Open Access Article. Published on 04 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

REVIEW

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 846

Received 4th November 2023,
Accepted 3rd January 2024

DOI: 10.1039/d3ma00965c¢

rsc.li/materials-advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Titanium nitride (TiN) as a promising alternative to
plasmonic metals: a comprehensive review of
synthesis and applications

Ujjwal Mahajan,® Mahesh Dhonde, 2 *2 Kirti Sahu, 2 *° Pintu Ghosh® and
Parasharam M. Shirage () *°

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
protective coatings. Acknowledging the challenges and limitations of TiN, the review addresses potential
areas for improvement and research directions. By offering a comprehensive analysis of TiN's capabilities, this
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
undoubtedly inspire further exploration and innovation in using TiN for advancing cutting-edge technologies.

1 Introduction
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nitrogen atoms occupying interstitial sites within the parent
metal lattice. Examples of such compounds include vanadium
nitride (VN),>? titanium nitride (TiN),** and chromium nitride
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Ujjwal Mahajan

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

Mr Ujjwal Mahagjan received his
masters degree in Physics from
Shree Neelkantheshwar Govt. Post
Graduate College, Khandwa, India,
in 2021. He is currently a PhD
student and University Research
Fellow (URF) at Medi-Caps
University, Indore. His current
research is focused on synthesizing
transition metal-doped oxides and
nitrides-based nanocomposites for
energy related applications.

Dr Mahesh Dhonde is presently
serving as an Assistant Professor in
the Department of Physics at Medi-
Caps University located in Indore,
India. He earned his PhD degree
from Devi Ahilya University,
Indore, in 2019. His current
research  includes nanomaterial
synthesis for enegy harvesting, dye-
sensitized solar cells, photocatalysis
and nanomaterials for energy and
environmental applications.

Mahesh Dhonde

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


https://orcid.org/0000-0002-1868-2017
https://orcid.org/0000-0002-3284-6145
https://orcid.org/0000-0003-2884-7548
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00965c&domain=pdf&date_stamp=2024-01-10
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00965c
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005003

Open Access Article. Published on 04 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

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 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

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 biomedical implants.”>'**> In summary,
the laser ablation technique provides a versatile and precise
method for synthesizing TiN films and nanoparticles. It offers
control over the film properties and enables the production of
superior TiN materials for various technological applications.

3 Emerging applications of TiN
nanostructures

The emergence of TiN nanostructures has opened up exciting

A549 cell proliferation and viability. This method can potentially avenues across various technological landscapes. These
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Illustration of CrTiN thin films (a—d), having regularly patterned nanopod structures, generated via picosecond laser ablation, designed for

applications in cell culture procedures (reproduced from ref. 124 with permission).
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nanostructures, characterized by their unique properties and
tunability, are finding applications in cutting-edge fields."**™"** In
electronics, TiN nanostructures are being explored as components
for nanoscale devices, owing to their exceptional electrical con-
ductivity and compatibility with semiconductor processes. In the
realm of energy, TiN nanostructures are being integrated into
energy storage systems and catalytic converters due to their high
surface area and reactivity.'>*'*° The biomedical field is witnessing
the incorporation of TiN nanostructures in implant coatings and
drug delivery systems, taking advantage of their biocompatibility
and tailored surface properties.”*"'** Moreover, TiN nanostruc-
tures are playing a pivotal role in advanced sensors and detectors,
harnessing their sensitivity to changes in physical and chemical
parameters.'>>"** As research continues to unravel their potential,
TiN nanostructures are poised to revolutionize a spectrum of
industries and technologies, showcasing their versatility and pro-
mising a future marked by innovation. The aforementioned
characteristics render them highly suitable candidates for various
applications, encompassing energy generation, storage and other
allied applications (see Fig. 10). This section focuses on the
practical implementation of TiNs in the context of energy storage,
catalysis, photovoltaics, biomedical implants, electrochemical sen-
sing, and protective coatings.

3.1 Supercapacitor electrode material

As the need for effective energy storage solutions continues to rise,
there is a constant evolution in the development of state-of-the-art
equipment. Supercapacitors (SC), also known as “ultracapacitors,”
have gained significant attention due to their higher capacitance
values compared to regular capacitors. Various materials have
been explored to fabricate supercapacitor electrodes, including
conducting polymers,"*>™** carbon-based materials,**"** transi-
tion metal oxides,"** dichalcogenides,"**™*’ nitrides,”"*® and
carbides.’”® Among these materials, TiN has emerged as one of
the most suitable choice for supercapacitor electrodes. TiN, along
with other ternary metal nitrides such as VN and MnN, has
garnered considerable interest due to its potential for high-
performance supercapacitors.’”*** The unique properties of TiN
make it well-suited for energy storage applications. TiN electrodes
offer several advantages in supercapacitor systems. Firstly, their
high electrical conductivity allows for efficient charge transfer,
facilitating rapid charging and discharging processes. Additionally,
TiN exhibits good chemical stability, ensuring the long-term
durability and performance of the supercapacitor device. The high
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surface area of TiN electrodes allows for enhanced electrochemical
activity, leading to improved energy storage capabilities. In the
subsequent section, we explore various amalgamations of TiN with
different carbon allotropes, conducting polymers, and metal oxi-
des in the context of their potential utilization in supercapacitor
applications.

3.1.1. Pure nanostructured TiN. In general, several TiN
morphologies, such as cauliflower,'” Chrysanthemum-like,">
corn-like,"”* or nanotube-TiN”> have been synthesized using a
variety of methods "** We will discuss some of them in this
section. For instance, Yang et al. created corn-like TiN struc-
tures (see Fig. 11(d)) using both the hydrothermal method and
atomic layer deposition (ALD) technique.'* These corn-like TiN
electrodes exhibited a remarkable volumetric capacitance of
1.5 mW h cm® and maintained their capacitance with mini-
mal loss even after undergoing 20000 cycles of operation. In
their study, Hou et al. synthesized chrysanthemum-like tita-
nium nitride (CL-TiN) using a hydrothermal technique which
exhibits excellent capacitive performance and structural stabi-
lity, achieving a specific capacitance of 23.35 F g~ ' and main-
taining 90.0% capacitance retention after 10000 cycles."”?
Moreover, a symmetric flexible solid-state supercapacitor
(FSS-SC) based on CL-TiN demonstrates high volumetric capa-
citance, energy density, and ultrafast-charging/discharging per-
formance, with a remarkable capacitance increase of 36.7% after
20000 cycles. The TiN-based flexible supercapacitors with rapid
charging/discharging might be successfully used as a reliable and
adaptable energy storage technology (see Fig. 11(a)).

Achour et al. reported that nitrogen (B-N) doping in the
oxidized surface of TiN thin films (see Fig. 11(b) and (c)) signifi-
cantly improves the specific capacitance and cycling stability, with
a 3-fold increase in areal capacitance achieved through vacuum
annealing without compromising electrode performance even
after 10000 charge/discharge cycles.'>® Using binder-free electro-
des promotes rapid ion transport through conducting networks,
removing the requirement for conducting agents and binders and
thus increasing the electrochemical performance of TiN-based
electrodes. For instance, 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. The H-TiN nanopillars, when used as an
electrode, exhibited a capacitance of 69 F cm > at a current
density of 0.83 A cm ™ and high energy density (0.53 mW h cm™?),
presenting a novel approach for improving the supercapacitive
performance of metal nitrides.

A large surface area is crucial for achieving high-performance
supercapacitor electrodes because it allows for more charges to
accumulate on the electrode’s surface, thereby increasing capa-
citance. Moreover, the synthesis of TiN with an expanded specific
surface area holds the potential to greatly enhance the perfor-
mance of supercapacitors.” Adopting the same strategy, Choi
et al. conducted a synthesis of TiN nanocrystals, resulting in a
specific surface area of 128 m” g~ "."*® The researchers noted a
decline in specific capacitance, from 238 to 24 F g~ ', ina 1 M
KOH aqueous electrolyte as both the synthesis temperature and

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


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 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

3
Lk 4 S TS L
: F N

View Article Online

Materials Advances

— Annealed at 400 °C

— Annealed at 550 °C

——As prepared

-0.2 0.0 02 04 06
Potential (V vs. Ag/AgCl)

Current density (mA.cm2)

Fig. 11 SEM images of (a) CL-TiN (reproduced from ref. 152 with permission); (b) this diagram illustrates the annealing of TiN thin films in vacuum and
cyclic voltamogram curves for both the pre-and post-annealing state of TiN electrodes, (c) pyramid-shaped TiN nanostructures (reproduced from
ref. 155 with permission); (d) corn like TiN nanostructure (reproduced from ref. 153 with permission).

scan rates were elevated. The investigation of nanostructured TiN
as a potential supercapacitor electrode is motivated by its robust
mechanical and electrical conductivity. Nevertheless, the con-
strained specific surface area of the material and the lack of
electroactive sites for charge storage offer significant challenges.

3.1.2. TiN-carbon-based nanocomposites. In order to
achieve both high energy density and improved power density,
researchers often create TiN/C nanocomposite electrodes that
possess exceptional electrochemical properties. These electrodes
are synthesized by combining nanostructured carbon materials
with elevated surface area, alterable pore size, and TiN, which
offers superior conductivity.* Haldorai et al. reported TiN/rGO
nanocomposite fabrication by a two-step process.”” The nano-
composite demonstrated a notable capacitance of 415 F g~ ' when
subjected to a current density of 0.5 A g '. This enhanced
electrochemical functionality can be ascribed to the robust
interaction and efficient dispersion of TiN nanoparticles within
the reduced graphene oxide (rGO) sheets (see Fig. 12(a)). Using a
two-step process, Lu et al. developed TiN NWs on carbon cloth
(TiN/C)."® The electrode obtained exhibited a significant volu-
metric specific capacitance of 0.33 F cm™® when subjected to a
current density of 2.5 mA cm ™. This value is comparable to the
recent findings reported for solid-state graphene-based super-
capacitors, specifically 0.42 F cm>. The TiN nanowire/carbon
electrode demonstrated excellent stability, retaining 82% of its
initial capacitance following 15000 cycles in a 1 M potassium
hydroxide electrolyte solution (see Fig. 12(b-e)).

CNTs have shown outstanding charge transfer properties
surpassing other materials, establishing them as excellent
conductive materials."*® Consequently, in recent years, numer-
ous TiN/CNT composite electrodes for supercapacitors have
been extensively studied and reported due to their promising

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

performance. Tremendous research is going on to develop
hybrid supercapacitors, following the same trend Achour et al.
developed high-performance composite electrodes for micro-
supercapacitors, combining vertically aligned carbon nanotubes
(CNTs) with hierarchically structured porous TiN.'”" These
electrodes, deposited on silicon substrates, demonstrate excep-
tional performance with an impressive areal capacitance of
18.3 mF cm > at 1 V s ', which can be further improved
by increasing the thickness of the TiN layer. Moreover, this
capacitance is maintained even after 20000 cycles. This out-
standing performance is attributed to the electrode’s large sur-
face area, nanoporous structure, and specific surface chemistry,
which includes a significant presence of oxygen vacancies on the
electrode’s surface. Furthermore, the researchers demonstrated
that the concentration of oxygen vacancies could be increased by
introducing nitrogen (N) into the TiO, surface layer during the
synthesis and aging processes. This nitrogen doping strategy
effectively enhances the capacitance of supercapacitors (SCs).

In another study, Kao et al. used atomic layer deposition
(ALD) to coat TiN onto carbon nanotube (CNT) electrodes for
supercapacitors.”® The ALD technique allowed precise and con-
formal coatings, resulting in a >500% increase in capacitance
compared to bare CNTs. TiN-coated CNTs showed superior per-
formance with areal capacitance values of 81 mF cm™ >, outper-
forming bare CNTs and planar TiN at a scan rate of 10 mV s~ .
Recently, Liu et al. developed a method using carbon nitride to
synthesize TiN/carbon nanosheets and TiC/carbon nanosheets
with a hierarchical structure.'®® These materials performed excep-
tionally well as the cathode and anode in a capacitor in an aqueous
electrolyte. The asymmetric supercapacitor constructed with TiN/C
cathode and TiC/C anode demonstrated a wide operating voltage
range (0.3-1.8 V), high specific capacitance (103 F g '), and
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(a) The production processes of the Pt@TiN/rGO ternary hybrid and the TiN/rGO composite (reproduced from ref. 157 with permission);

(b) schematic of a two-step growth method for generating TiN nanowires (NWs) on carbon cloth; (c) images of carbon cloth coated with TiO, and TiN
nanoparticles, as well as a SEM image showcasing TiN NWs growth on carbon fabric; (d) comparison of H-TiN NPs and TiN NTs electrode
electrochemical performances: (e) an enlarged SEM perspective of a single carbon fiber embellished with TiN nanowires (reproduced from ref. 158

with permission).

remarkable energy density (45.2 W h kg™"), outperforming pre-
vious TiN- and TiC-based SCs. The excellent performance was
attributed to reversible redox reactions, electro-adsorption of
anions, fast adsorption/desorption of cations, unique surface
morphology, and heterostructure. The authors presented a novel
methodology for synthesising transition metal nitride (or carbide)/
carbon composites, which holds promise for their utilization in
cutting-edge energy-related applications.

3.1.3. TiN/conducting polymer-based composites. Cur-
rently, researchers are actively exploring the use of organic-inor-
ganic composite materials as electrodes for supercapacitors. These
composites typically consist of an inorganic component, such as
metal oxides, metal sulfides, or metal nitrides, combined with an
organic component composed of conductive polymers (CPs).'®* ¢
The integration of these materials enables charge storage through
pseudocapacitance, offering high energy storage capacity. Conduc-
tive polymers possess several favorable characteristics that make
them highly suitable for supercapacitor electrodes. They exhibit a
wide operating potential window, allowing for efficient charge
storage over a broad range of voltages. Additionally, these polymers
are environmentally friendly, cost-effective, and relatively simple to
produce, making them attractive for large-scale production.

