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ABSTRACT

In this paper, titanium nitride nanofibers (TiIN NFs) were successfully
synthesized by nitridation of TiO, nanofibers, in which the TiO, nanofibers
were prepared by using electrospinning method. The XRD patterns and
Raman spectra indicate that transformation of TiO. into TiN crystalline
structure was succeeded at 900°C in ammonia at flow rate of 800 sccm in 60
mins. The SEM images show no significant change in morphology, however,
surface of the sample annealed at 900°C becomes rougher compared to that
of TiO, nanofibers. The UV-vis absorption spectrum of TiN illustrates a strong
and broad absorption peak at 530 nm which covers entire visible part of the
solar spectrum. The as-synthesized samples were used to test solar water
evaporation and the results indicate that TiN nanofibers are great nano-heater

sources to enhance water evaporation performance.

Introduction

Titanium nitride (TiN) has been widely used as a
decorative, coating, and cutting material due to its
superior hardness, excellent thermal stability, high
melting point and corrosion resistance [1][2]. Moreover,
TIN  exhibits  high electric  conductivity, high
transmittance and good chemical stability [3, 4]. In
recent years, TiN nanostructures have attracted much
attention for various applications in the fields of
optoelectric devices [4], solar cells [5], supercapacitors
[6], and batteries [7], electrocatalysts [6]. Hence, TiN
has been become a promising plasmonic material
because it not only shows good plasmonic
performance but also offers excellent mechanical
strength and durability, compatibility with CMOS
technology and cost effectiveness, which overcomes
limitation of traditional plasmonic metals like gold and
silver [8, 9]. In addition, TiN provided a high and

broadband absorption efficiency and had strong
surface plasmon resonance in the visible and near
infrared region [10-12]. Due to the surface plasmon
resonance effect, light is concentrated into nanoscale
volumes at the interface of a dielectric, providing
intense  electromagnetic  field localization  and
improving scattering. As a result, TiN becomes a
potential candidate for plasmonic applications, i.e.,
solar energy conversion [13], sensing [14], catalysis [15].
Noticeably, TiN is one of the best material choice for
emerging thermoplasmonics due to enhanced
performance of sunlight absorption, using for many
applications in high-temperature catalysis [16], solar
heat transducers [17] and, especially, solar water
evaporation [18, 19].

Since  carbon nanotubes were discovered [20],
synthesis of one dimensional (ID) has drawn
tremendous attention due to their high aspect ratio,
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unique-size and dimensionality-dependent electrical,
optical, chemical and mechanical properties. Likewise,
efforts for the growth of TiN 1D structures have been
reported by several groups for biological, electronic
and, especially, photonic applications. Kim et al. has
prepared titanium nitride nanofibers (TIN NFs) as a
catalyst supported for proton exchange membrane
fuel cell by using a combination of electrospinning and
two-step calcination techniques [6]. Lu and his co-
workers grew TiN nanowires on the carbon cloth via a
seed-assisted hydrothermal method following by
annealing step in ammonia [21], whilst Yi Chen group
reported on TiN nanowires preparation through a
chloride-assisted carbon thermal reduction route [22].
Hierarchical TiN nanotube mesh was prepared by
calcining TiOz nanotube mesh (TONM) in NHs flow
where the TONM is fabricated by electrochemical
anodic oxidation of Ti mesh [19]. Titanium nitride
nanorod arrays were prepared as surface-enhanced
Raman scattering (SERS) substrates using glancing
angle deposition in a magnetron sputtering system
[14]. Although lots of effort have been made for TiN
synthesis,  strategies for a scalable and inexpensive
pathway to grow one-dimensional nanostructured TiN
is still limited. In this work, we present a low-cost,
simple and scalable method to synthesize TiN NFs.
Interestingly, the UV-vis absorption showed a strong
and broad surface plasmon resonance peak lying in
the visible region of the solar spectrum. This results in a
high solar-heat conversion efficiency, thus, enhancing
water evaporation under sunlight irradiation.

