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Abstract

Developing colloidal plasmonic nanomaterials with high carrier density that show optical
resonances and photochemical activity extending from the visible to the mid-infrared (MIR)
ranges remains a challenging pursuit. Here, we report the fabrication of titanium nitride (TiN)
nanobars obtained using a two—step procedure based on a wet chemical route synthesis of
Ti0; nanowires and their subsequent high temperature annealing in ammonia flow.
Electromagnetic simulations of the resulting TiN nanobars reveal a rich set of optical
resonances featuring transverse, longitudinal and mixed transverse—longitudinal plasmonic
modes that cover energies from the visible to MIR region. TiN nanobars decorated with Pt
co-catalyst nanocrystals show enhanced photocatalytic hydrogen evolution activity in
comparison to both isotropic TiN nanospheres of similar size and TiN nanocubes under near
infrared excitation at 940 nm due to the enhanced hot electron generation. We also
demonstrate that plasmonic TiN nanobars can be used for the detection of furfural molecular
vibrations by providing a strong surface enhanced infrared absorption (SEIRA) effect in the

MIR region.
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1. Introduction

In modern nanotechnology, plasmonics provides probably the finest control over light-matter
interactions using metallic nanostructures supporting in—phase oscillations of conducting
electrons strongly coupled to and excited by incoming photons. A relevant property of
plasmonic nanostructures is their ability to concentrate light (and electromagnetic near fields)
in nanoscale volumes, enabling strong enhancement of many physical and chemical
phenomena underlying non—linear optics [1], sensing [2], heat transfer [3,4], and chemical
reactions [5—7] among others. Once the plasmonic excitation decays, the stored energy can be
transferred to adjacent objects (solid materials, molecules, fluids) either through plasmonic
non—thermal (hot) carriers or by the significant lattice heating reached after their
thermalization [5,8]. A flurry of promising experiments leveraging plasmonic effects have
demonstrated that plasmonics will have a transformative impact on the energy technologies
of the future [9]. Notably, the excitation wavelength of localized surface plasmon resonances
(LSPRs) in plasmonic nanostructures defines their operational energy range (and therefore
their application) and depend on the carrier density of the employed material, on the
shape/size of the nanoresonator, and on its dielectric environment. For instance, plasmonic
photocatalysts working in the visible region of the electromagnetic spectrum usually employ
Au, Ag, Al, and TiN. The latter shows gold—like optical properties in the visible region [10],
while presenting high chemical stability in harsh environments (i.e. strong acids), high
hardness, and extreme resistance to temperature (being a refractory metal) that make TiN an
outstanding candidate material for several energy applications [11-13].

Apart from anisotropic Au nanocrystals like rods, plates and bipyramids[14,15] LSPR
absorption in the near infrared (NIR) region can also be achieved by introducing element
vacancy in semiconductors such as copper chalcogenides (Cux—S, CusSs) [16—18], tungsten
oxides (WOs3—, Wi180a49) [19-22], M0O3- [23], and Bi2O3— [24] which have shown
photocatalytic activity in the NIR region. In addition, colloidal degenerate indium nitride
(InN) nanocrystals showed an LSPR absorption reaching the mid-IR (~3000 nm) region [25].
The mid-IR wavelength range is relevant for health- and defense-related applications
including trace-gas detection, heat-signature sensing, thermal auditing, mimicking and
cloaking, and source and detector development [26]. More importantly for energy
applications, plasmonic devices working the mid—IR range find use in chemical sensing (or to
track reaction products), as the majority of molecular vibrations fall in this energy range and
can be amplified by the plasmonic near fields through the surface enhanced IR absorption

(SEIRA) effect [2]. However, suitable materials for the mid-IR range are usually obtained by
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designing metasurfaces using complex nanoantenna geometries and expensive fabrication
methods [27,28]. It is indeed challenging to achieve colloidal plasmonic nanostructures with
LSPR resonances in the mid—IR using metals with high carrier density.