Various polymers, including polypyrrole (PPy), polypropylene
(PP), polyaniline (PANI), polyvinyl alcohol (PVA), and polyacryla-
mide (PAM), are being investigated for their potential applications
in supercapacitors.'®* These polymers offer unique properties and
can be tailored to meet specific requirements, providing versatility
in designing and optimizing the performance of supercapacitor
electrodes. Researchers aim to enhance supercapacitors’ energy
storage capacity and overall performance by exploring the

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

synergistic combination of inorganic materials and conductive
polymers. This research field holds significant promise for
developing efficient and sustainable energy storage systems to
meet the growing demands of various applications, ranging
from portable electronics to electric vehicles and renewable
energy grids.'®® For example, Du et al. reported a comparison
between polypyrrole-TiN and polypyrrole-TiO, hybrids.”® Both
of them were prepared via an electrodeposition process called
normal pulsed voltammetry. The resulting structures show that
the polypyrrole fully coats the TiN and TiO, nanotubes, forming
coaxial heterogeneous nanohybrids. The exceptional conduc-
tivity of the TiN substrate significantly enhances the electro-
chemical capacitance of polypyrrole, leading to enhanced
supercapacitance capabilities in the Ppy-TiN nanohybrid
compared to the Ppy-TiO, nanohybrid at a current density of
0.6 A g~'. Both nanohybrids show similar cyclability, with
stable capacitances of 459 F g~ ' for PPy-TiN and 72 F g~ for
PPy-TiO, (see Fig. 13(a and b)). Lu et al. have successfully
reported a unique composite electrode consisting of phos-
phomolybdic acid, polyaniline, and a TiN core-shell structure.'®®
The effective dispersion of polymers and the highly conductive TiN
backbone in binder-free electrodes, fabricated via electro-
deposition (Fig. 13(c-e)), enabled the device to achieve a
specific capacitance of 469 F g " at 1 A g~ ' and an impressive
energy density of 216 W h kg~ ' within a 1.5 V operating voltage
range. Xia et al. integrated TiN nano wire array with polyaniline
(PANI) and manganese oxide (MnO,) to obtain PANI/MnO,/TiN
ternary nanocomposite for SC application.'®” They started with
synthesising TiN NWA and then coating the NWA with electro-
active MnO2 and PANI layer by layer to form a heterogeneous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specific capacitance in terms of the CV scan rate (reproduced from ref. 98 with permission). (c) This diagram shows how PMo12 and PANI can be
electrochemically polymerized in one step on the surface of TiN NWA supported on CF; (d) a schematic showing how PMo12/PANI/TiN NWA supported
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coaxial structure through a stepwise electrodeposition process.
The PANI/MnO,/TiN NWA achieved a significantly higher spe-
cific capacitance of 674 F g~ ' at 1 A g~ compared to previously
reported PANI/MnO,/carbon-cloth composites.

Incorporating both a n-type and p-type conducting polymer
with highly conductive TMN is another way to increase the
capacitance of electrodes, providing efficient and narrow routes
for fast electrolyte diffusion.'®® In this regard, Xie et al. produced
a PPy/TiN/PANI coaxial nanotube composite via normal pulse
voltammetry and cyclic voltammetry electrodeposition, which
was further utilized as SC electrode along with H,SO,-included
polyvinyl alcohol gel electrolyte. The PPy/TiN/PANI nanotube
hybrid obtained with P/N type doping properties demonstrated
a high specific capacitance of 1471.9 F g™ " at 0.5 A g~ ' along with
good capacitance retention of 78.0% after 200 cycles. The find-
ings of this study provide strong evidence that the hybrid
nanotube under investigation exhibits considerable potential as
a viable option for supercapacitor electrodes."®® To enhance the
performance of supercapacitors, it is important to find alternative
methods for synthesizing hybrid nanostructures of TiN and
conducting polymers, as current techniques are limited. Using
polymers as templates can result in TiN with larger surface areas,
varied pore sizes, and efficient conducting channels, leading to
higher capacitance.'®® In this regard, Kin et al. fabricated meso-
porous TiN thin films by incorporating an amphiphilic graft co-
polymer as a template.”’® The SC device fabricated using these
thin films demonstrated excellent capacitance retention even
when bent, delivering a capacitance of 266.8 F g ' and exhibiting
high cycling stability.

3.1.4. TiN/metal oxides/nitrides-based composites. Metal oxi-
des are commonly used as electrode materials for pseudocapacitors
due to their high energy density and capacitance. However, they face

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

challenges of low conductivity and limited surface area. To address
this, incorporating metal oxides with conducting titanium
nitrides (TiNs) as a conducting substrate or composite material
is a strategy employed to enhance electric conductivity."”"
For instance, Yadav and colleagues conducted research that
showcased how the development of hierarchical porous flower-
shaped NiCo,0,@TiN core/shell nanosheet arrays on Ni foam
led to heightened electrochemical effectiveness. Notably, these
nanosheet arrays exhibited remarkable outcomes, with a specific
capacity of 402.57 C g~ " under a current density of 1 A g~ ", while
maintaining an impressive cycling stability of 90% across
2000 charge-discharge cycles."”> The superior electrochemical
performance of the electrode can be ascribed to the optimized
thickness and enhanced conductivity of the TiN thin film, as well
as the synergistic interaction between NiCo,0, and TiN. This
unique core/shell structure holds promise for high-performance
supercapacitors and opens avenues for new electrode fabrication.

In a similar report, Peng et al. fabricated porous double-
layered MoO,/TiN/MoO, nanotube arrays.'”®> The inclusion of
TiN, which exhibits high conductivity, facilitates efficient elec-
tron transfer. Simultaneously, the porous structure of MoO,
allows for easy infiltration of the electrolyte, thereby maximiz-
ing the number of active sites available on the MoO, material.
This, in turn, enhances the system’s specific capacitance and
rate capability. The electrode demonstrated an impressive
capacitance of 97 mF cm ™2 when subjected to a current density
of 1 mA cm™ 2. Moreover, it retains 60% of its capacitance even
when the current density is increased by a factor of 20. A
symmetrical device developed using this electrode maintains
a capacitance of 24 F cm™> and exhibits excellent cycling
stability over 10000 charge/discharge cycles. The enhanced
performance of the device was attributed to the incorporation
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of a thin TiN layer and dual-layered MoO, nanotube arrays,
which provide both high mass loading and surface area.

The combination of two distinct metal nitrides exhibits the
potential to enhance the swift mobility of electrons and ions,
thereby augmenting the capacity for storing electric charge.'®®
Following a similar approach, the fabrication of core-shell TiN-
VN fibers with high porosity and a large surface area was reported
by Zhou et al. using the co-axial electrospinning technique.'”*
Utilizing a composite material comprising TiN and VN led to the
achievement of a specific capacitance value of 247.5 F g, along
with a remarkable capacitance retention rate of 88% over a span
of 500 cycles. The presence of a fibrous structure facilitated
increased accessibility to electrolyte ions, while the incorporation
of TiN and VN in the composite material resulted in enhanced
performance of the supercapacitor electrode.

The main challenge in the widespread use of supercapaci-
tors is their low energy density. Optimizing voltage window and
capacitance through suitable electrode materials and device
configuration is crucial to address this. Creating an asymmetric
supercapacitor device is a key strategy to achieve higher energy
density.'®® Furthermore, one can increase the capacitive per-
formance of TiN electrodes via transition metal incorporation
(heteroatom incorporation). Recently, Wei et al. utilized both of
these strategies in their supercapacitor as described here; by
incorporating niobium (Nb) into TiN, the performance of TINbN
is significantly enhanced due to the combined effect of Ti and
Nb.'”” This results in a superior capacitance of 59.3 mF cm ™ at
1.0 mA cm >, surpassing the capacitance of TiN, NbN, and other
reported transition metal nitrides. They combined this TiNbN
electrode with VN to obtain an asymmetric TiNbN//VN supercapa-
citor demonstrating a high energy density of 74.9 mW h cm ™ at a
power density of 8.8 W ecm ™ and exceptional stability. This study
introduces a high-performance asymmetric supercapacitor and
provides a comprehensive approach to improve the electrochemical
characteristics of metal nitride thin films.

While TiN-based supercapacitors show great potential, ongoing
research focuses on improving their performance characteristics,
such as energy density and rate capability. Scientists and engineers
are exploring strategies such as nanostructuring, hybridization
with other materials, and developing novel electrode architectures
to enhance the overall performance of TiN-based supercapacitors.
TiN-based supercapacitors represent a promising avenue for
advanced energy storage devices. Their high specific capacitance,
excellent cycling stability, and ease of fabrication make them
attractive for various applications, including portable electronics,
electric vehicles, renewable energy systems, and more.*”*** With
continued research and development, TiN-based supercapacitors
have the potential to contribute significantly to the advancement
of energy storage technologies.

3.2 Batteries electrode material

In response to the growing requirements for energy storage
solutions, scientists have thoroughly explored a range of battery
types. These encompass lithium-ion batteries (LIBs), sodium-
ion batteries (SIBs), potassium-ion batteries (KIBs), zinc-air
batteries (ZABs), and lithium-oxygen batteries (LOBs).'”¢™7%
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An essential aspect of enhancing the performance of these bat-
teries is the choice of anode material. In recent years, researchers
have explored a wide range of anode materials, with metal nitrides
gaining significant attention due to their reversible redox reactions
and potential advantages for battery performance.'” TiN, in parti-
cular, has emerged as a promising candidate due to its excellent
electronic conductivity and chemical stability, making it desirable
for applications in Li-S batteries.'”® In this regard, Balogun and
colleagues effectively created TiN nanowires by employing a
hydrothermal technique followed by annealing on a carbon fabric
substrate.”" These TiN nanowires demonstrated impressive elec-
trochemical performance as anode materials in flexible LIBs. They
exhibited a high reversible capacity of 567 mA h g and remark-
able capacity retention of 80% after 100 cycles at a current density
of 335 mA g~ . This highlights the potential of TiN nanowires for
flexible LIBs, offering excellent electrochemical performance and
flexibility.

Cui et al. have successfully developed a novel cathode material
known as mesoporous TiN-sulfur for application in lithium-
sulfur batteries (LSBs). This material exhibits noteworthy char-
acteristics, including a high specific capacity, exceptional rate
capability, and superior cycling stability. Notably, the capacity
decay observed over 500 charge/discharge cycles is a mere 0.07%
per cycle. These findings underscore the considerable potential
of mesoporous TiN as a viable solution for mitigating the capacity
fade problem encountered in LSBs."®® In another study, to
address the issue of low sulfur utilization and poor redox kinetics
in lithium-sulfur (Li-S) cells, Wang and collaborators designed
carbon hollow nanosphere-based TiN (C@TiIN) nanospheres,
serving as versatile polysulfide mediators. This innovation facili-
tated accelerated reaction kinetics, elevated polysulfide entrap-
ment efficiency, and enhanced longevity in Li-S batteries. The
achieved outcomes include a commendable reversible capacity of
453 mA h g7, remarkable Coulombic efficiency (~99.0%), and
minimal capacity degradation (0.0033% per cycle) throughout
300 cycles. These findings underscore the substantial potential of
this strategy for advancing high-performance Li-S batteries."®!

Several studies have been reported on integrating TiN with
carbon allotropes for the potential application in batteries. For
example, Zeng et al. devised a straightforward approach for
fabricating composite electrodes consisting of TiN and
graphene."® This method involved the integration of ultraso-
nication with the melt-diffusion process of elemental sulfur. As
a consequence, a composite structure exhibiting porosity was
obtained, thereby leading to enhanced electrical conductivity.
The Li-S batteries utilizing different composites of TiN (with
different morphology such as nanotubes and nanoparticles) and
graphene demonstrated specific capacitance of 1229 and 1085
mA h g™, respectively, outperforming pure TiN nanostructures.
By optimizing the TiN nanotube to graphene ratio, the best 1:1
TiN/graphene ratio exhibited a high-capacity retention of 87.5%
after 180 cycles. This 3D hybrid structure balances specific
capacity and electrochemical stability, enabling superior energy
storage over an extended period. Li-S batteries exhibit consider-
able potential as a viable solution for future energy storage
owing to their advantageous characteristics, including their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cost-effectiveness and high energy density. However, they suffer
from issues such as slow reaction kinetics and capacity loss caused
by the shuttle effect, which leads to poor performance over time. In
a study conducted by Wang et al., they developed a CNT@TiON/S
electrode by incorporating oxidized TiN (TiON) onto carbon nano-
tubes (CNTs).'®> At a current rate of 0.2C, the electrode exhibited
an initial discharge capacity of 1044.9 mA h g~ ', accompanied by
an encouraging capacity retention rate of approximately 80.6%
following 100 cycles (see Fig. 14(a and b)).

In pursuit of enhanced cycle stability and reversibility within
Li-S batteries, Chen et al. achieved successful synthesis of a
composite material by combining TiN nanoparticles with N-
doped graphene through a hydrothermal reaction.'®® As a cath-
ode in Li-S batteries, this composite material exhibited marked
advancements in both cycling stability and reversibility. The
incorporation of TiN nanoparticles and N dopants into graphene
amplified the electrochemical conversion of lithium polysulfides
(LiPS,), yielding improved reaction kinetics and curbing the
shuttle effect. Consequently, the system’s reversible capacity
witnessed a substantial elevation, reaching an impressive
1390 mA h g~ '. Furthermore, the rate capability demonstrated
enhancement to 860 mA h g~ ', while the enduring cycling
performance showcased capacity retention of 730 mA h g~ " after
300 cycles. These enhancements are notably superior when
compared to the TiO,@rGO/S system. Cao et al. successfully
synthesized 2D mesoporous B, N co-doped carbon/TiN (BNC-
TN) composites through a hydrogel method, demonstrating
adjustable doping levels and TiN content, as well as alleviating
the shuttle effect in Li-S batteries.*®® The cathode composed of
S@BNC-TN showcased an impressive initial discharge capacity of
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1130.9 mA h ¢~ under a current rate of 0.2C, with a commend-
able capacity retention rate of 84.1% following 50 cycles, show-
casing its potential in addressing challenges in Li-S battery
technology. In their recent study, Wang and colleagues pursued
the creation of carbon-free sulfur hosts geared towards flexible
Li-S batteries."”® Their efforts yielded the successful fabrication
of thin films composed of carbon-free titanium nitride nanobelts
(TiN-NB) featuring flexible, conductive, and hierarchically porous
architectures. These designs facilitated the establishment of
sulfur electrodes boasting high-sulfur-loading and elevated-
energy-density attributes. The initial electrode capacity was
gauged at 1436.7 mA h g~ ' for a sulfur loading of 1.0 mg cm™>.
Impressively, the electrodes maintained a reversible capacity of
1032.6 mA h g~ ' after 150 cycles at 0.5C. Furthermore, they
exhibited a discharge capacity of 403.1 mA h g~ * after 50 cycles at
a high sulfur loading of 7.1 mg em 2 at 0.1C. These findings
address the significant challenge of enhancing sulfur content
and loading in Li-S batteries while maintaining energy density
(see Fig. 14(c-e)).