Experimental
Chemicals

All' chemicals were purchased and utilized without
further purification: poly(vinylpyrrolidone) (PVP) (wt
360000, Sigma-Aldrich Co., Ltd), ethanol (C:HsOH,
99.8%), acetic acid (CH3COOH, 99%), titanium
tetraisopropoxide [Ti(QiPr)s 97%, Sigma-Aldrich Co.,
Ltd], distilled water (18.4 MQ/cm), pure nitrogen and
ammonia gas (N2 &NHs, >99,9%) .

TiO2 nanofibers preparation

The TiO; nanofibers (TiO, NFs) were synthesized using
electro-spinning method similar to previous report
[23]. Briefly, 0.4 grams of poly(vinylpyrrolidone) was
dissolved in 8 mL of ethanol and stirred for 2 h. Next, 6
mL of titanium tetraisopropoxide and 4 mL of acetic
acid were added to the as-prepared solution and
stirred for 60 mins at room temperature to obtain a
sufficiently  viscous  solution  for  electro-spinning.
Following step was to inject the precursor solution into

a 5-ml syringe mounted on the syringe pump and fed
into a metal needle. The precursor was then electro-
spun by applying a high DC voltage of 10 kV across a
distance of 10 c¢cm toward the grounded collector.
Noticeably, the precursor was constantly added by the
syringe pump at a rate of 0.05 mL/h. A silicon substrate
(5 x 5 cm) was placed on the grounded collector for
collection of nanofibers. After 2 hours of collection, the
composite Ti(OiPr)4/PVP nanofibers on the Si substrate
were collected and dried in air ambient for 3h at 500°C
to form the TiO, NFs.

TiN nanofibers synthesis

The obtained TiO; NFs in the previous step were used
as precursor to synthesize TiN NFs by thermal
annealing in ammonia at a temperature of 900°C.
Initially, TiO, NFs were loaded in a ceramic boat and
placed in a tube oven. One end of the tube was
connected with a nitrogen and ammonia gas cylinder
through two mass flow controllers MFCT and MFC2,
respectively. The other end of the tube was connected
with a vacuum pump. Before heating up, the chamber
of the oven was evacuated to reach a pressure of
approx. 102 Torr. The oven was then pre-heated to
250°C and purged with nitrogen gas several times in
30 mins to remove contaminants. After that, the
temperature in the chamber was increased to 900°C
at the ramping speed of 5°C/min, then closed the
MFC1 and opened MFC2 to flow ammonia gas into the
chamber at a flow rate of 800 sccm for 2h hours.
Finally, when the oven was naturally cooled down
below 100°C, closed MFC2 and opened MFCT before
collecting the samples.

Characterizations

The morphology, crystalline structure of the samples
were examined by field—emission scanning electron
microscopy (FE=SEM; Hitachi S4800), X-ray diffraction
(XRD, D8 Advance Eco, Bruker). The optical absorption
spectra were obtained from the JASCO V-750 UV-Vis
Spectrophotometer. Raman measurements were done
using the XploRa Plus microscpe, Horiba Jobin, laser
532 nm and integration time of 10s.

For water evaporation testing, 20 mg of each sample
annealed at  900°C  (hereafter denoted as
sample@900), and as-synthesized TiO, NFs was added
into 40 mL water contained in a 100 mL-glass beaker
(denoted as S2 and S1 solution, respectively) and
sonicated for 15 mins to evenly distribute TiN NFs in
water and avoid aggregation. The beaker was then
placed on an electronic balance for determination of
vaporized weights during illumination. A tungsten
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filament light bulb (40W) was used to expose the
above solution.