To address this major limitation, here we report the synthesis of photochemically
active plasmonic TiN nanobars showing a multitude of resonances extending from the visible
to the mid-IR region. Full-wave electromagnetic simulations reveals in details the superior
optical properties of these anisotropic nanostructures in comparison to isotropic nanoparticles
of comparable size. We validate the use of the investigated plasmonic TiN colloids, by testing
them in plasmon—enhanced hydrogen evolution under monochromatic NIR light irradiation at
940 nm and comparing the shape-dependent photocatalytic activity of Pt-loaded nanocubes,
nanospheres and nanobars, demonstrating the action of a hot electron driven mechanism.
Moreover, we show that plasmonic TiN nanobars can be employed to detect energy-relevant
molecules such as furfural by providing a strong SEIRA effect.

2. Results and Discussion

The studied plasmonic TiN nanostructures were prepared starting from the hydrothermal
synthesis of the precursor TiO> nanomaterials adopting modified reported methods [29,30].
In one case, we obtained first hydrogen titanate (H>Ti307) nanowires, which were converted
into TiO2 nanowires upon calcination at 400 °C for 1 h (Fig. 1a and S1). In the second case,
we prepared TiO; nanospheres composed by the assembly of TiO> nanosheets (Fig. S2).
Next, TiN nanobars and nanospheres were achieved by conversion of the TiO> nanostructures
via nitridation at 800 °C for 5 h (see Methods in Supporting Information). A complete
structural and morphological characterization of TiO; and TiN nanostructures confirmed the
complete conversion to titanium nitride in both cases (Fig. 1b, 1¢c and S3—S9). TiN nanobars
show an average length, width and height of 1200, 220 and 40 nm, respectively (Fig. 1d and
S5), featuring nanosized holes on their surface (Fig. 1e—k). In contrast, TiN nanospheres
show an average diameter of 200 nm and consist of complex spherical superstructures
featuring surface nanoridges (Fig. S3). TiN nanobars present higher specific surface area
(55.9 m? g'!) than the TiN nanospheres (46.8 m? g ') (Fig. S10). Formation of nanoholes on
the surface of TiN nanostructures is due to the high temperature anion exchange and phase
transition process, which can be explained recalling the Kirkendall mechanism in the
presence of hot ammonia (Fig. S7). The dark field scanning TEM image and energy-
dispersive X-ray spectroscopy (EDS) elemental mapping (Fig. 1f—k) of TiN nanobars
homogenously decorated with Pt nanocrystals (functional for the photocatalytic experiments

shown below, for further characterizations see also Fig. S11-S13) provided nanoscale details
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on the nanoholes present on their surface. Fig. 11 shows the presence of oxygen in the
elemental mapping due to the presence of an ultrathin amorphous oxide layer composed of
titanium oxynitride (TiON) and titanium oxide (TiO>) on the surface of TiN nanobars, as
evidenced by HRTEM (Fig. S14) and XPS (Fig. S15, S16 and Table S1). The native oxide
layer is commonly formed on TiN nanostructures upon exposure to air and/or water during
chemical processing [31].

The UV—vis—NIR absorption spectra measured in dichloromethane show that for both
the TiO2 nanostructures the absorption is mainly limited to the UV region (Fig. 2a and S17),
with a characteristic tail in the visible region due to the light scattering produced by the
nanostructures in suspension. In contrast, both the TiN nanomaterials present the
characteristic interband transitions feature up to ~500 nm [31], after which a broad and
intense plasmon peak rises reaching the maximum in the NIR region. Interestingly, after 1300
nm, the absorption spectrum of TiN nanospheres decline, whereas for the nanobars, it kept
the same intensity even beyond 2200 nm. To retrieve absorption data in a wider energy range,
we measured attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of the
plasmonic TiN nanostructures (Fig. 2b and Fig. S18), showing that the absorption extends to
the entire mid-IR wavelength range. We think that the observed broadband character of
absorption is due to the size dispersion of TiN nanostructures and to their partial aggregation
in colloidal suspension. This conclusion was confirmed by us using theoretical calculations.