In a similar work, Liu et al. prepared a novel TiN composite
anode coated with 2D carbon nanosheets (TiN@C) for sodium-
ion batteries to enhance their cycling stability and specific
capacity, demonstrating a high reversible capacity of
170 mA h ¢g~" and excellent cycling stability with 149 mA h g™*
retained after 5000 cycles at a current density of 0.5 A g~ ' and
1 A g ', respectively, opening new possibilities for metal nitride
anodes in energy conversion and storage applications."®”

Bottom of form. In a different study, Zhang et al. attempted
to enhance the performance of Si anodes in LIBs.'®® They
proposed a novel approach where Si nanoparticles are coated
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(@) The detailed Li 1s and S 2p XPS spectra of CNT@TION/Li,Sg are illustrated; (b) cycling performance of CNT@TION-S, CNT@TiO,-S, and

CNT@TiN-S at 0.2C is illustrated (reproduced from ref. 182 with permission). (c) Cycling performance data for TiN-900@S cathodes with various sulphur
loadings. (d) This diagram illustrates the TiN-900@S//Li pouch cell. (e) Photographs showcasing the operation of a timer activated by a Li—S battery pouch
(on the right) and a collection of LED lamps illuminated by a Li—S battery pouch (on the left) (reproduced from ref. 183 with permission).

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

Mater. Adv., 2024, 5, 846-895 | 865


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 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

with TiN in a yolk-shell structure, addressing volume expan-
sion issues and enhancing the performance of Si anodes in
LIBs. The TiN coating accommodates volume expansion, pro-
motes stable solid electrolyte interphase (SEI) formation, and
ensures efficient charge transfer. The yolk-shell Si@TiN nano-
particles displayed an excellent conductivity of 4 x 10* S cm ™,
an impressive capacity of 2047 mA h g~ at 1000 mA g~ " after
180 cycles. Further, Si@TiN nanoparticles displayed improved
rate performance and suppressed volume expansion compared
to pure Si nanoparticles. The present study exhibits consider-
able potential in augmenting Si anodes within forthcoming
iterations of LIBs.

In recent years, iron-chromium redox flow batteries have
gained significant interest due to their low cost. To enhance the
electrochemical activity of the Cr**/Cr** redox couples in these
batteries, researchers have explored the integration of TiN
nanorods and nitrogen-doped porous graphitic carbon hybridized
with oxygen-doped titanium nitride (O-TIN@N-PGC) as electrode
materials. Recently, Liu et al. (2023) developed a binder-free com-
posite electrode by growing TiN nanorods arrays on 3D graphite
felt."®® This composite electrode exhibited improved electrochemi-
cal activity, leading to a significant increase in maximum power
density (427 mW c¢m™ >, 74.0% higher compared to TiN nano-
particles). The electrode also demonstrated excellent coulombic
efficiency (93.0%), voltage efficiency (90.4%), and energy efficiency
(84.1%) at a current density of 80 mA cm ™ > Notably, the electrode
maintained stability during cycle tests, highlighting its potential for
iron-chromium redox flow batteries. In another recent report, Sun
et al. used a one-pot synthesis method to successfully synthesize
nitrogen-doped porous graphitic carbon (O-TIN@N-PGC), a hybrid
material composed of nitrogen-doped PGC and O,-doped TiN."*’
Outstanding performance in Li-S batteries was attributed to this
composite material’s remarkable chemisorption and electrocatalytic
performance within sulfur cathodes. Noteworthy attributes of high
specific capacity (1408 mA h g ' at 0.1C), impressive rate
capacity (604 mA h g~ ' at 4C), and enduring cycling stability
(513 mA h g™ after 1000 cycles at 0.5C) were demonstrated by
Li-S cells utilizing O-TIN@N-PGC as their sulfur host. In addi-
tion, despite a high sulfur loading of 5.7 mg cm™?, a remarkable
areal capacity of 7.6 mA h cm > was observed. This study
presents a prospective approach to incorporate metal nitrides
into porous carbons, thereby creating potential avenues for
advancements in modern energy technologies.

These studies highlight the significant contributions of TiN-
based materials in advancing the performance of iron-chromium
redox flow batteries and lithium-sulfur batteries. Integrating TiN
nanostructures with other potential materials for making com-
posites offers improved electrochemical activity, stability, and
efficiency, paving the way for developing more efficient and
reliable energy storage technologies.

3.3. Electrocatalysis

3.3.1. Hydrogen evolution reaction (HER).
acknowledged as an eco-friendly substitute for
fossil fuels owing to its elevated energy density and minimal
ecological footprint.'®! Researchers are focusing on the hydrogen

Hydrogen is
conventional
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evolution reaction (HER) as a cost-effective method for large-scale
hydrogen production.®* The utilization of electrode materials is
of paramount importance in augmenting the efficiency of HER
systems. TiN has been recognized as a highly efficient catalyst
owing to its exceptional electrical conductivity and corrosion-
resistant properties. Their comparable performance to noble
metal-based catalysts makes them an attractive option for advan-
cing HER technology and promoting sustainable energy solutions.
Initiative for utilizing TiN as an electrocatalyst for HER was taken
by Yujie Han and his colleagues.'®® They used the chemical vapor
deposition (CVD) technique to synthesize single-crystalline TiN
nanowires (TiN NWs) directly. In a first-of-its-kind experiment,
these nanowires were tested as catalysts for the HER. The electro-
chemical tests demonstrated that the TiN NWs exhibited excellent
HER performance, with a low overpotential of 92 mV at a current
density of 1 mA cm > and a Tafel slope of 54 mV dec .
Additionally, the current density hardly changed after 20 000 cycles
and a 100 h durability test in acidic environments, demonstrating
the exceptional chemical stability of the produced TiN NWs for
HER applications. This work presents a comparative analysis of
various electrodes’ HER activities, including bare glassy carbon
electrodes, commercially available bulk TiN, and conventional Pt/C
electrocatalysts (see Fig. 15). The improved performance of TiN
nanowires can be attributed to their smaller charge transfer
resistance (R.) and increased number of active surface sites,
resulting in enhanced HER performance compared to bulk TiN.
A composite material named MoS,/TiN was fabricated by Yu
et al. and utilized as a highly efficient electrocatalyst for the
HER activity."”* They first grew a layer of TiN on carbon cloth
through hydrothermal deposition of TiO, followed by nitrida-
tion using NH; gas. Then, they hydrothermally coated MoS, on
the TiN layer. In an acidic solution, the MoS,/TiN catalyst
exhibited a low overpotential of 146 mV at a current density
of 10 mA ¢cm > This composite structure allowed for rapid
electron transfer, elevated surface-active sites, and enhanced
ion diffusion, contributing to its improved performance in the
HER. Wang et al. developed an advanced electrocatalyst for the
HER by fabricating Pt-anchored TiN nanorods (Pt/TiN NRs)."*>
The Pt/TiN nanorods displayed remarkable HER performance,
with overpotentials of 139 mV and 39.7 mV at a current density
of 10 mA cm? in alkaline and acidic environments. Under
acidic conditions, the performance of Pt/TiN NRs was found to
be comparable to that of the standard Pt/C electrocatalyst. Still,
they showcased superior stability, retaining 91.6% of the cur-
rent after 60 h in 0.5 M H,SO,, compared to Pt/C’s 46.9%
retention after 30 h of cycling. The remarkable performance of
the Pt/TiN NRs can be ascribed to their large surface area and
the synergistic effect between the Pt and TiN nanorods. Further-
more, Peng et al. developed an advanced HER electrocatalyst
called Ni-FeP/TiN/CC."%° This catalyst, consisting of hierarchi-
cally structured Ni-doped FeP on TiN nanowires and graphitic
carbon fibers (CC), exhibited exceptional performance. It
demonstrated a low overpotential of 75 mV at 10 mA cm 2
and excellent stability for more than 10 h of continuous cycling.
The exceptional HER performance of the catalyst was attributed
to the significant surface area made possible by the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Represents polarization curves for the hydrogen evolution reaction (HER); (b) showcases Tafel plots. These comparisons encompass bare GC
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TiN nanowires pre and post 10 000 and 20 000 potential cycles in a stability assessment; (d) provides insight into the current density pattern during a

100-hour electrolysis, maintained at a constant overpotential of 240 mV (re

nickel (Ni) and iron (Fe) atoms in Ni-FeP. Furthermore, the
presence of these atoms also played a role in forming active sites
located at the edges, thereby augmenting the HER activity. In a
different study, Shanker et al. successfully developed a catalyst
with exceptional performance for the HER activity using nitrogen-
doped graphene and TiN nanocrystals (TiN-NFG)."*” The fabrica-
tion process and surface characteristics of TiN-NFG (see
Fig. 16(a—c)). Incorporating TiN in the TIN-NFG nanocomposites

(a

——~ A@90°C
\/ ﬁ

produced from ref. 193 with permission).

resulted in an abundance of electrons, enhancing electrical
conductivity. The N-doped graphene (NFG) also improved charge
transfer and increased the available surface area. As a result, the
TiN-NFG nanocomposites displayed remarkable HER perfor-
mance, achieving an overpotential of 161 mA at 10 mA cm™ 2.
In 2020, Zhang et al successfully produced systematically
arranged arrays of Nb-TiN nanotubes (NNAs) on Nb-Ti alloy panels

by implementing an anodization and nitridation technique.'®® The

Fig. 16
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(a) Synthesis of TIN-NFG represented schematically; (b) TEM; (c) HRTEM images of TiN-NFG (reproduced from ref. 197 with permission).

(d) Nanoscale amorphous Re—Ni alloy electrodeposited on Nb—Ti NNA support; (e) LSV curves for the Nb-Ti ONA, NNA, Re—Ni/ONA, and Re—Ni/NNA in
1 M KOH; (f) chronopotentiometric responses of Re—Ni/NNA at current density of 10 and 50 mA cm™2 in 1 M KOH for 100 h (reproduced from ref. 198

with permission).
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NNA architecture comprised Nb,Ns and TiN, providing notable
benefits such as enhanced hydrophilicity, corrosion resistance,
and improved conductivity. The researchers then created a Re-Ni/
NNA composite electrode by electrodepositing a nanostructured
Re-Ni alloy over the NNA support, The electrochemical experiments
demonstrated that the Re-Ni/NNA composite electrode exhibited a
current density of 50 mA cm™ > when tested in a 1.0 M KOH solution
at a potential of —0.18 V vs. RHE. Furthermore, the electrode
displayed excellent stability for more than 100 h. The enhanced
performance of the HER can be attributed to the synergistic effect of
Re-Ni particles and the Nb-Ti NNA support, which results in
increased catalytic activity and decreased charge transfer resistance
(see Fig. 16(d-f)).

Furthermore, in the same year, to reduce platinum (Pt) usage
in electrocatalysts for HER activities, Zhao et al. developed meso-
porous TiN nanotube arrays (TiN NTAs) as a substrate for Pt
loadings in small quantities.”’ TiN NTAs were synthesized through
the thermal treatment of TiO, NTAs in the NH; atmosphere. The
platinum (Pt) species that were dissolved from the platinum
counter electrode underwent redeposition on mesoporous TiN
NTAs, leading to the formation of Pt-TiN NTAs with an extremely
low platinum loading of 8.3 pug cm™> The Pt-TiN NTAs demon-
strated a mass activity that was 15 times greater than 20 wt% Pt/C.
This enhanced performance was observed at an overpotential
of 71 mV vs. RHE while maintaining a current density of
10 mA cm 2. The Tafel slope, a measure of the electrochemical
reaction kinetics, was determined to be 46.4 mV dec™'. Further-
more, the Pt-TiN NTAs exhibited exceptional stability under
experimental conditions. The mesoporous structure facilitated
electron and mass transfer, outperforming non-mesoporous
nanotube arrays with deposited Pt species.

Recently, Yang et al. presented a successful approach for
creating an HER catalyst by loading ruthenium nanorods (Ru
NRs) onto a TiN support, utilizing the strong metal-support
interaction (SMSI) effect.”® The Ru NRs/TiN catalyst demonstrated
outstanding performance, including high activity, long-term stabi-
lity, and accelerated hydrogen evolution kinetics in alkaline envir-
onments. The porous and hollow structure of the tube assembled
with TiN nanosheets played a pivotal role in attaining noteworthy
mass activity for the HER and enhanced turnover frequency values,
despite utilizing a low amount of Ru. More recently, Chandrase-
karan et al. developed a catalytic site-rich hybrid nanostructure
composed of TiN decorated on graphitic carbon nitride (g-C5N,)
using a straightforward ultrasonication technique."® The TiN/g-
C;N, hybrid showed excellent bifunctional activity, with an
overpotential of —0.35 V for the HER and 0.32 V for the OER at
10 mA cm™? current density. The hybrid material demonstrated a
notable increase in electrical conductivity due to the synergistic
interaction between TiN and graphitic carbon nitride (g-C3N,). The
inclusion of g-C;N, offered structural reinforcement to TiN, while
the existence of nitrogen atoms in both substances contributed to
the creation of supplementary catalytic sites that facilitated effi-
cient electron transport during water splitting.

The studies mentioned above have shown that TiN-based
catalysts can achieve competitive HER performance compared
to traditional catalysts, such as Pt and other transition

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

View Article Online

Review

metal-based materials. The unique combination of TiN’s con-
ductivity, surface chemistry, and stability allows it to efficiently
catalyze the HER, enabling the production of hydrogen gas with
high efficiency and low overpotential. However, it is important
to note that further research is still ongoing to fully understand
the underlying mechanisms and optimize the performance
of TiN-based catalysts for HER. Scientists are exploring
various synthesis methods, catalyst morphologies, and surface
modifications to enhance the catalytic activity, selectivity, and
durability of TiN in HER systems. With continued research and
development, TiN-based catalysts have the potential to contri-
bute significantly to the advancement of hydrogen-related
technologies and the realization of a sustainable energy future.

