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Cite This: https://dx.doi.org/10.1021/acs.nanolett.0c00594 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Most of existing solar thermal technologies require highly concentrated
solar power to operate in the temperature range 300−600 °C. Here, thin films of
refractory plasmonic TiN cylindrical nanocavities manufactured via flexible and
scalable process are presented. The fabricated TiN films show polarization-insensitive
95% broadband absorption in the visible and near-infrared spectral ranges and act as
plasmonic “nanofurnaces” capable of reaching temperatures above 600 °C under
moderately concentrated solar irradiation (∼20 Suns). The demonstrated structures
can be used to control nanometer-scale chemistry with zeptoliter (10−21 L) volumetric
precision, catalyzing CC bond formation and melting inorganic deposits. Also
shown is the possibility to perform solar thermal CO oxidation at rates of 16 mol h−1 m−2 and with a solar-to-heat thermoplasmonic
efficiency of 63%. Access to scalable, cost-effective refractory plasmonic nanofurnaces opens the way to the development of modular
solar thermal devices for sustainable catalytic processes.
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The efficient generation and management of heat is a key
challenge for the global energy sector. Heating and

cooling account for 52% of society’s overall energy
consumption, 10% of which is produced from renewables.
Solar thermal technologies account for only 7% of the world’s
renewable heat generation, highlighting the extreme need for
novel and efficient solar-to-heat energy conversion technolo-
gies.1

Present solar thermal technologies such as parabolic troughs
and solar towers operate in the temperature range 300−600 °C
and generate renewable electricity. Such high temperatures can
only be reached by achieving concentrated solar powers of the
order of 100−1000 Suns, which are attainable by implanting
large area solar plants (i.e., 50 ha for a 50 MW implant) that in
turn require extremely high capital costs (i.e., US $400
million).2

Solar thermal technologies hold promise not only for
generating renewable electricity but also for the development
of chemical implants that use the high-generated temperatures
to catalyze sustainable chemical transformations such carbon
dioxide reduction, hydrogen generation, and liquid fuels
synthesis through the Fischer−Tropsch process.
However, high-temperature catalysis may only become

market-competitive through the development of compact,
cost-effective thin-film devices that need lower concentrated
solar power (and thus cheaper optical components) to reach
high operating temperatures.

Plasmonics, or metal nano-optics, offers unprecedented
control over light at the nanoscale and has stimulated both new
fundamental research and novel application concepts in
applied optics,3 photochemistry,4,5 and nanoelectronics.6,7

The illumination of metal nanostructures excites surface
plasmons whose dissipation causes local temperature rise.
Thermoplasmonics is a subfield of plasmonics in which these
losses are exploited as nanoscale sources of heat.8,9 Since the
early 2000s, the light-induced heating of metal nanoparticles
has found applications in photothermal cancer therapy.10,11

Local heating has also been used in applications such as
catalysis,12 steam generation,13 and desalination.14 Unfortu-
nately, the applicability of nanoparticle-based systems is
limited by their low stability at high temperatures which
causes the nanoparticles to aggregate over time.
There have recently been significant advances in the

development of thermoplasmonic thin film systems, which
overcome the intrinsic limitations of nanoparticles and have
found applications in areas such as templated growth of
nanostructures,15,16 optical nanotweezers,17−20 heat-assisted
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magnetic recording,21−23 and energetic materials.24 However,
the thermoplasmonic devices reported to date use micrometer-
sized patterns and focused laser excitation to achieve the
desired conditions and temperatures and are therefore
unsuitable for practical applications requiring large-scale
solar-to-heat energy conversion.
Photonic crystals are an interesting exception because they

are easily fabricated on large areas without compromising their
optical properties. This was recently exploited to design
efficient absorbers/emitters for (solar) thermophotovol-
taics.25−27

Here, we introduce a scalable, flexible method of fabricating
solar absorbers utilizing refractory plasmonic titanium nitride
(TiN) nanostructures with periodicity and unit cell dimensions
being an order of magnitude smaller than those typical of
photonic crystals. The resulting two-dimensional (2D)
subwavelength cylindrical nanocavity arrays can be fabricated
over square-centimeter areas and perform as broadband
absorbers capable of concentrating the dissipated optical
power in zeptoliter volumes, thus generating temperatures
exceeding 600 °C under moderately concentrated solar
radiation. Each nanocavity acts as a “nanofurnace” (or
nanoreactor), enabling thermally induced nanochemistry with
unprecedented reported volumetric precision and inducing the
melting and decomposition of an iron organometallic
precursor and new CC bond formation, ultimately leading

to the deposition of a conformal layer of crystalline hematite.
We also show that metal nanoparticle-decorated TiN nano-
furnaces catalyze CO oxidation, a model reaction, at a solar-to-
heat thermoplasmonic efficiency of 63%.

