
conditions."®® The experimental procedure resulted in uniform
coatings consisting of titanium oxynitride (TiON) and silicon
carbide (SiC) on a titanium substrate. This was achieved by
subjecting the titanium substrate to nitrogen and ethene/argon

858 | Mater. Adv, 2024, 5, 846-895

atmospheres, which facilitated rapid surface transformation
and yielded coatings with excellent spatial resolution. The
surfaces exhibited enhanced mechanical resistance and a dis-
cernible microstructure in contrast to those produced through
vapor deposition methods. Marzieh et al. used nanosecond
Ce:Nd:YAG pulsed laser ablation in different solvents to create
TiN nanoparticles.*! Spectroscopic, structural, and composi-
tional methods were used to characterize the NPs. TiN NPs in
N,N-dimethylformamide exhibited high near-infrared optical
absorption, whereas those in toluene and acetonitrile were
encased in a carbon matrix. TiN NPs devoid of carbon were
obtained through thermal oxidation of the carbon matrix. When
surface Raman spectroscopy was performed on methylene blue
molecules, these carbon-free TiN NPs were shown to have
almost the same enhancement factors as gold. Radhakrishnan
et al. pioneered ultrafast laser processing to produce super-
hydrophobic nanostructured TiN surfaces."”* The method

© 2024 The Author(s). Published by the Royal Society of Chemistry
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includes changing the shape of a surface to speed up the adsorp-
tion of volatile organic compounds (VOC). The nanostructures are
porous and spongy on a nanoscale scale. The nanostructures act as
air traps, which helps to promote a wetting condition known as
Cassie-Baxter. A study comparing vacuum-processed and
atmospherically-aged materials found that water molecules passi-
vate reactive sites, reducing VOC adsorption.

In a recent report, Farooq and colleagues carried out the
synthesis of TiN NPs through the utilization of pulsed laser
ablation in acetone as a nanofluid."* TiN NPs exhibit low
dispersion, possess a broad absorption peak, and demonstrate
a solar-weighted absorption coefficient of 95.7%. TiN nanofluids
exhibit a thermal efficiency that surpasses Au-based counterparts
by 80%. This notable enhancement, coupled with their superior
photothermal efficiency and colloidal stability, positions TiN
nanofluids as a significant breakthrough in direct absorption
solar collectors (DASC) technology. In another report, Chen et al.
developed a picosecond laser ablation method for modifying
CrTiN thin films for cell culture processes.'”* The method
effectively controlled surface roughness and ripple characteristics
of periodic corrugated nano pod structures, improving mechan-
ical and electrochemical properties (see Fig. 9). The laser-material
interaction also influenced wetting behaviours and enhanced
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develop new micro composites and in vivo detection in biomedi-
cal applications.

The laser ablation approach offers several advantages for
TiN synthesis. It enables the growth of TiN films with high
purity and stoichiometry. The non-equilibrium conditions dur-
ing laser ablation can promote the formation of metastable
phases and unique nanostructures. Furthermore, the process is
relatively fast, allowing for rapid deposition of TiN films over
large areas. Laser ablation synthesis of TiN results in outstand-
ing mechanical, electrical, and optical characteristics, rendering
it apt for diverse application possibilities. These include wear-
resistant coatings, corrosion protection, semiconductor devices,
optoelectronics, and