3.3.2. Oxygen evolution reaction (OER). Developing effi-
cient and affordable electrocatalysts for the oxygen evolution
reaction (OER) is of utmost importance in numerous renewable
energy applications, such as water splitting, metal-air batteries,
and electrolyzers.>*>**" TiN has emerged as a highly effective
electrocatalyst for the OER, a crucial process in electrochemical
water splitting for sustainable energy generation. TiN is an appeal-
ing option due to its unique features, which include excellent
electrochemical stability, high electrical conductivity, and cost-
effectiveness compared to noble metal catalysts. The OER, which
involves converting water into molecular oxygen, requires effective
electrocatalysts to minimise energy barriers and increase reaction
rates. TiN’s exceptional conductivity allows for quick electron
transport, reducing energy losses during the process.'*>%

TiN’s tunable surface properties, high surface area, and
excellent durability also contribute to its catalytic efficiency and
long-term stability. Its resistance to corrosion and disintegration,
even under extreme conditions, adds to its practicality.**>
Furthermore, TiN may be synthesized using scalable processes,
allowing for large-scale manufacturing. Ongoing research aims to
improve TiN’s catalytic performance by alloying, doping, and
enhanced characterization methods. TiN has enormous promise
in realizing a greener and more efficient future due to its ability
to drive sustainable energy solutions. In this context, Zhang et al.
presented a novel water-splitting device utilizing hierarchical
TiN@Ni;N nanowire arrays inspired by Myriophyllum, demon-
strating exceptional performance as both HER and OER
catalysts.?> The TIN@Ni;N nanowire arrays exhibited a low onset
overpotential of 15 mV vs. RHE for HER and high stability,
showing less than 13% degradation after 10 h of operation (see
Fig. 17(a-e)). For OER, the nanowire arrays displayed an onset
potential of 1.52 V vs. RHE. They retained 72.1% of the current
after 16 h of operation, enabling the assembly of a symmetric
water splitting device with a water splitting onset of approxi-
mately 1.57 V and current retention of 63.8% after 16 h. Guo et al.
successfully constructed an efficient and durable OER electro-
catalyst, TiN @ Cos 4N, through plasma nitriding and ALD Co,N
process, demonstrating impressive electrocatalytic performance
and long-term stability.>** At a current density of 50 mA cm?,
the overpotentials for the oxygen evolution reaction (OER) stand
at 398 mV, 248 mV, and 411 mV in acidic, basic, and neutral
electrolytes. Impressively, the material showcases consistent cat-
alytic activity over 1500 hours, with just a marginal 1.3% rise in

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


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 tammikuuta 2024. Downloaded on 6.2.2026 4.40.12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Materials Advances
O Q0K (@) [|(b),, (©),,,
‘ N|O .N|3N :\120 (o ~ 178 193.1 mVidec
| 2 3 ey | L
gt L2719 z
gm gu!’\ lo ‘§ 166
% 0 qE* om 218 yanee o TNENC
0 5 | atoverpotential of 350 m! 8 1584 /
NHs, 800°C, S a et /MY E M Am\ﬂd&c
IZD 5% Te®) / % 153 ¢
8 £ NS s TN@NN
g o N
11 12 13 14 15 16 17 00 05 10 15 20
TINENES (d) Poterl (VVsRHE) () g
) 10
ﬂa|r,350°C ch N
s Ew £
; i £ 6 16 -63.8%
He ¢ 0:  NHs,450°C > 2 Io
PH 0 = = T 4 ]
g -
T q 9,
o £
5 3
C ) I ——
14 15 16 17 18 19 002 4 6 8 10 12w
TIN@Ni:N NWs TIN@NIO NWs Potential (V) Time (h)
Fig. 17 (a) Schematic depiction of the synthesis and manufacturing process of TiIN@NizN nanowire arrays on Ti foil; (b) linear sweep voltammetry (LSV)

polarization curves, and (c) corresponding Tafel plots for TIN@NizN, NizN, TIN@NiO, and NiO catalysts within a 1 M KOH electrolyte, employing a scan
rate of 5 mV s~ The inset in panel (b) illustrates the potentiostatic measurement of TiN@NisN nanowire arrays at an overpotential of 350 mV; (d)
polarization curves for the symmetric water splitting device in a 1 M KOH solution; (e) potentiostatic measurement of a water splitting device utilizing a
TiN@NizN nanowire two-electrode water splitting system at a potential of 1.62 V within a 1 M KOH medium (reproduced from ref. 203 with permission).

overpotential. This heightened OER performance is attributed to the
harmonious electronic interplay between TiN and atomic layer
deposition (ALD) Cos4;N. Additionally, the formation of a CoTi
layered double hydroxides layer at the interface/surface of TiN @
Cos4,N during the electrocatalytic process contributes to this
enhanced efficiency. This study provides additional evidence regard-
ing the potential of TiN in the realm of OER electrocatalysts.

In a pioneering work by Zhang et al. a support-type compo-
site catalyst, TiN/IrO,, was synthesized using a colloidal method.**®
The catalyst exhibited ultra-fine nanoclusters of IrO, dispersed on
the TiN support, resembling the arrangement of strawberry seeds.
The distinctive configuration of this structure resulted in an
increased active surface area and greater exposure of unsaturated
Ir atoms on the surface. Consequently, the catalytic performance
of the OER in acid electrolytes was significantly enhanced. The
TiN/IrO, catalyst, with an IrO, loading of 31 wt%, demonstrated an
impressive mass-normalized OER activity of 874.0 A g~ " (IrO,) at a
potential of 1.6 V, approximately five times higher than unsup-
ported IrO,. The exceptional performance of this composite
catalyst, combining the advantages of TiN support and ultra-fine
IrO, nanoclusters, showcases the groundbreaking work of
researchers in developing efficient electrocatalysts for OER appli-
cations. In another work, Bele et al. developed an inexpensive,
oxygen-evolution catalyst by synthesising a thin-film composite
electrode with a unique morphology, ultralow iridium loading, and
high stability.>*® The composite electrode, consisting of a TiO,
nanotubular film subjected to nitridation and efficient immobili-
zation of iridium nanoparticles, exhibits high OER activity and
remarkable stability. The electrode’s exceptional durability can be
attributed to the self-passivation phenomenon occurring on the

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

titanium oxynitride (TiON) surface, which forms a protective layer
of TiO,. This TiO, layer effectively incorporates the iridium
nanoparticles and ensures electrical connectivity. The TiON
layer’s nitrogen atoms suppress iridium nanoparticle growth,
contributing to enhanced durability. Advanced electrochemical
characterizations provide valuable insights into the thin film’s
morphological, structural, and compositional aspects, making
this research significant in electrocatalysis and other fields.

In a similar work, Pan et al. fabricated a highly efficient
bifunctional electrocatalyst for the CO, reduction reaction
(CO,RR) and the OER, utilizing Cu-Ni alloy electrodeposited
onto TiN NPs on carbon mesh, resulting in enhanced catalytic
activity.”®” The bifunctional system exhibits a high level of
durability, maintaining a stable performance for a period of
24 h at an overpotential of 670 mV with a current density of
2 mA ecm ™2, producing 19.1% CO and 6.7% formate as CO,RR
products and showing significantly improved catalysis due to
preferential deposition of Cu-Ni on TiN as observed through
cyclic voltammetry and X-ray diffraction studies, respectively.
Recently, Chandrasekaran and colleagues fabricated a hetero
nanostructure composed of TiN and graphitic carbon nitride
(g-C5N,) through ultrasonication.'®® The hybrid material
demonstrated dual functionality in the HER and OER, with an
overpotential of —0.35 V and 0.32 V, respectively. The enhanced
electrical conductivity of the composite could be due to the
combined effect of metal nitride and carbonaceous material.
Both materials contain nitrogen atoms that serve as additional
catalytic sites for electron transport during water-splitting.

The aforementioned studies have demonstrated that TiN-
based catalysts exhibit comparable performance in the OER
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when compared to conventional catalysts, such as iridium
oxide (IrO,) and ruthenium oxide (RuO,). The distinctive amal-
gamation of TiN’s electrical conductivity, chemical stability,
and surface characteristics endow it with the capability to serve
as an efficient catalyst for the OER, facilitating the generation of
oxygen gas with notable efficiency and minimal overpotential.
Nevertheless, it is imperative to acknowledge that additional
investigations are being conducted to comprehensively com-
prehend the fundamental mechanisms and enhance the effi-
ciency of TiN-based catalysts for the OER. Researchers are
investigating different approaches to improve the catalytic activity,
selectivity, and durability of TiN in OER systems. These approaches
include exploring various synthesis methods, catalyst morpholo-
gies, and surface modifications.

3.3.3. Oxygen reduction reaction (ORR). The oxygen
reduction reaction (ORR) plays a vital role in diverse energy
conversion applications, such as fuel cells and metal-air
batteries.>*® The enhancement of performance and affordabil-
ity of energy systems necessitates the development of electro-
catalysts for ORR that are both efficient and cost-effective. TiN
exhibits several advantageous characteristics that make it a
desirable electrocatalyst for ORR. It possesses high electrical
conductivity, enabling efficient charge transfer during the ORR
process. Moreover, TiN demonstrates remarkable stability and
resistance to harsh conditions, making it a durable catalyst for
long-term operation.”*®*'° The strong metal-support interaction
between TiN and active species further enhances its catalytic
performance by promoting favorable surface reactions and pre-
venting catalyst degradation.”™ In a groundbreaking study, Ava-
sarala et al. introduced TiN, synthesized through a polyol process,
as a supportive material for Pt-based catalysts in the ORR. TiN was
chosen for its excellent electrical conductivity and remarkable
oxidation and acid corrosion resistance.””> Later, Pan et al. pre-
sented findings on a durable non-carbon catalyst that utilized TiN
nanotubes (TiN NTs) as a supporting material for platinum (Pt).*"*
The catalyst exhibited remarkable performance and stability in the
ORR, as demonstrated by the accelerated durability test (ADT).
Notably, the catalyst retained 77% of its initial electrochemically
active surface area even after undergoing 12000 ADT cycles,
surpassing the performance of the commercially available Pt/C
(E-TEK) catalyst. The observed empirical data strongly supports a
notable interaction between platinum nanoparticles and the TiN
nanotubes (NTs) support. The TiN NTs’ surface exhibited dendrite
nanocrystals, which acted as effective agents for capturing and
revitalizing dissolved platinum species. This mechanism effectively
curtailed the loss and migration of platinum nanoparticles. This
innovative approach paves the way for designing TiN NT-
supported catalysts with enhanced performance and potential
applications in various energy conversion processes.

In the succeeding year, Yousefi et al. successfully synthe-
sized TiN-carbon nanocomposites through a supercritical ben-
zene medium, investigated their electrocatalytic properties for
the ORR under different heating conditions and identified the
sample heat-treated under NH; atmosphere at 1000 °C for 10 h
as the most promising catalyst with significantly enhanced
ORR activity, reduced H,O, production, and improved stability
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attributed to its unique carbon structure, nitrogen and oxygen
doping, and higher electrochemical surface area.*’* Creating an
effective and durable catalyst for commercializing fuel cells is
challenging. To address this, a simple method is suggested by
Zheng et al. to produce 3D TiN with interconnected nanowire
assemblies, forming a porous structure.*’®> This structure pro-
motes efficient electron transfer, offers many accessible active
sites, and enhances the interaction between the catalyst and
electrolyte. The research presents a prospective method to
enhance ORR performance and longevity by utilizing a distinctive
corrosion-resistant configuration coupled with a robust metal-
support interaction. The resulting Pt/TiN catalyst exhibits
unusual activity and stability, with experimental evidence high-
lighting the crucial role of innovative TiN support. Tian et al. have
effectively devised a straightforward hydrothermal technique for
the synthesis of hierarchical tubular structures composed of
metal nitride nanosheets.”’® Among various assemblies, one
particular assembly, Ti, gCoy,N, demonstrated noteworthy oxy-
gen reduction activities in both acidic and alkaline fuel cells.
Thus, this study introduces a potentially effective and adaptable
method for developing and synthesizing stable and efficient
binary nitride nanostructures, which hold promise for affordable
applications in catalysis and energy conversion.

In 2019, Chen et al. conducted a study on utilising TiN
hollow spheres (TiN HSs) as an electrocatalyst for the ORR.>"
They employed a carbon-template-assisted strategy to synthesize
TiN HSs composed of TiN nanosheets. The researchers observed
that the TiN HSs possessed a porous and uniform shell structure
with a thickness of approximately 30 nm. Moreover, their inves-
tigation revealed that subjecting TiN HSs to heat treatment at
325 °C resulted in exceptional catalytic prowess for the ORR.
Notably, TiN HSs-325 showcased an even more favorable onset
potential of 0.85 V vs. RHE and an elevated limiting current
density reaching 4.5 mA cm 2 These results underscore the
significant promise held by hollow transition metal nitrides,
exemplified by TiN HSs, as immensely effective catalysts not only
for the ORR but also for diverse electrochemical devices. Later,
Liu et al. successfully synthesized a facile in situ self-template
strategy to construct a composite material, TiN/Fe-N-CNS,
which exhibits outstanding ORR activity with a positive half-
wave potential of 0.87 V, large limiting current density of
4.43 mA cm?, high selectivity in alkaline media, enhanced
stability, and improved methanol tolerance compared to com-
mercial Pt/C catalyst.>*® The exceptional performance character-
istics of the ORR can be attributed to the collaborative effect
resulting from the uniform dispersion of TiN on Fe-N-CNS
catalysts and the increased specific surface area.