To assess precisely the plasmonic properties of the TiN nanobars, we performed
electromagnetic field propagation using finite-element software (COMSOL and JCMsuite).
Geometrical features were retrieved from TEM micrographs (for width and length, see Fig.
S5) and AFM height profile (for thickness, Fig. 1d). The width (220 nm) and thickness (40
nm) of the nanobars were kept constant, while the length was the sweeping parameter (200,
400, 800, 1200 nm). To account for the random orientation of the plasmonic nanobars in
solution, the calculated spectra were averaged over three orthogonal propagation directions of
light and two polarizations, thus leading to spectra featuring transverse (T), longitudinal (L)
and mixed transverse—longitudinal (T-L) plasmonic modes (Fig. 2¢ and Fig. S20-S24).
When we considered even more incident light directions (12 to 60) the observation of an
additional plasmonic peak at ~2500 nm was possible (Fig. S25). To account for the granular
structure featured in the nanobars (Fig. 1b), we implemented the simulations by using a
homogeneous dielectric function derived within the effective medium theory, where the TiN
and dichloromethane volume fractions were 0.7 and 0.3, respectively. More details on the

calculations can be found in the Supporting Information. Notably, the adoption of an
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effective medium dielectric function resulted in predicting relevant differences in the optical
properties of the TiN nanobars as compared to the case where a metallic dielectric constant
was used (Fig. S26). In particular, for the case of hybrid TiN nanobars with 1200 nm length,
we observed two main effects: (i) a red shift of the plasmonic peaks, and (ii) an increased
absorption fraction over scattering, especially at mid—IR wavelengths. Fig. 2¢ shows the
averaged mass extinction coefficient (MEC) of the TiN nanobars with different lengths. This
parameter quantifies how easily light is extinguished by the volume (mass) of the material,
and it was calculated by dividing the optical cross sections with the mass of the nanostructure
(see Supporting Information).

Increasing the anisotropy of the nanostructure, i.e. length > 400 nm, three clear kinds
of plasmonic resonances appear in the spectra. The surface charge maps at peak wavelengths
obtained for specific light propagation direction (and polarization) provides insights into the
nature of those plasmonic resonance breeds, denoted here as L, T1, and T2 (Fig. 2d—i and
S24). The intense peak in the visible region (642 nm for length=1200 nm) is due to the mixed
T>—T; transverse plasmonic mode and appears at similar wavelengths for nanobars with
different lengths. A similar behavior is followed by the strong extinction peak in the NIR
region (1262 nm for length=1200 nm), which is due to the mixed Ti—L plasmonic mode. In
contrast, the most intense peak is assigned to the purely L plasmonic resonance and its
position can be tuned from 2154 to 5266 nm by varying the TiN nanobar length from 400 to
1200 nm, respectively. Interestingly, the plasmonic peaks show increased bandwidth at
longer wavelengths, reaching 1000-3000 nm full widths at half maximum for the mid—IR
resonance. The computed spectral structure of plasmonic resonances is amazingly rich, and
each spectral feature on the computed spectrum can be assigned to a certain resonance of this
TiN plasmonic “flute”. In addition, we found that the absorption and scattering efficiencies of
the TiN nanobars are, in general, comparable (Fig. 2j and 2k). We note that the absorption
efficiency is the most relevant parameter for the photochemical conversion, since it directly
describes the portion of the photon energy, which become absorbed, i.e., get converted into
heat and hot electrons. Simulated optical properties and related discussion for TiN
nanospheres in detail can be found in the Supporting Information (Fig. S27-S30).

Notably, these results highlight the possibility to design TiN plasmonic nanostructures
with high anisotropy suitable for plasmonic applications in a wide range of operational

energies starting from the UV and extending to the mid-IR (300 nm — 6 pm).