Results and discussion
Structural analysis

The X-ray diffraction (XRD) spectra exhibit crystal phase
transformation of these materials during nitridation
process. Fig. 2 shows XRD patterns of the as-
synthesized TiO> NFs and the sample annealed in
ammonia at 900°C (denoted as sample@900). The
XRD pattern of TiO, NFs, seen in Fig. 1a, indicates a
mixture of anatase and rutile phase (according to the
JCPDS card No. 84-1286 and No. 75- 1753) in which
the TiO, anatase phase is dominant (by comparing
peak area of the strongest peak A(101) versus R(110)).
Fig. 1o illustrates crystal structure transformation when
annealing TiO, NFs in ammonia at 900°C.
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Figure 2:XRD patterns of the as-synthesized TiO, NFs (a)
and the sample annealed at 900°C in amonia (b)
The result shows there are five strong X-ray diffraction
peaks at 26 of 36.3°% 42.2° 61.6° 73.8° and 77.6°
which respectively corresponded to (111), (200), (220),
(311) and (222) lattice planes of face centered cubic
(FCQ) structure of TiN (according to the JCPDS card,
No0.38-1420). These five peaks are strong and sharp
suggesting that the sample@900°C is well-crystallized.
No other peaks can be detected implying that a
complete transformation of TiO, into TiN crystalline
structure can be achieved at 900°C in ammonia for 60
mins. The strongest diffraction peak is indexed to the

cubic TiN oriented in (200) plane, which might refer to
the growth of TiN nanofibers.
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Figure 3: Raman spectra of as-synthesized TiO; (Fig. 3a)
with four typical Raman active modes of anatase phase
and TiN (Fig. 3b) with two characteristics of acoustic
range and optic range.

Composition and structure of the as-synthesized
materials were further characterized by using Raman
spectroscopy, a powerful and non-destructive method
in order to study the chemical structure and phase of
materials. According to report of Ohsaka [24], the
typical TiO, anatase single crystal has six vibration
modes at Raman shift of 144 cm™ (Eg), 197 cm™ (Eq),
399 cm™ (B1g), 513 cm™ (Alg), 519 cm™ (B1g), and 639
cm™ (Eg). Fig. 3a demonstrates Raman spectrum of the
as-synthesized TiO, in the range of 100 -1100 cm,
illustrating four strong peaks at 140 cm™, 395 cm™; 513
cm™, and 637 cm™, which corresponds to four Raman
active modes of Eg, Big, Al and Eg respectively; no
Raman peak of TiO, rutile phase can be observed too.
These Raman characteristics show the dominant
anatase phase of the as-prepared TiO,, which is in a
good agreement with the XRD patterns as shown in
Fig. 2a. Furthermore, due to the reaction of TiO; with
NHs; gas, oxygen atoms in the TiO; lattice were
replaced by nitrogen atoms to form TiN crystalline. The
Raman peaks at 152 cm™ 389 cm™and 608 cm™ in Fig.
3b are ascribed to transverse acoustic (TA), longitudinal
acoustic (LA) and transverse optical (TO) modes of the

cubic TiN crystal, respectively[25].
The XRD and Raman characterizations indicate that the
TiO, have been successfully converted into TiN
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crystalline structure by annealing in ammonia at 900°C
for 60 mins.

Morphology characterization

Figure 4: SEM images of TiO2 NFs (a) and sample@900
(c) the surface of TiO; is smooth (b) compared to that
of sample@900
Morphology of the synthesized samples were
characterized using scanning electron microscopy
(SEM). Fig. 4a shows the size of TiO, NFs are in the
100-200 nm diameter range and up to few micrometer
in length. Fig. 4c demonstrates there is no significant
chance in morphology between the synthesized-TiO;
and —the sample@900; nonetheless, part of TiN NFs
were broken due to high temperature annealing
process. Interestingly, the surface of the TiN NFs
becomes rougher and more open (Fig. 4d) compared
to that of TiO, NWs (Fig. 4b), which is attributed to
calcination process and nitrogen gas release during the
reaction of TiO, with ammonia to form TiN [26], the

reaction can be described as below:

6TiIO, + 8NH3 — 6TiN + 12H,0 + N7
The roughness could increase the specific surface area
of TiN NFs, which might be interesting for light
absortion, sensing and catalysis performance of this
material.