In a different report, Al-Dhaifallah et al. reported a cost-
effective and stable non-precious catalyst for fuel cells by
preparing Co NPs composite with TiN on rGO, which exhibited
a superior onset potential of 0.926 V vs. Ag/AgCl, surpassing
the standard Pt/C catalyst, with an optimum Co and TiN ratio
maximizing the ORR activity.>> The catalyst exhibited no
discernible reactivity towards methanol oxidation, thereby pre-
senting itself as a potentially advantageous cathode catalyst for
direct alcoholic fuel cells. Furthermore, it displayed remarkable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Figures (a)—(d) display cyclic voltammograms of Co-TiN (60-0)/Gr, Co-TiN (30)/Gr, Co-TiN (0-60)/Gr, and Pt/C in N, and O, environments at
200 mL min~! flow rate, utilizing 0.5 M H,SO4 at 5 mV s~2. In (e), the calculated oxygen reduction current (ilORR) is represented, derived from the
difference between the current under O, and N, flow. Panel (f) showcases the onset potential for oxygen reduction (ORR) across different samples — Co—
TiN (60-0)/Gr, Co-TiN (30)/Gr, Co-TiN (0-60)/Gr, and Pt/C — at 5 mV s~%, employing 0.5 M H,SO,. Cyclic voltammograms in (g) exhibit Pt/C and
(h) Co=TiN/Gr in 0.5 M H,SO, supplemented with 0.5 M methanol at 20 mV s~ (reproduced from ref. 32 with permission).

durability, as evidenced by the absence of any decline in activity
even after undergoing 1000 cycles, contrasting the 20%
reduction in activity observed for Pt/C under identical operating
conditions (see Fig. 18(a-h)). The improved catalytic effective-
ness of the catalyst can be attributed to the cooperative inter-
play between TiN and Co. Yuan et al. successfully fabricated
TiN nanospheres featuring dendritic surface structures, which
were employed as carriers for platinum nanoparticles.>'® The
catalyst exhibited remarkable performance in the ORR, demon-
strating a mass activity of 0.44 mA g~ ' Pt and a specific activity
of 0.33 mA ecm 2. It exhibited improved stability by retaining
61% of its initial activity after undergoing 3000 cycles. The
present study presents a potentially effective framework for
developing catalysts with reduced platinum loading, which
can exhibit prolonged durability. Numerous researchers are
currently endeavouring to offer a feasible substitute for com-
mercially available Pt/C catalysts in energy conversion devices.
In this regard, Zheng et al. recently developed N-doped carbon-
supported Fe-doped TiN NPs (Ti,Fe; ,N/NC/C catalyst) as an
exceptional cathode catalyst for Zn-air batteries, outperforming
the standard Pt/C catalysts.>'® The Tiq.q5Feq.0sN/NC/C catalyst,
which has been optimized, exhibits exceptional catalytic per-
formance and stability in the ORR. This leads to enhanced
power density and specific capacity identical to Pt/C catalysts.
These improvements can be attributed to the incorporation
of Fe dopant into the TiN lattice, which promotes the graphi-
tization of carbon matrices. Additionally, optimising TiN nano-
particle size, modulation of the electronic structure and active
sites, and reducing the barrier for the rate-determining step in
the ORR contribute to the enhanced activity of the catalyst.

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

Consequently, the performance of Zn-air batteries is signifi-
cantly improved. These findings highlight the potential of the
Tig.05F€0.0sN/NC/C catalyst as a promising alternative to com-
mercially available Pt/C catalysts in energy conversion devices.

While TiN possesses some desirable properties like high
conductivity and corrosion resistance, it lacks the necessary
catalytic activity for efficient ORR performance. Catalysts com-
monly employed for the ORR include platinum (Pt) and other
transition metal-based materials due to their high activity and
selectivity towards the reaction. Efforts in the research commu-
nity have primarily focused on developing alternative materials
with improved ORR activity and durability. These materials
often involve precious metals or transition metal-based cata-
lysts with tailored surface structures, compositions, and nanos-
tructures. It is worth mentioning that there have been studies
exploring the potential use of TiN in other electrochemical
reactions and energy storage applications, as discussed pre-
viously in the context of TiN-based supercapacitors and the
hydrogen evolution reaction (HER).

3.4 Photovoltaic applications

TiN can be utilized in different components in solar cell applica-
tions to enhance device performance. TiN films can serve as
efficient current collectors as a transparent conductive electrode,
replacing traditional indium tin oxide (ITO) electrodes.’*® TiN
offers superior conductivity, chemical stability, and lower sheet
resistance, reducing energy losses and enhancing charge extrac-
tion efficiency.”>' Moreover, TiN-based electrode materials exhibit
favorable light absorption properties, enabling efficient utilization
of a broad range of solar wavelengths.”** Furthermore, TiN can be
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employed as a plasmonic material in solar cells, exploiting its
localized surface plasmon resonance (LSPR) effect.>** By incorpor-
ating TiN NPs or nanostructures, the light absorption and scatter-
ing within the active layer of the solar cell can be significantly
enhanced, leading to improved photon absorption and light
trapping.*** Keeping this in mind, using a soft-template approach,
Ramasamy et al. fabricated a structured TiN-carbon nanocompo-
site (TiN-C).**® The resulting material exhibited a significant
surface area of 389 m> g~ ' and possessed uniform hexagonal
mesopores. The TiN-C nanocomposite outperformed platinum as
a counter electrode (CE) material in dye-sensitized solar cells
(DSSCs). Specifically, in an organic electrolyte system, DSSCs
incorporating the TiN-C nanocomposite achieved a power conver-
sion efficiency (PCE) of 6.71%, surpassing the efficiency of plati-
num at 3.32%. Likewise, within an iodide electrolyte environment,
the integration of the OM TiN-C nanocomposite yielded a note-
worthy 8% efficiency in DSSCs. The stellar performance of the
TiN-C nanocomposite can be attributed to its orchestrated symph-
ony of lowered charge transfer resistance, elevated electrical con-
ductivity, a multitude of engaged active sites, and an augmented
resilience within the organic electrolyte. Wang et al. successfully
synthesized a porous TiN microspheres film on a titanium sub-
strate through a hydrothermal technique and nitridation in the
presence of NH;, which not only displayed superior electrocatalytic
activity for I;~ reduction but also exhibited good electrical
conductivity.>*® Utilizing this unique morphology as a CE in DSSCs
led to an impressive PCE of 6.8% under 100 mW cm™” irradiation,
surpassing the performance of cells using conventional Pt counter
electrodes. Using TiN nanopatterned back electrodes, Magdi et al.
showcased a notable advancement in organic solar cells by
introducing a TiN nanopatterned back electrode, emerging as a
cost-effective and abundant substitute for Ag. This innovative
approach not only enhances the power conversion efficiency
(PCE) but also holds the potential to expedite the commercializa-
tion of plasmonic organic solar cells.?*” The peak spectral response
of TiN aligns with that of an Ag layer, occurring in the visible
region at 550 nm. This similarity underscores TiN’s efficacy in
replicating the advantageous optical properties observed with
traditional materials like silver.

In a research conducted by Li et al., notable progress was
achieved in elevating the efficiency of Cu (In, Ga) Se, (CIGS)
thin-film solar cells. This was accomplished by enhancing the
adhesion, microstructure, and surface characteristics of the Mo
films employed as back electrodes.>”® The researchers accom-
plished this feat by introducing a TiN diffusion barrier layer,
expertly deposited through the process of reactive magnetron
sputtering. The implementation of the TiN diffusion barrier
layer proved to be highly beneficial, leading to improved cell
efficiencies. This breakthrough finding suggests that the TiN/
Mo bilayer design holds immense promise to enhance the
overall efficiency of CIGS solar cells. The primary objective of
the study was to investigate the influence of the TiN diffusion
barrier layer on the physical characteristics of Mo back electro-
des, specifically in the context of CIGS solar cell applications. By
introducing the TiN layer, the researchers aimed to enhance the
adhesion properties between the Mo film and the underlying
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layers, as well as to improve the microstructure and morphology
of the Mo film.

In contrast to noble metals, TiN is more affordable, abundant,
and compatible with CMOS. Hence, Khezripour et al. suggested
using a bilayer of Al-TiN nano square array to improve organic
solar cells.”*' This technique leads to improved organic solar cells
that exhibit heightened absorption rates ranging from 70% to
88% across the 300-625 nm spectrum. The enhancement is most
pronounced at 665 nm, where the enhancement factor reaches a
maximum of 2.16. Additionally, the photocurrent density experi-
ences an augmentation, reaching 13.7082 mA cm >, Under
normal incidence, the suggested design is polarization insensi-
tive and can potentially enhance other thin film solar cells. The
exceptional photothermal conversion capabilities of TiN as a
plasmonic nanofluid for solar energy harvesting applications
are demonstrated by Wang et al. in their research. TiN significantly
outperforms five conventional materials (carbon nanotubes, gra-
phene, gold, silver, and copper sulphides) in terms of optical
absorption characteristics, and the efficiency of converting light
into heat is amplified due to the LSPR effect between Au and TiN
NPs.>*? Further, the Au/TiN nanocomposite exhibited even higher
optical absorption than TiN alone. Moreover, Au/TiN nanofluids
with diverse amounts of Au showed superior temperature rise
compared to TiN alone, demonstrating the beneficial effect of the
dual LSPR on photo-thermal conversion performance.

In another study, to replace the Pt-based CEs in DSSCs,
Gnanasekar et al. successfully synthesised TiN nanoflower buds
(TiN NFBs), resulting in a PCE of 7.0%. This PCE value is
marginally equivalent to the PCE achieved by Pt-based CE
(7.4%) in DSSCs.**° The TiN NFBs showed excellent catalytic
activity towards the I"/I;~ electrolyte, favourable charge transport
properties, and performance equivalent to the platinum electrode
(see Fig. 19(a-c)). A 30-day stability investigation also demon-
strated the TiN NFB CE-based DSSC’s very stable performance
and strong corrosion resistance against the I /I3~ electrolyte,
indicating the possibility of TiN NFBs as a practical substitute for
Pt in large-scale DSSCs. In another study, Yi Di et al. created
bifunctional TiN@Ni-MXene nanocrystals as an innovative
catalyst for DSSCs.”** By combining TiN’s plasmonic properties
to increase catalytic activity and utilising NIR light absorption to
improve charge transfer, the researchers were able to achieve an
impressive PCE of 8.45% under NIR irradiation and 8.08% under
conventional irradiation conditions, outperforming the reference
Pt-based DSSC with 7.59% efficiency, thus providing a promising
approach for efficient utilization of wide-spectrum solar energy.

Recently, Mohamed et al prepared TiO,/TiN/TiO, multilayer
nanostructured films with mixed anatase and rutile phases of
TiO,.>** The films showed tiny grains evenly spaced out and ranged
in size from 5 to 9 nm. Thicker TiN layers have shown a lower
refractive index and smaller real components of the dielectric
constant but higher electrical conductivity. Increasing the thickness
of the TiN layer resulted in a smaller optical band gap (3.32 €V to
3.01 eV) and more absorption between 650 and 1350 nm. The
intensity of the photoluminescence was significantly reduced. These
findings suggest that TiO,/TiN/TiO, multilayer films could be useful
for solar energy harvesting due to their increased plasmonic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 (a) The illustration of the compiled DSSC featuring the TiN NFB CE; (b) a graphical representation of the energy band alignment within the DSSC

constituents; (c) The J-V traits of the DSSC unit embracing the TiN NFB CE and Pt CE (reproduced from ref. 229 with permission). (d) A cross-sectional
SEM view capturing the essence of the TiN-based perovskite photodiodes; (e) schematic illustration of a single pixel of a perovskite photodiode; (f) image
of the prepared TFT/perovskite photodetector array (reproduced from ref. 230 with permission).

characteristics, better absorbance, and reduced photoluminescence.
More recently, Sun et al. examined the potential of utilizing a TiN
layer as a stable electrode in a perovskite photodiode.?*° The
researchers found that TiN-based photodiodes exhibited enhanced
performance characterized by reduced dark current density and
increased stability. These improvements can be attributed to the
higher work function, hole-blocking capability, and permeation
barrier properties of the TiN layer (see Fig. 19(d-f)). As a result, a
photodetector was developed that exhibited a detectivity of 1.21 X
10" cm W* Hz'?, a low dark current ratio (LDR) of 164 dB, and
remarkable durability, as evidenced by a mere 5.73% attenuation
after 576 000 light pulse cycles and 72% initial responsivity retention
after 572 h of aging at a temperature of 85 °C. Overall, the
application of TiN in solar cells holds great promise for achieving
higher efficiency, improved stability, and cost-effective solutions for
solar energy conversion. Ongoing research and development efforts
are focused on optimizing TiN-based materials and device archi-
tectures to unlock the full potential of TiN in solar cell technologies.
The diverse functions of TiN in photovoltaics underscore its adapt-
ability and importance in elevating the effectiveness and productiv-
ity of solar cells. Ongoing exploration and innovation are directed
towards refining TiN-related materials and methodologies, thereby
playing a pivotal role in progressing towards more streamlined and
economically viable solar energy conversion technologies.?*®

3.5 Biomedical implants

TiN is making remarkable strides in the field of biomedical
implants, offering exceptional biocompatibility, durability, and
performance. Its applications in biomedical implants are

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

revolutionizing the medical device industry and reshaping the
future of patient care.>*® One of the key advantages of TiN is its
seamless integration with the human body. It exhibits excellent
biocompatibility, meaning it interacts harmoniously with living
tissues and does not trigger adverse immune responses or
rejection. This biocompatibility is crucial for successful implan-
tation and long-term functionality**” In addition to its biocom-
patibility, TiN boasts remarkable mechanical strength. It is
highly resistant to wear and corrosion, making it an ideal
choice for orthopaedic implants that undergo repeated stress
and friction within the body. The exceptional durability of TiN
coatings ensures that implants can withstand the demanding
mechanical conditions and maintain their functionality over
extended periods.?

Furthermore, TiN demonstrates inherent antibacterial proper-
ties. Its surface has been shown to hinder the growth of bacteria,
reducing the risk of infection around the implant site. This
antibacterial characteristic is especially valuable for implants
such as cardiovascular devices, where infections pose serious
risks to patient health.>*®?*° Integrating TiN into biomedical
implants represents a significant advancement in the field. By
leveraging TiN’s unique properties, medical devices can provide
safer, more reliable, and longer-lasting patient solutions. This
translates into improved patient outcomes, reduced complica-
tions, and enhanced quality of life. For example, Subramanian
et al. investigated the suitability of TiN, TiON, and TiAIN thin
films prepared via reactive DC magnetron sputtering for biome-
dical applications.>*® They analyzed the coatings’ chemical bind-
ing states, crystal structures, surface properties, corrosion
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Fig. 20 AFM image of (a) TiN, (b) TION and (c) TiAIN thin films on CP-Ti; (d) The potentiodynamic polarisation curve for the CP-Ti substrate, TiN, TiON,
and TiAIN on CP-Ti in a simulated body fluid solution; (e) Nyquist plots for the CP-Ti substrate, TiN, TiON, and TiAIN on CP-Ti (reproduced from ref. 240

with permission).

resistance, and cytotoxicity (see Fig. 20). They found that TiAIN
coatings exhibited superior corrosion resistance, making them
promising candidates for biomedical applications, while all
coatings showed non-cytotoxic behavior. Brunello et al. exam-
ined titanium coatings’ biocompatibility and antibacterial
properties.*** Several coatings, including uncoated Tig,, ano-
dized Tig4, TiN, and zirconium nitride, were prepared using
physical vapor deposition (PVD) on titanium surfaces. Surface
analysis showed zirconium nitride had the lowest roughness,
while TiN and anodized samples were rougher than uncoated
Ties. Biocompatibility tests using MTT showed similar results
for all samples, and the Ames test indicated no mutagenic
activity. Notably, zirconium nitride and TiN demonstrated the
highest antibacterial activity.