To demonstrate the potential of plasmonic TiN nanobars, we tested their application
both in plasmonic photocatalysis in NIR region and in SEIRA in the mid—IR energy range.
Firstly, we selected plasmon—enhanced Hz evolution through dehydrogenation of ammonia
borane as a model reaction to compare the photocatalytic activity of TiN nanobars with
nanospheres and nanocubes using monochromatic NIR excitation at 940 nm. Detailed
calculation about photothermal turnover frequency (TOFphoto), thermal turnover frequency
(TOFherm), and hot electron turnover frequency (TOFhot) can be found in the Supporting
Information. We recently showed that TiN nanocubes can efficiently drive this reaction under
both solar irradiation and monochromatic visible light, upon functionalization with Pt
nanocrystals. The generation of plasmonic hot electrons was mainly localized in the TiN
nanostructure (followed by their injection into the Pt component), while a smaller fraction of
hot carriers was directly generated in the Pt nanocrystals [31]. Consequently, we
functionalized the prepared TiN nanostructures with homogeneously dispersed Pt
nanocrystals with an average diameter of 2.6 nm (Fig. S11, S12 and S31). As a result, we
obtained TiN/Pt nanohybrids where the TiN component dominates the plasmonic properties,
whereby Pt is the catalytic centre. The pure TiN nanostructures did not produce any
considerable H, amount both under dark and light conditions. In contrast, we detected rapid
H> evolution when TiN/Pt nanohybrids were employed as the photocatalysts (Fig. S32 and
S33). The enhanced activity observed under light irradiation is attributed to plasmonic
effects. The Pt nanocrystals themselves did not show any significant contribution as a
photocatalyst during the light-assisted H> evolution, as confirmed by the identical reaction
kinetics under dark and light conditions obtained by using Pt nanocrystals supported on an
optically inactive Al2O3 support (Fig. S34). Even anatase TiO2/Pt nanowires did not show
any photoactivity under 940 nm NIR light illumination, suggesting that the ultrathin TiO2
layer on TiN nanobars had no contribution in the overall hydrogen production rate (Fig. S35).
To determine the advantage of using the anisotropic TiN/Pt nanobars resonators in plasmonic
catalysis, we compared their activity with Pt loaded TiN nanospheres and nanocubes. Using
light excitation at 940 nm at a power density of 24 mW c¢m~2, we measured TOFnot.e for
different TiN shapes (Fig. 3a) in the experimental regime under constant temperature, i.e.,
when the low intensity light irradiation did not produce any significant macroscopic variation
(and microscopic, see below and Supporting Information) [31-33] of the solution
temperature. In this case, we avoid the thermal chemical mechanism and deal only with hot

electrons. Notably, using the same Pt loading, TiN nanobars showed 1.67 and 2.41 times



higher plasmon—enhanced H» evolution activity than that showed by TiN nanospheres and
nanocubes respectively (Fig. 3a, S32, S33 and Table S6). The performance of TiN nanobars
can be further highlighted by calculating the apparent quantum yield (for details see
Supporting Information), which was 120%, 71% and 49% for TiN nanobars, nanospheres,
and nanocubes respectively. TiN/Pt nanobars show also excellent NIR photocatalytic activity
if compared with reported noble metal photocatalysts like Ag/W1sO49 nanowires (AQY 1250nm
= 4%, see Table S7). To the best of our knowledge, this study provides first shape dependent
plasmonic activity evaluation for TiN nanocrystals beyond 900 nm. Such unique NIR activity
of TiN nanobars makes it suitable candidate for maximum utilization of solar light as well as
under NIR (700—2500 nm) light. The TiN/Pt nanobars maintained their catalytic performance
and structure even after three consecutive photocatalytic cycles (Fig. S36—S38, Table S5).

To investigate the reasons behind this observation, we computed the mass extinction
coefficient for the absorption channel (MEC.ps) at 940 nm for TiN nanobars and TiN
nanospheres with different sizes (Fig. 3b). TiN nanobars show generally higher MECs than
TiN nanospheres, especially when the shape become more anisotropic (length > 400 nm).
Moreover, considering the optical cross sections at 940 nm (and the absorption/scattering
efficiency reported in Fig. S30), TiN nanobars present similar values of both absorption and
scattering cross sections, while for TiN nanospheres the scattering cross section is the double
(or more for bigger sized nanospheres) the absorption one (Fig. S26 and S27). Hence, hot
electron generation in nanobars can take place more efficiently due to the higher absorption
fraction (i.e. less scattering), thereby resulting in higher TOFnote value, which was calculated
as TOFnote= TOFphoto ~TOFthermo.