UV-vis absorption

Due to its large band gap, titanium dioxide nanofibers
exhibit intrinsically strong absorption of ultraviolet (UV)
light. Using Tauc method to determine optical band
gap insemiconductors, the band gap of the as-
synthesized TiO, NFs is 3.15 eV (Fig. 5a), this is in good
agreement with other reports [27]. In contrast, the
absorption characteristic of a semiconduction in Fig.5b

is completely vanished, instead, TiN NFs has a strong
absorption peak at 530 nm, which is attributed to
plasmon resonance effect.
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Figure 5: UV-vis absorption spectrum of TiO; NFs (a) and

of TiN NFs (b)
Noticeably, this peak lies in the visible region which is
broad and entirely covers the solar spectrum.
Modeling TiN absorption spectrum using Gaussian
function, the result shows full with half maximum
(FWHM) of 265 nm. This value is quite large compared
to traditional plasmonic materials like gold or silver.
Furthermore, the plasmon resonance peak of TiN NFs
is blue-shifted, compared to previous works [10], this
requires further studies to understand plasmonic
behavior of the as-prepared TiN using nitridation
method.

Solar water evaporation measurements

The blue-triangular line in Fig. 6 shows weight loss of
S2 due to evaporation process, which is much higher
compared to that of S1 (red-dotted line) and pure
water (denoted as solution SO, black-squared line).
Under continued illumination using simulated solar
light of 38k lux (approximately 300 W/m? or one-third
Sun), after one hour, the evaporation rate of solution
S2; S1and SO acquired about 0.37; 0.20 and 0.17 kg h
m, respectively. The evaporation rate of ST is slightly
higher than SO due to its better absorption of sunlight,
whereas the outstanding rate of S2 is resulted from the
plasmon resonance (PR) effect. Hence, this strong and
broad PR peak lies in the visible region and covers the
solar spectrum, the as-synthesized TiN NFs become an
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active agent to improve the solar absorption efficiency
and generate heat, thus, increase the evaporation rate
of S2 solution.

The enhancement of water evaporation in this case can
be interpreted by using the model proposed by
Neumann [28] as follows: TiN NFs strongly absorbs
sunlight to generate an enhanced electric field on TiN
NFs' surface and its vicinity. This electric field locally
heats up a layer of water surrounding the surface of

the nanofibers and vaporizes the water. Fig. 7
illustrates  the vaporization enhancement process
enabled by TiN NFs
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Figure 6: Comparison of water evaporation under
simulated sunlight illuminace of pure water (black-
squared line, SO), water +TiO; solution (red-dotted line,
S1) and water +TiN solution (blue-triangular line, S2)
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Figure 7: schematic representation of evaporation process

demonstrates how TiN NFs absorbs sunlight and locally

heats water
If the illumination continues, this vapor layer will grow
larger, in addition, the closed TiN NFs in the solution
could aggregate and create bubbles. These bubbles
will develop in volume and eventually move to the
surface of the liquid. At the air-liquid interface, the
vapor is released and the TiN NFs return to the liquid
to perform another vaporization cycles until the
illumination stops. Outstandingly, this vaporization

process occurs locally and differentiates from

traditional vaporization process where the entire liquid
volume requires to be heated, thus, consumes much
more energy to vaporize similar amount of water.

Conclusion

Titanium  nitride  nanofibers  were  successfully
synthesized using a two-step process: electrospinning
followed by nitridation. There is no significant change
in morphology between TiN NFs and TiO, NFs except
for the surface roughness. The UV-vis absorption
spectra show significant change from TiO, to TiN
where TiN NFs has a strong and broad absorption
peak centered at 530 nm, covering entirely the visible
part of the solar spectrum. This is attributed to the
surface plasmon resonance effect. As a result, TiN NFs
enhances sunlight absorption efficiency, thus, increases
evaporation rate, up to 0.37, in comparision with TiO;
solution and water, about 0.20 and 0.17 kg h™' m=
respectively.
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