The effect of TiN coatings on implant surfaces was discussed
by Hove et al., according to their study, TiN coatings enhanced
the compatibility of the implants with the human body.>*?
However, there were also instances of the TiN coating delami-
nating and producing third-body wear, indicating the need for
process standardisation and improvement. In another study,
Lawand et al. validated the successful integration of TiN as a
bio-compatible conductor in BiCMOS devices, allowing for the
electrical integration of high-density biomedical electrode
arrays on a single chip, which is especially important for devices
like cochlear implants where space is limited.>*® Recently,
Roberlo and coworkers deposited TiN thin films on AISI 316L
stainless steel substrates using DC unbalanced magnetron
sputtering, and they found that the TiN coatings exhibited
promising characteristics, such as wear and corrosion resis-
tance, making them suitable for biomedical applications.*** The
coatings exhibited improved performance in scratch tests using

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

a biomaterial pin, simulating body fluids, indicating potential
durability and suitability for implants. With ongoing research
and development, the potential of TiN in healthcare continues
to expand. Its remarkable properties have opened up new
avenues for implant design and functionality innovation. The
future holds great promise for using TiN in biomedical
implants, driving advancements in healthcare and positively
impacting the lives of countless patients worldwide.

3.6 Electrochemical sensing

TiN has made a significant impact in the field of electrochemical
sensing, reshaping the way we approach sensing applications. Its
exceptional properties and versatile applications have positioned
it as a game-changer in this realm.>****® One of the key advan-
tages of TiN is its high electrical conductivity, which enables
efficient electron transfer at the electrode interface. This char-
acteristic enhances the sensitivity and accuracy of electrochemi-
cal sensing, allowing for precise detection and quantification of
analytes. TiN electrodes exhibit excellent signal-to-noise ratios,
improving detection limits and enhancing measurement
performance.”” Furthermore, TiN’s biocompatibility is a crucial
factor in biomedical sensing applications. It interacts favorably
with biological systems, making it suitable for various biosensing
platforms. When used as electrode material in bioelectrochem-
ical sensors, TiN ensures minimal interference with biological
samples, enabling safe and reliable biomedical monitoring. Its
compatibility with living tissues facilitates the development of
implantable sensors and wearable devices for continuous health
monitoring.>*”**8

In addition to its electrical properties and biocompatibility,
TiN demonstrates remarkable corrosion resistance. This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resistance to oxidation and degradation allows for long-term
stability and durability of sensing electrodes, even in harsh or
corrosive environments. It ensures the reliability and longevity
of electrochemical sensing devices, making them suitable for
various applications, including environmental monitoring and
industrial sensing.”>**° Integrating TiN into electrochemical
sensing platforms has made significant advancements in
healthcare, environmental monitoring, and beyond.'****° The
unique properties of TiN enable the development of highly
sensitive and accurate sensing devices, driving progress in
disease diagnostics, environmental analysis, and quality con-
trol processes. As an example, Ali et al. developed a liquid-phase
photopolymerization method to integrate a nanocomposite-
based scaffold of graphene foam and TiN nanofibers into
microfluidic channels, creating efficient microfluidic electro-
chemical sensors to detect nitrate ions in agricultural soils with
ultralow detection limits and high sensitivity, providing a
promising platform for sustainable agriculture.>®' Haldorai
et al. demonstrated the synthesis of TiN NPs-decorated
multi-walled carbon nanotube (MWCNTs) nanocomposite
and used as a biosensor for nitrite detection.>®> The
nanocomposite-modified electrode exhibited outstanding sen-
sitivity (121.5 pA pM~" cm™?) and a meager detection limit
(0.0014 pM) within a wide concentration range (1 pM to
2000 pM). The biosensor demonstrated good reproducibility,
prolonged stability, and fruitful application in detecting nitrite
in tap and seawater samples (see Fig. 21(a)). Kong et al. developed
an electrochemical sensor using a nanohybrid of rGO and TiN,
which demonstrated remarkable electrocatalytic performance in
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detecting acetaminophen (ACOP) and 4-aminophenol (4-AP)
simultaneously.>® Furthermore, it displayed expansive linear
detection spans and minimal detection thresholds, highlighting
its potential as a favourable electrode substance for identi-
fying diverse analytes in electrochemical sensing applications
(see Fig. 21(b-d)). Feng et al successfully synthesized a
chrysanthemume-like TiN-rGO composite through a hydrothermal
and nitridation process.”** The researchers then utilized this
composite to modify a glassy carbon electrode to develop an
electrochemical sensor. The sensor showcased remarkable elec-
trocatalytic effectiveness, capable of concurrently identifying
dopamine and wuric acid across linear detection spans of
5-175 pM and 30-215 pM, respectively. With commendable
resilience against interference, coupled with stability and consis-
tent performance, this sensor holds potential for real-world
sample analysis.

Recently, using a solvothermal method and r-tyrosine as a
template agent, Chu et al prepared nano-Ag-TiO, hollow
microsphere precursors, which were further transformed into
nano-Ag-TiN hollow microsphere composites through nitride
reduction.”®® The prepared composite demonstrated excellent
electrochemical performance with low hydrogen peroxide
(H,0,) detection limits and superior interference resistance,
stability, and repeatability. Shylendra et al. improved a TiN
solid-state pH sensor by creating a Nafion-modified TiN elec-
trode, which significantly reduces the potential shift in the
presence of oxidising or reducing agents, making it a promising
tool for accurate pH measurement in high redox mediums and
potentially has applications in real-time health monitoring and
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(a) Illustration of the procedure to fabricate the MWCNTSs-TiN composite for nitrite sensing (reproduced from ref. 252 with permission); (b) a mix

containing 10 pM ACOP and varying concentrations of 4-AP from 50 nM to 520 pM, (c) a mix containing 10 uM 4-AP and varied ACOP concentrations
from 60 nM to 660 pM, (d) a combination of diverse 4-AP concentrations (0.05-500 pM) and ACOP concentrations (0.5-700 pM), alongside their
corresponding calibration curves (reproduced from ref. 253 with permission).
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medical diagnosis.**® In another study, Wang et al. demonstrated
a simple molten-salt synthesis method to create carbon-TiN
nanocomposites, which displayed outstanding electrocatalytic
activity for the sensitive detection of dopamine (DA).>*” The
developed C-TiN-altered glassy carbon electrode (C-TiN/GCE)
showed enhanced sensitivity (9620 pA uM cm ?) and a low
detection limit 0.03 pM (S/N = 3), making it a suitable choice
for detecting DA in human serum with satisfactory recovery
results. In their study, Annalakshmi et al. developed a nitrite
sensor with high sensitivity by modifying a glassy carbon elec-
trode using a nanocomposite of carboxylated multiwalled carbon
nanotubes (c-MWCNT) and TiN NPs.>*® The modified electrode
exhibited favorable characteristics, including low electrochemical
resistance, a large electroactive surface area, and a high hetero-
geneous electron transfer rate. These qualities collectively con-
tributed to the remarkable performance of the sensor in
detecting nitrite. Notably, the sensor demonstrated a low limit
of detection (LOD) of 4 nM, an extended useful analytical range
from 6 nM to 950 pM, and a rapid response time of 4 s. These
results highlight the potential of the sensor for various applica-
tions in nitrite detection. The effectiveness of the sensor was
further confirmed through the successful identification of nitrite
in water and meat samples with satisfactory recoveries.

Integrating TiN with layered materials, such as reduced
graphene oxide, holds significant potential in the sensing field.
For example, An RGO-TiN nanocomposite was created by Wei
et al. for the electrochemical detection of nerve growth factor
(NGF).**° This nanocomposite demonstrated excellent electro-
catalytic activity with a linear response to NGF concentration
ranging from 10 nM to 5 M and a low detection limit of 2.6 nM,
highlighting its potential as a sensitive and reliable sensor for
NGF determination in biological samples, particularly for asses-
sing neurological impairment in patients after cerebrovascular
accidents. Recently, Xu et al. devised an electrochemical sensor
with enhanced sensitivity for the specific detection of bisphenol
A (BPA) residues at a low detection limit of 0.19 nmol L™ by
integrating molecular imprinting with graphene-doped TiN.>*°
The sensor exhibits remarkable repeatability and stability,
thereby showcasing its viability for environmental monitoring
and sensing applications.

As research and development in this field continue, the
potential of TiN in electrochemical sensing will only grow. Its
exceptional properties and diverse applications offer immense
opportunities for innovation and advancement. TiN is truly
revolutionizing the field, opening up new possibilities for precise
and reliable sensing technologies with wide-ranging impacts on
our lives.

3.7 Protective coatings

TiN has found extensive applications in protective coatings due
to its exceptional properties, which make it highly desirable for
enhancing the durability, wear resistance, and aesthetic appeal
of various materials and surfaces.”” Here, we will delve into
some key applications of TiN coatings in the realm of protective
coatings. One of the prominent uses of TiN coatings is in the
field of cutting tools and wear-resistant applications. TiN-coated
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cutting tools offer significantly improved hardness and wear
resistance, allowing for extended tool life and enhanced cutting
performance. The high hardness of TiN (approximately 2000 to
2500 HV) provides excellent resistance against abrasive wear,
ensuring that the tools retain their sharpness and cutting
efficiency for prolonged periods.>®*®' Moreover, TiN coatings
reduce friction and provide a low coefficient of friction, redu-
cing heat generation during cutting operations.*® TiN coatings
also find applications in decorative coatings, particularly in the
watch and jewelry industry. The striking golden color of
TiN-coated surfaces adds aesthetic appeal and offers an alternative
to expensive gold plating. Additionally, TiN coatings provide
excellent corrosion resistance, preventing tarnishing and ensuring
the long-lasting beauty of the coated objects.>*>?%

In the automotive and aerospace industries, TiN coatings
play an essential role in enhancing the durability and perfor-
mance of various components. TiN-coated engine components,
such as piston rings and valve stems, experience reduced
friction and wear, improving engine efficiency and longevity.
TiN coatings on aerospace parts, such as turbine blades, protect
against high-temperature oxidation and erosion, extending the
lifespan of critical components.***">°® Furthermore, TiN coat-
ings find applications in electronics, serving as protective layers
on circuit boards and semiconductor devices. These coatings
provide a barrier against moisture, chemicals, and electrical
breakdown, ensuring the reliability and longevity of electronic
components.”®’>*® For example, In their study, Kao et al
subjected TigAl,V alloy substrates to a nitriding process at a
temperature of 900 °C, followed by the deposition of TiN
coatings.””° The scientists evaluated the microstructural attri-
butes, hardness, and adhesion properties of TiN-N-TicAl,V
substrates compared to untreated, nitrided, and TiN-coated
specimens. The research investigated the tribological traits by
implementing reciprocal sliding wear trials involving interac-
tions with balls made of 316L, SizN,, and TigAl,V materials (see
Fig. 22). The biocompatibility was evaluated by affixing and
cultivating purified mouse leukemic monocyte/macrophage
cells onto the specimens. Applying a duplex nitriding/TiN coat-
ing treatment resulted in notable enhancements in the tribolo-
gical, anti-corrosion, and bio-compatibility characteristics of the
original TicAl,V alloy. Xia and colleagues effectively produced
Ni-TiN composites with remarkable resistance to corrosion and
wear using the ultrasonic pulse electrodeposition technique
(UPED).””" The findings of the study revealed a surface structure
that was both fine and compact. The average diameter of the
nickel (Ni) grains was 68.4 nm, while the average diameter of the
TiN nanoparticles was 26.8 nm. The composite deposited by
the UPED method exhibited superior microhardness, enhanced
corrosion resistance, and displayed smooth worn surface
morphologies characterized by minimal scratches (see Fig. 23).

In a separate study, Hong and co-authors investigated how
process parameters influence the microstructure and wear
resistance properties of TiN coatings created via electro-spark
deposition.”*® The assessment involved the characterization of
coating thickness, TiN concentration, and porosity. A statistical
model was developed to identify the key factors influencing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Cross-sectional SEM depictions of the TiN coating on a silicon wafer; (b) the TiN coating on a nitrided TigAl,V substrate; (c) the mean friction

coefficients of diverse samples when in motion against 316L, SizN4, and TigAlyV counterparts; (d) the levels of wear experienced by various samples as
they glide against counterbodies constructed from 316L, SizN4, and TigAlsV materials (reproduced from ref. 270 with permission).
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(@) Ni-TiN composite’'s form and refinement mechanism with various preparation techniques: (a) PED-1,(b) PED-2, and (c) UPED-1;

(d) experimental diagram for making composites of Ni-TiN composites; (e) diagrammatic illustration of the codeposition process between nickel ions

and TiN nanoparticles (reproduced from ref. 271 with permission).

hese characteristics. The output voltage, nitrogen flux, and specific
strengthening duration were pinpointed the most favourable
process parameters. The predominant wear mechanism identified
in this study was micro-cutting wear, which was associated with
micro-fracture wear.

In a different study, Martinu et al. fabricated nanolaminate
ZrN/TiN systems by pulsed DC magnetron sputtering.>’> The

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

modulation periods of these systems ranged from 1 to 100 nm.
The researchers discovered that coatings with a thickness less
than 10 nm exhibited a homogeneous structure consisting of a
single-phase solid solution characterized by a composition of
Tiy35Z19.6sN with a higher concentration of Zr. The size of the
crystallites exhibited variation with the modulation periodicity.
Specifically, the Tip 35Zry 65N solid solution displayed crystallite
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sizes ranging from 11 to 12.5 nm, while the laminate structure
exhibited sizes between 14.5 and 25 nm. The hardness of the
hardened nanolaminate structure was found to be 32-35 GPa,
notably greater than that of the individual TiN and ZrN single-
layer coatings. The solution system, characterized by its hardness
and solidity, demonstrated the highest wear resistance and
toughness levels. Recently, Richter et al. investigated the effect
of bipolar pulsed direct current (DC) magnetron sputtering on
the evolution of TiN coating microstructure.>”®> The researchers
discovered that applying pulsed direct current (DC) voltage
profiles transformed the material’s texture, shifting it from a
state of randomly oriented polycrystals to textured TiN coatings.
Furthermore, it was observed that higher frequencies of the
applied pulses contributed to reduced grain size and enhanced
both hardness and resistance to wear. More recently, Liu et al.
investigated the tribological properties of TiN ceramic coatings
with a specific focus on the effects of sliding balls on wear.””* The
researchers fabricated TiN bioinert ceramic coatings doped with
graphene oxide nanosheets (GO). These coatings were intended
to serve as self-lubricating phases on a titanium alloy known as
TisAlV. Doping in the coating resulted in enhanced wear resis-
tance and decreased friction coefficients. The observed phenom-
ena exhibited by the coatings included oxidation, abrasive wear,
and fatigue wear during the sliding motion with SizN, balls,
TigAlLV balls, and UHMWPE balls. The primary mechanism
responsible for reducing friction was forming a lubricating film
on the sliding surface by the substance known as GO. The
application of GO-doped TiN bioinert ceramic coatings to artifi-
cial joints becomes feasible due to this development.