The efficiency of TiN/Pt nanobars were further examined under higher light
intensities (producing appreciable heating) and at corresponding different final reaction
temperatures (FT) in the dark (Fig. S39, Table S6). An in—depth kinetic study revealed a
steady increase of TOFphoto With increasing light intensity (Fig. 3c). At 318 mW cm ™ power
density, TOFphoto reached 242.3 molu, molp; 'min~! (see Table S7 for performance
comparison with other photocatalysts reported in literature), with TiN/Pt nanobars showing a
~3.1-fold rate enhancement with respect to dark room temperature conditions because of the
combined effect of both photothermal heating and hot electrons. Furthermore, the Supporting
Information includes a list of FTs for different light intensities and for various TiN
nanosystems (Table S6) and estimates of local temperature increase at the surface of a single

nanostructure (Section: Theoretical modelling). As expected, the local temperature increase at



a nanoparticle is tiny, and the regime of photoheating in our study is collective, in which a
large collective of nanocrystals contributes to the FT [31-33].

Interestingly, the difference between TOFherm (Fig. 3¢, blue bars) and TOFhoto (Fig.
3c, red bars) increased with increasing light intensity, suggesting a prominent hot electron
effect at higher light intensity [7,31,34-36].

To confirm that a mechanism mediated by hot electrons is active even at high power
density values, we computed Kinetic Isotope Effect (KIE) by comparing H> evolution rates
obtained using D20 and H>O (Fig. S40 and 3d, see Supporting Information for more details
on KIE calculation). The KIE value obtained in dark is 1.8, which confirms that the breaking
of O—H bond in H>O is the rate—determining step (RDS) during the ammonia borane
dehydrogenation. KIE obtained under light illumination is 2.4, which is higher as compared
to dark conditions, confirming that photocatalytic H> evolution is a hot electron-driven
process [31,37].

The plasmonic effect on the activation energy (E.) was also evaluated using the
Arrhenius equation (Fig. 3e). Under dark, Ea. was 36.6 kJ mol ™! (0.37 eV), while it decreased
to 9.5 kJ mol ™! (0.09 eV) under 940 nm light irradiation. This confirms that plasmonic
excitation of TiN/Pt nanobars produce hot electrons, which directly participate in the RDS of
H> evolution reaction (i.e., O—H bond cleavage) and stabilizes the transition state (TS) by
0.28 eV (Fig. 3f and Fig. S41) [31]. Notably, this energy barrier reduction is higher than that
one (0.1 eV, see Table S7) recently reported in a single-particle investigation study using Pt-
tipped Au nanorods for the same chemical reaction. Moreover, we compare the energy barrier
reduction for a selection of different reactions catalyzed by plasmonic photocatalysts recently
appeared in the literature (Table S8). Despite some plasmonic photocatalysts provided
impressive energy barrier reduction between 0.5 and 0.94 eV, most of them decreased the
activation energy by 0.1-0.3 eV, similarly to the performance observed for TiN/Pt nanobars.
This finding can also be extended to a non-noble metal co-catalyst systems. Interestingly,
when we synthesised TiN/Ni nanobars, TiN nanobars were able to efficiently enhance
plasmonic hydrogen production activity of Ni nanocrystals (Fig. S42) by the same factor
observed for the activity of Pt nanocrystal under the same power density illumination at 940
nm. Thus, we have provided all the necessary figures of merit related to this plasmonic
photocatalytic reaction [38].