In summary, TiN coatings offer a range of protective benefits
in various applications. They provide excellent wear resistance,
corrosion resistance, and low friction properties, making them
ideal for cutting tools, decorative coatings, automotive and
aerospace components, and electronics. The versatility and
effectiveness of TiN coatings have made them indispensable
in industries where protection, durability, and enhanced per-
formance are crucial considerations.

3.8 Plasmonic and metamaterial applications

Traditional photonics has undergone a transition due to the
tremendous advancements made in the last ten years in the
domains of plasmonics,””>>”” metamaterials,””*?%° and transfor-
mation optics.”®" With this evolution, new ideas such as light
concentrators, invisibility cloaks, nanoscale imaging instruments,
and materials with negative refractive index have emerged.**>%*
Together, these developments open the door to the development
of gadgets with unmatched functionality. Although these devices
show exciting potential in experiments, their practical use is still
limited. A major obstacle to the application of transformation
optics (TO) and metamaterials (MM) in physical devices is the
significant loss resulting from the plasmonic components of these
technologies.

For real-world device applications, traditional plasmonic
materials such as gold and silver are less suitable since they
experience significant losses when working at optical frequen-
cies. Apart from loss issues, there is another major problem with
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using normal metals in device applications: the real parts of
metal permittivities are too big in scale, which makes them
unusable for many MM and TO devices. Ideally, plasmonic
substances in devices should have adjustable permittivity. Trans-
parent conducting oxides (TCOs) were initially considered as
potential substitutes for gold and silver in the near-infrared
range.”®* However, TCOs lack metallic properties in visible
wavelengths due to limited carrier concentration (~10** cm ™).
Transition-metal nitrides like titanium nitride and zirconium
nitride offer higher carrier concentrations, surpassing those
achievable in TCOs.”®® While the optical losses in metal nitrides
aren’t lower than those in noble metals, their real permittivity at
visible wavelengths is significantly lower due to reduced carrier
concentration. Moreover, unlike noble metals, the optical char-
acteristics of these nitrides can be adjusted by altering processing
conditions. Easy fabrication and integration with silicon manu-
facturing techniques is another significant benefit of ZrN and
TiN. These attributes collectively position ZrN and TiN as highly
promising substitutes for plasmonic materials in both the visible
and near-IR spectra.”*?%” This section delves into the exploration
of TiN as a foundational element for various applications,
including SPP waveguides, localized surface plasmon resonance
(LSPR) devices, hyperbolic metamaterials (MMs), and broader
transformation optics devices.

In addition to its widespread application in the micro-
electronics sector,”®® TiN is a promising material for plasmo-
nics as well because of its high melting point, corrosion
resistance, biocompatibility, and other qualities.”® N. Kinsey
et al. explored an insulator-metal-insulator plasmonic inter-
connect using TiN, a CMOS-compatible material, at the tele-
communication wavelength of 1.55 um. Their experimental
results showcased that TiN waveguides have propagation losses
less than 0.8 dB mm ™" with a mode size of 9.8 um on sapphire,
aligning with theoretical predictions. Additionally, their theo-
retical analysis of a solid-state structure with ultra-thin metal
strips and Si;N, superstrates shows that even lower propaga-
tion losses below 0.3 dB mm™" with a mode size of 9 um are
achievable. They proposed TiN as a useful plasmonic material
for hybrid, integrated nano-optic, and solid-state photonic
devices.””°

Patsalas and team’s review highlighted the TiN’s optical
intricacies, attributing its conductivity to the Ti semi-filled d-
band. They propose a hybrid model amalgamating Drude and
Lorentz oscillators to explain TiN’s dielectric function. The
parameter Ep, tied to TiN’s unscreened plasma energy, notably
shapes TiN’s plasmonic characteristics. They emphasize excep-
tional SPP performance in TiN/AIN and TiN/GaN interfaces and
note that modifying TiN’s composition and structure allows
spectral control over LSPR in nanoparticles, although this can
impact LSPR strength. Particularly, TiN nanoparticles showcase
a dominant LSPR above 500 nm akin to gold’s signature
291,292 yltimately, this review is the crucial roadmap
for researchers delving into the realm of TiN’s optical proper-
ties, pivotal for advancing diverse technological applications.

According to a study by S. Ishii et al., the lossy plasmonic
resonances of nanoparticles are broad enough to cover the

resonance.
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majority of the solar spectrum and highly efficient for absorbing
sunlight. TiN nanoparticles have higher sunlight absorption
efficiency than gold and black carbon nanoparticles. Their
experiments show that TiN nanoparticles dispersed in water
heat water and generate vapor more efficiently than carbon
nanoparticles. The results open possibilities for efficient solar
heat applications with titanium nitride nanoparticles.>*”

Furthermore, H. Reddy et al. rigorously examined the
temperature-induced alterations in optical traits within epitaxial
TiN thin films (ranging from 30-200 nm) on sapphire. Their
research showcased TiN’s robust plasmonic behavior, demon-
strating significantly lesser quality factor deterioration com-
pared to noble metals like Au and Ag, particularly at elevated
temperatures (>400 °C). The study emphasized TiN’s structural
resilience, hinting at its promising applications in high-
temperature nanophotonics.>*?

A. Catellani and A. Calzolari investigated the optical attri-
butes of TiN/(Al, Sc)N superstructures positioned on MgO
substrates, employing first principles methodologies. Their
study focused on deciphering the plasmonic behavior of extre-
mely thin TiN layers at a microscopic scale, particularly empha-
sizing the electronic structure of the TiN/dielectric interfaces.
Additionally, the study examined the hyperbolic properties of
multilayer metamaterials, contrasting them with experimental
results and emphasizing the significant impact of quantum
confinement on these ultrathin dielectric layers. Their samples
consisted of stacked sequences of TiN and (Al, Sc) N layers
grown on MgO (001), all sharing the cubic crystal structure. In
the same year, A. Catellani et al. scrutinized TiN’s plasmon
dispersion characteristics under pressure variations, outlining
its optoelectronic behaviors in the visible spectrum. They
uncovered a universal scaling law correlating mechanical and
plasmonic properties under pressure. Additionally, their inves-
tigation shed light on the stability of surface-plasmon polar-
itons at various TiN-dielectric interfaces, indicating TiN’s
potential for robust plasmonic devices in extreme conditions,
distinct from conventional noble metals.>**

In a different study, Guo et al utilized nitrogen-plasma-
assisted molecular-beam epitaxy (MBE) for cultivating single-
crystalline, stoichiometric TiN films on sapphire substrates.
The study confirmed that MBE-produced TiN films exhibit super-
ior plasmonic features, potentially replacing gold in the visible
and near-infrared ranges. Spectroscopic ellipsometry reveals
TiN’s advantage over gold, notably below 500 nm, due to reduced
interband transition losses. Contrary to predictions, surface
plasmon interferometry proves the presence of surface plasmon
polariton (SPP) modes at the TiN/air interface. Utilizing MBE-
generated stoichiometric TiN, they crafted tailored TiN metasur-
faces for visible spectrum applications.>*®

M. Wells & his colleagues explored several thin film materi-
als including W, Mo, Ti, TiN, TiON, Ag, Au, StTRuO;, and SrNbO;
for refractory plasmonic applications. Their results indicated
that SrRuO; (SRO) maintains its metallic properties even after
annealing at 800 °C, but STNbO; loses its metallic properties at
400 °C. After annealing at 500 °C, the optical characteristics of
TiN and TiON deteriorate due to oxidation and exhibit a loss of
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metallic behavior, but Au’s attributes do not change after
600 °C. Under vacuum, TiN and TiON can be more appropriate
than Au or SRO for high-temperature applications.>*® Further,
M. Gadalla et al. fabricated highly metallic TiN thin films on Si
and MgO substrates, expanding the potential applications of
TiN in plasmonics Their research demonstrated TiN nanoan-
tenna arrays’ tunable plasmonic peaks in the near to mid-IR
range and confirmed their capabilities akin to Au counterparts,
validated through FTIR and S-SNOM experiments.>’

In a similar study by T. Krekeler & A. Petrov, they investigated
the oxidization behavior of TiN films, grown at 835 °C on Al,O;
substrates. The study revealed that the TiN film structure
exhibits exceptional structural stability at 1000 °C for 2 hours
under medium vacuum conditions and thermal stability at
1400 °C for 8 hours under high vacuum conditions, without a
protective coating layer. This is the first time the TiN film
structure with columnar grains shows remarkable thermal sta-
bility at 1400 °C due to low-index interfaces and twin boundaries.
Thus, providing critical knowledge for fabricating thermally
stable photonic/plasmonic devices for harsh environment.>?®
In their study, T. Reese and their team investigated the distinct
photoexcited properties of TiN compared to noble metals like Au
and Ag at ultrafast time scales. They explored the optical
differences between TiN nanoparticle arrays supporting surface
lattice resonances (SLRs) and those only exhibiting localized
surface plasmons (LSPs). Their findings revealed asymmetric
broadening in SLRs compared to symmetric broadening in LSPs
during ps-time scale transient absorption measurements. More-
over, the robustness of TiN nanoparticle arrays was demon-
strated by their ability to withstand high pump fluences for
extended periods with minimal change in bleach wavelength.>*°
To further explore TiN for its Photonic applications, J. Judek and
his team investigated the plasmonic capabilities of polycrystal-
line TiN, that sputtered on silicon at room temperature. Their
study revealed a continuous range of plasmonic properties
spanning from 400 nm to 30 pm, with film composition (nitro-
gen to titanium ratio x) between 0.84 and 1.21 crucial for
optimizing these properties. In the visible range, interband
optical transitions governed the dielectric function, while longer
wavelengths (> 800 nm) aligned with a Drude model modified by
an additional Lorentz term, essential for specific samples. It was
the first study of its kind to explore the dielectric function of TiN
at such long wavelengths.>*

Recently, Mishra et al. explored TiN thin films’ potential in
fluorescence coupling within metal-dielectric structures.
Through experimental and reflectivity calculations, they char-
acterized the optical modes in these structures, adjustable
by varying dielectric layer thickness. Their findings show-
case that fluorophores on TiN substrates can couple with
surface-plasmon modes or waveguide modes, yielding direc-
tional emission within narrow angular ranges. Notably, TiN
demonstrates comparable performance to conventional Au
substrates in surface plasmon-coupled emission (SPCE) and
waveguide-coupled emission (WGCE), while offering the added
advantage of reusability, a key feature for fluorescence sensing
applications.***
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As per our earlier discussion TiN has emerged as a promis-
ing material for plasmonics, but its typical high-temperature
deposition methods have limited its applications and hindered
integration into CMOS device architectures. Chang et al. show-
cased highly plasmonic TiN films and nanostructures using
room-temperature, low-power reactive sputtering. Their TiN
exhibits notably negative real dielectric values among reported
plasmonic films. Their two-dimensional TiN nano disks
validated robust plasmonic resonances. This deposition method
enables the fabrication of intricate plasmonic TiN nanostructures,
enhancing the functionality and performance of existing CMOS-
based photonic devices.>® Further, Dhruv and his team have
made significant strides in the development of plasmonic materi-
als compatible with CMOS technology. By carefully studying the
plasma-enhanced atomic layer deposition process, they success-
fully deposited high-quality TiN layers on c-plane sapphire. They
achieved low-loss, highly conductive TiN films with a plasma
frequency below 500 nm at temperatures below 500 °C by fine-
tuning parameters including chemisorption time, substrate
temperature, and plasma exposure time. The fabricated 85 nm
thick TiN films exhibited a remarkable plasmonic figure of
merit of 2.8, showcasing potential applications in scalable and
CMOS-compatible plasmonic devices.*

In the next year L. Mascaretti et al. reported RF substrate
biasing during magnetron sputtering as a promising technique
for preparing TiN thin films at room temperature. In their study,
they examined how radiofrequency (RF) substrate biasing
affected the structure, optical, and electrical properties of TiN
films. Notably, moderate RF power exhibited a reduction in grain
size while optimizing plasmonic quality factors and achieving low
resistivity (<100 pQ cm). The introduction of slight under-
stoichiometry (TiN0.85) through this technique was key to achiev-
ing these desired properties.*** Recently, S. Reiter et al. explored
TiN nanohole arrays (NHAs) with varying thicknesses. Their
findings uncovered Fano-shaped resonances between 950 and
1200 nm, attributed to extraordinary optical transmission (EOT)
through NHAs. They demonstrated that increasing TiN layer
thickness enhances sensitivity, leading to potential advance-
ments in on-chip plasmonic refractive index sensors.>*> TiN’s
low-index surfaces enable the growth of ultra-smooth, thin
crystalline films essential for high-performance plasmonic and
metamaterial devices, including hyperbolic metamaterials
(HMMs). G. Naik et al. constructed an epitaxial superlattice as a
Hyperbolic metamaterial (HMM) using TiN, this study overcame
fabrication limitations, achieving ultrasmooth layers of 5 nm
thickness with sharp interfaces critical for superior HMM
performance. The TiN-based superlattice HMM exhibited a
higher enhancement of photonic densities of states (PDOS)
compared to gold- or silver-based HMMs, showcasing its
potential in quantum plasmonic applications.**® To shed light
on the future, we address the benefits of TiN plasmonic
components through examples of applications centered around
electromagnetic energy absorption.

3.8.1. Therapeutic applications. Resonant plasmonic nano-
particles serve as efficient collectors of electromagnetic energy,
capable of heating a confined volume surrounding the
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particles.®® When nanoparticles are directed to a tumor area,
they can be heated using near-infrared laser light, as this
wavelength experiences minimal light attenuation through bio-
logical tissue. Conventionally, Au nanostructures are employed
for this application, but the spectral mismatch between spherical
Au nanoparticles and the biological transparency window neces-
sitated the search for alternative materials.’*® In their study,
Guler et al. explored lithographically crafted TiN nanoparticles
with dipolar resonances. They revealed that TiN nanoparticles
outperform identical-shaped Au counterparts when excited by an
800 nm laser light.**® Notably, TiN nanoparticles displayed
broader resonance peaks compared to Au nanoparticles, indicat-
ing their potential for photothermal therapy without size restric-
tions or complex shapes. Further, Guler et al. investigated the
optical properties of colloidal TiN nanoparticles. They discovered
50 nm cubic nanoparticles exhibiting plasmon resonance within
the biological transparency window, showcasing high absorption
efficiency and a self-passivating oxide surface for versatile func-
tionalization, paving the way for innovative applications in
photothermal and photocatalytic domains.>'® In a pioneering
work by L. Gui and H. Giessen, they engineered TiN nanoantenna
arrays, offering tunable plasmonic resonances within the
950-1050 nm spectrum. Their analysis of second-harmonic
(SH) spectroscopy, using a nonlinear oscillator model, provided
the material’s wavelength-dependent second-order response.
These arrays surpassed gold counterparts in laser power sustain-
ability by an order of magnitude, hence showcasing the potential
of TiN nanoantennas for high-power/high-temperature applica-
tions as nanoscale heat sources and coherent nonlinear
converters.*'! Due to TiN’s existing use in biomedical implants
and other biological applications, it emerges as a compelling
alternative to Au nanostructures in therapeutic applications.

3.8.2. Solar/thermophotovoltaics. As the demand for alter-
native energy grows, light harvesting applications gain signifi-
cance. Photovoltaics, crucial for future energy supply, faces
hurdles in its maturity and reliability, notably in light conversion
efficiency and long-term stability of semiconductor devices.*'?
Excessive heating of semiconductors contributes to long-term
stability issues, while environmental factors like humidity and
UV radiation also degrade device performance. Solar/thermopho-
tovoltaics can be a one-stop solution to various problems arising
due to direct exposure of semiconductor components. In solar/
thermophotovoltaics systems, a high-performance absorber cap-
tures solar energy, heating an intermediate layer. For a thermo-
photovoltaic device, the emitter gets heated from sources like
chemical, nuclear, or waste heat sources.*"* Combining the solar
absorber creates a hybrid, termed a solar/thermophotovoltaic
device. The heated body re-emits infrared light based on Planck’s
law,”"* which can be tailored using optimized surface designs to
emit light just above the semiconductor’s bandgap.*’® This
spectral match yields high efficiencies and prolonged lifetimes.

For years, theoretical discussions dominated the field, lack-
ing practical demonstrations. Lenert et al. recently achieved a
groundbreaking 3.2% efficiency in a solar-thermophotovoltaic
device, a notable milestone.*'® However, limitations persisted
in the spectral selectivity of the absorber and lower operational
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temperatures due to material constraints. Plasmonic materials
with refractory properties offer potential solutions to overcome
these limitations and notably expand experimental boundaries.
TiN’s adaptable optical properties enable tailored impedance
matching, facilitating efficient energy collection from sunlight
with various perfect absorber designs. For this aim, Molesky et al.
have proposed designs of selective emitters that use elements
with high melting points, such as TiN.*"” Further, W. Li et al.
have developed a high-temperature stable broadband plasmonic
absorber. Their creation, using titanium nitride, achieves a
remarkable average absorption of 95% within a total thickness
of 240 nm. This absorber combines plasmonic resonances with
dielectric-like loss, offering opportunities for diverse applications
like solar thermophotovoltaics and optical circuits.*'® These TiN
nanostructures were tested against Au under high-intensity
pulsed laser exposure at 550 nm, a wavelength where both exhibit
high absorbance. Post-test scanning electron microscope images
confirm TiN nanostructures’ resilience to intense pulses, unlike
the failure observed in Au nanostructures. This durability under
high-intensity laser illumination underscores TiN’s potential for
nonlinear plasmonics, emphasizing its promising role in
advanced applications.

Further, M. Chirumamilla & S. Bozhevolnyi, along with their
team explored the application of 3D TiN nanopillars for ultra-
broadband absorption in the visible and near-infrared spectral
bands. They reported an average absorptivity value of 0.94 across a
broad range of oblique angles (0°-75°). After a 24-hour annealing
process at 1473 K, their nanopillars show remarkable thermal and
spectral stability, indicating that they can be utilized in high-
temperature applications, particularly solar thermophotovoltaics.*'®
Recently, Akhtary and Zubair investigated TiN’s potential as a
substitute for noble metals like Ag and Au in solar cell plasmonic
applications.*®® Their theoretical simulations highlighted TiN-based
nanostructures’ tunability for scattering light into the substrate by
altering shape, size, and dielectric properties. Bowtie-shaped TiN
nanostructures exhibited remarkable light absorption, reaching a
maximum scattering cross-section of 4.58 W m~> on a 30 nm SizN,
substrate. With a peak absorption efficiency of ~30% across visible
and infrared wavelengths, TiN nanostructures show promise for
enhancing solar cell efficiency via plasmonic light trapping.

3.8.3. Sea water desalination. Hundreds of millions of
people lack access to freshwater for even the most fundamental
activities, such as farming, drinking, and cleansing. This phenom-
enon has become a persistent global problem. Freshwater com-
prises approximately 2.5% of the Earth’s total water volume, of
which lakes and rivers comprise approximately 0.5%.?" Numerous
surface water resources are drying up as a result of climate change,
placing numerous communities in peril around the world. More-
over, the contamination of lakes and rivers due to industrial
effluent discharge and leaching of contaminants exacerbates the
scarcity of potable water.>**2® Utilizing the ample resources of
saline aquifers and the ocean is an appealing strategy for addres-
sing the escalating freshwater scarcity. However, prior purification
is necessary before these water sources can be utilized directly.***

Considerable effort has been devoted to the development of
techniques for producing potable water through research, with
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particular emphasis on decontamination, desalination, and
disinfection, all of which have undergone comprehensive
evaluation.***??® Desalination is becoming increasingly preva-
lent, with the most prevalent processes being membrane reverse
osmosis and thermal distillation.*”” High-energy inputs and
infrastructure costs hinder the adoption of these technologies
worldwide. The utilization of sunlight for water evaporation
holds promise for water desalination and disinfection. Yet,
direct solar exposure faces limitations due to water’s poor optical
absorption and significant heat loss, hindering efficient evapora-
tion. Introducing a potent solar absorber can address these
challenges, unlocking the full potential of solar-driven water
evaporation.®**

Various materials such as semiconductors, carbon-based
nanostructures (like nanotubes, nanofibers, and graphene), poly-
mers, and plasmonic materials exhibit promising solar absorption
capabilities, efficiently converting solar energy into heat. These
materials have been investigated for water evaporation due to their
high solar spectrum absorption and effective light-to-heat conver-
sion efficiencies.**®*** Among these options, plasmonic materials
emerge as appealing contenders due to their exceptional absorp-
tion capabilities and minimal material input requirements.*****!
The majority of research on plasmonic materials for solar water
evaporation has concentrated on well-established Au and Ag
metals.**' Nevertheless, efforts have shifted towards cost-effective
alternatives to Au and Ag for large-scale solar water evaporation.
This pursuit emphasizes non-noble metals, doped metal oxides,
nitrides, carbides, and semiconductors for their affordability and
earth abundance.”®"**> Among these, metal nitrides emerge as
promising due to their predicted high chemical stability, minimal
toxicity, and efficient conversion of light to heat, offering potential
in freshwater generation.*>*** Utilizing the same concept as we
discussed above, M. Kaur and his team developed a novel techni-
que for desalination and water purification by utilizing anodized
aluminium oxide (AAO) that has been loaded with TiN NPs. By
harnessing the photothermal properties of TiN NPs and the
efficient water transport capabilities of AAO, they have achieved
a steam generation efficiency of 92% under solar irradiation.
Furthermore, the introduction of a simple yet effective thermal
insulation technique enhances water evaporation speed, making
this portable solar steam generation structure not only cost-
effective but also highly efficient for sustainable water purification
and desalination solutions.***

Working in the same directions, Zhang and his team devel-
oped a cost-effective and highly efficient photothermal membrane
for solar membrane distillation (MD), incorporating TiN nano-
particles to enhance solar energy absorption. Their innovative
design achieved a solar efficiency of 64.1% and an MD flux of
0.940 kg m~> h, outperforming bare PVDF membranes by produ-
cing 65.8% more pure water. The unique interfacial heating of the
photothermal coating mitigated temperature polarization, ensur-
ing stable, high-quality, potable water production, highlighting its
potential for solar MD applications.>*> M. Farid’s team also utilized
plasmonic TiN NPs on a hydrophobic membrane for the same
kind of application discussed above. In the presence of 1 sun of
solar irradiance, their TiN photothermal membrane generated an
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average vapour flux of 1.01 L m~> h™" and an impressive solar-
thermal efficiency of 66.7%. Due to the plasmonic TiN NP layer’s
broad optical absorption and excellent light-to-heat conversion
properties, the photothermal MD process achieved its superior
performance. This increased the net driving force for vapour
transport and facilitated efficient interfacial water heating at the
membrane surface. The study also emphasized the TiN photo-
thermal membrane’s mechanical stability and exceptional photo-
thermal conversion efficiency, marking a significant progress
toward cost-effective and stable solar-driven MD applications.**®

Further, X. Cheng et al. synthesized sub micrometer tita-
nium oxynitride spheres for solar-driven seawater desalination.
Their study showcased the dual-mode resonance in titanium
oxynitride spheres, used ingeniously in a solar-driven
seawater desalination device. With hollow spheres displaying
enhanced evaporation rates due to their unique morphology,
the system achieved a remarkable water evaporation rate of
~1.49 kg m > h™" and a solar-to-thermal conversion efficiency
of ~89.1%, setting a new benchmark among plasmon-based
solar desalination systems.**” Recently, X. Bai et al. synthesized
TiN nanoparticles with diverse morphologies, showcasing
strong broadband light absorption through plasmonic effects.
These nanoparticles were integrated into porous poly(vinyl
alcohol) films, which achieved a remarkable seawater evapora-
tion rate of 3.8 kg m > h™", setting a new performance bench-
mark among plasmonic solar seawater desalination systems.
Additionally, the composite film exhibited a 98.3% phenol
removal rate, attributed to its superb photocatalytic capability
and superhydrophilicity which highlight its potential in addres-
sing water purification challenges.***

Initial investigations have demonstrated that TiN with other
plasmonic metal nitrides can accomplish some of the highest
efficiencies for solar-driven water evaporation under one sun’s
illumination. Further advancements in solar-driven water eva-
poration face challenges related to the chemical stability of
metal nitride nanostructures. Comprehensive long-term cycling
measurements are imperative to assess their durability. Addi-
tionally, the expansion of metal nitrides’ plasmonic response
requires the development of innovative synthetic techniques to
broaden their localized surface plasmon resonance (LSPR)
range. The enthusiasm that surrounds plasmonic metal
nitrides guarantees that their development will continue to
advance at an accelerated pace in the future.

4. Conclusions and perspectives

In summary, titanium nitrides (TiNs) have emerged as highly
promising materials with diverse applications owing to their
exceptional properties, including superior hardness, wear resis-
tance, corrosion resistance, biocompatibility, and electrical
conductivity. This review provides a comprehensive overview
of diverse synthesis techniques and the manifold applications
of TiN while examining the factors that enhance their perfor-
mance. The synthesis of TiN materials has been explored
through various methods, including chemical vapor deposition,

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

View Article Online

Review

solvothermal/hydrothermal, laser ablation, sol-gel, magnetron
sputtering and electrochemical deposition. Each synthesis
method offers its advantages and challenges, with factors such
as control over morphology, composition, and scalability being
key considerations.

The applications of TiN encompass diverse fields, including
but not limited to protective coatings, energy storage devices,
electrocatalysis, photocatalysis, and biomedical implants. TiN
coatings have remarkably improved the durability, wear resis-
tance, and aesthetic appeal of cutting tools, jewellery, automo-
tive components, and electronic devices. TiN-based electrodes
have shown promise in enhancing energy storage devices’
efficiency and stability, such as supercapacitors and batteries.
Moreover, TiN has shown great potential as a catalyst in various
electrochemical and photocatalytic processes. Despite the sig-
nificant progress made in the synthesis and applications of
titanium nitrides, there are several challenges and avenues for
future research that need to be addressed:

(1) Enhanced synthesis techniques

Continued efforts are required to develop advanced synthesis
techniques that offer better control over the morphology, com-
position, and size of TiN nanostructures. This includes exploring
novel approaches such as bottom-up synthesis, template-assisted
methods, and precise control of doping and alloying.

(2) Scalability and cost-effectiveness

Scaling up the synthesis of TiN materials while maintaining
their quality and performance is essential for practical applica-
tions. Addressing the challenges related to cost-effective synthe-
sis methods and large-scale production is crucial to facilitate
their widespread adoption.

(3) Stability and durability

Further research is needed to improve the stability and dur-
ability of TiN coatings, especially in harsh and demanding
environments. Exploring new strategies to enhance the adhe-
sion and interfacial properties of TiN coatings can contribute to
their long-term performance and reliability.

(4) Biomedical applications

Although TiN has shown great potential in biomedical implants,
further investigations are required to explore its long-term bio-
compatibility, tissue integration, and immune response. Addi-
tionally, exploring the potential of TiN for drug delivery and
biofunctionalization can open new avenues in the field of bio-
medical engineering.

(5) Multi-functionality and hybrid materials

Exploring the synergistic effects of TiN with other materials,
such as incorporating TiN into composites or hybrid structures,
can lead to enhanced properties and multi-functionality. This
can further expand the range of applications, including sen-
sors, catalysis, and energy conversion.

In summary, TiN have exhibited remarkable characteristics
and significant prospects in diverse fields of application. The
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widespread adoption of TiN-based materials can be facilitated by
effectively addressing the challenges in synthesis and meeting the
specific requirements of diverse applications. Ongoing research
and development endeavours, in conjunction with interdisciplin-
ary collaborations, will play a pivotal role in harnessing the
complete capabilities of titanium nitrides and fostering advance-
ments in the field of materials science and engineering.
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