Next, the TiN nanobars were tested in the mid-IR range for SEIRA enhancement by
measuring spectral features of furfural, a relevant biomass derivative employed in chemical

industry for the production of solvents, polymers fabrication, adhesives, pharmaceuticals, and
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also a promising platform for photocatalytic H> production and biodiesel synthesis [39]. We
compared the SEIRA enhancement obtained from TiN nanobars, Al>O3 (as inert substrate)
and a common plasmonic material made by Au nanoparticles supported on Al2O3 (Fig. 4 and
Fig. S43). For Al>O3 (blue line), the signal intensity is very low in the whole investigated
energy range showing a clear peak only for the most intense furfural vibration at 1670 cm™,
which is assigned to the aldehyde group stretching. When Au/Al>O3 (black line) used, the
signal is slightly increased over the whole wavenumber range with many peaks arising and
being more defined due to SEIRA effect produced by the plasmonic Au nanoparticles. In
contrast, the spectrum measured using the plasmonic TiN nanobars substrate (red line) almost
all the spectral features that can be also found in the reference spectrum of pure furfural (grey
line). Notably, the SEIRA enhancements computed for all the detected peaks (Table S9)
reach maximum values above 200 and span a vast energy range from 3000 to 13000 nm.
These results are possible due to the broadband near fields generated in the plasmonic films
made by aggregated TiN nanobars and that are shown to be superior that those generated in
the reference sample containing Au nanoparticles [2].

To elaborate more on the SEIRA effect, we expect that with the SEIRA enhancement
may correlate with the scattering efficiency of a nanobar. We now see from Fig. 2k that the
scattering contribution, which also describes the induced dipole moment on a nanobar, is
nearly constant over a wide range of nanorod sizes. Therefore, the nanobars of various sizes
can be efficient for SEIRA. The other interesting observation from Fig. S26 is that the
scattering strength and the field-enhancement should depend on the composition of our
nanobars. For the effective-medium model, the scattering becomes weaker (almost twice)
since the hybrid material is less plasmonic.

3. Conclusion

In summary, we fabricated plasmonic TiN nanobars through high temperature nitridation of
Ti0; nanowires showing a rich spectrum of electromagnetic resonances extending from the
visible range to mid-IR range. We demonstrated the superior photocatalytic activity of TiN
nanobars for hot electron driven photocatalytic hydrogen evolution providing the first shape-
dependent plasmonic activity evaluation for TiN nanocrystals using NIR excitation, while
also showing the applicability and significant SEIRA enhancements of furfural molecular
vibrations in the mid-IR. These results open the way to the utilization of anisotropic
plasmonic TiN nanostructures as plasmonic substrates for enhancing chemical reactions and

the detection of reaction intermediates/products for energy—relevant processes. Importantly,
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the developed colloidal nanostructures are made of an inexpensive, ceramic material, which

is also highly thermally stable (refractory).
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Fig. 1. Large area and magnified TEM images (inset) of (a) TiO2 nanowires and (b) TiN
nanobars. (¢) X-ray diffraction patterns of TiO, nanowires and TiN nanobars. (d) AFM height
profile of a single TiN nanobar. (e¢) Representative TEM image of a single TiN nanobar
loaded with Pt nanoparticles. (f) HAADF-STEM image and (g—k) EDS elemental maps of a
single TiN/Pt nanobar. (I) HRTEM micrograph of TiN/Pt nanobars showing the TiN/Pt sharp

interface.
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Fig. 2. (a) UV-vis-NIR absorption spectra of TiO> nanowires (blue line) and TiN nanobars

(red line) in dichloromethane. (b) ATR-FTIR spectra of TiO nanowires (blue line) and TiN

nanobars (red line). (¢c) Comparison of Mass Extinction Coefficient (MEC) for different sizes

of nanobars structures. Effective medium theory. Non-normalized averaged 6-direction. W=
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0.3. Simulated surface charge maps of

plasmons for nanobars with two different lengths (d—f) 1200 nm, (g—1) 400 nm, keeping

width and height fixed. (j,k) Absorption and scattering efficiencies of TiN nanobars with

different lengths.
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nanobars in H>O and D>O. Inset shows Kinetic Isotope Effect (KIE) plot under dark and 940
nm light irradiation. (¢) Arrhenius plots of apparent activation energies under light and dark
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associated with the formation of the reaction transition state (TS) of the rate-determining step
during NH3BH3 dehydrogenation under light and dark conditions. Asterisks denote species
adsorbed on the catalyst surface. The error bar indicates the variation over three separate

measurements.
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