■ RESULTS AND DISCUSSION

Fabrication of Plasmonic Nanofurnaces. The studied
thermoplasmonic nanofurnaces are made using TiN, an
emerging refractory plasmonic material with high thermo-
stability.28−31

TiN exhibits metallic properties in the visible and near-
infrared ranges and CMOS compatibility, making it an
attractive alternative plasmonic material to traditional noble
metals.30−33 Plasmonic TiN nanoantennas have been success-
fully used in second-harmonic generation,30 heat-assisted
magnetic recording,23 water evaporation,29 plasmon-enhanced
photoelectrochemical water splitting,34 and as broadband
absorbers for solar thermophotovoltaics.35 Notably, recent
investigations revealed that at temperatures above 400 °C the
figures of merit of localized surface plasmon resonances
(LSPRs) and propagating surface plasmon polaritons (SPPs)
in thin TiN films are almost identical to those of polycrystalline
noble metals.31,36−38 These optical properties, together with its
exceptional mechanical hardness, thermal and structural
stability, and chemical inertness, make plasmonic TiN an

Figure 1. Structure and composition of TiN nanofurnaces. (a) Photographic image and schematic representation of TiO2 nanocavities and TiN
nanofurnaces. (b) SEM images showing top and cross-sectional views of TiO2 nanocavities and TiN nanofurnaces. (c) HRTEM micrographs
obtained by EDS elemental mapping for Ti (red) and N (blue) of a lamella prepared by focused ion beam micromachining. (d,e) Deconvoluted
elemental mapping for Ti and N showing their atomic concentrations in the same lamella. (f) HAADF scanning TEM image and EDS elemental
mapping for Ti (red) and N (blue) of crystallites forming the bottom of a single TiN nanofurnace.
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ideal candidate material for efficient and robust solar thermal
devices.
In this work, TiN nanofurnaces were fabricated using a two-

step approach involving the anodization of a Ti foil to form
TiO2 nanocavities with subsequent nitridation under an
ammonia atmosphere (Figure 1a). The anodization process
produces highly homogeneous TiO2 nanocavity arrays that
self-organize into close-packed hexagonal lattices (Figure 1b
and Figure S1). Anodization is widely utilized to prevent
corrosion and is therefore an economical and easily scalable
approach that can be used to produce nanostructures over
large areas.39 Additionally, TiO2 is a ubiquitous material in
optoelectronics with multiple well-developed fabrication
routes. Therefore, TiO2 nitridation is a convenient strategy
for preparing subwavelength plasmonic TiN nanostructures
that avoids the need for costly fabrication steps.40

Upon nitridation, the nanostructured TiO2 films turn from
pale blue to dark green or violet, depending on the
nanofurnace length (generally in the range 150−200 nm),
suggesting the formation of plasmonic TiN (see Figure 1a,b).
After ammonia treatment, the TiO2 nanocavities are fully
nitridized to form TiN nanofurnaces with an average diameter
of 80 nm, length of 180 nm, wall thickness of about 20 nm, and
center-to-center distance of 100 nm (Figure 1b,c). The
nanofurnaces thus have internal volumes of ∼750 zeptoliters
(10−21 L). The crystal cell volume contracts by 42% during the
conversion of TiO2 to TiN, which imposes significant

mechanical stress on the nanostructures that are released by
the transformation of the close-packed TiO2 nanocavities into
cylindrical TiN nanofurnaces with slightly separated walls.
Figure 1c−e shows high resolution transmission electron

microscopy (HRTEM) images obtained by energy-dispersive
X-ray spectroscopy (EDS) elemental mapping of a lamella of
our TiN thin film. These images of a single TiN nanofurnace
show that nitridation establishes a degree of porosity on both
the bottom and the walls of the nanofurnaces, which may
influence the optical losses of our plasmonic device. Moreover,
a superposition of the titanium and nitrogen mappings reveals
that both elements are evenly distributed at atomic resolution
(Figure 1c), while deconvoluted elemental maps (Figure 1d,e)
indicate that TiN nanofurnaces contain equal molar quantities
of Ti and N; the material’s content of each element is close to
50%, as expected for stoichiometric TiN.
Interestingly, micrographs of the bottom of a single TiN

nanofurnace showed its walls to be polycrystalline, consisting
of very small crystallites with an average size of 9 nm (Figure
1f).
Further morphological analysis showed that the gradient

diffusion of ammonia through the solid surfaces of our samples
during nitridation caused the formation of multilayer films with
an upper layer of pure cylindrical TiN nanofurnaces above a
Ti2N layer with a thickness of ∼1 μm sitting on a Ti substrate
(for further characterizations, see also Figures S2−S8).

Figure 2. Optical properties of TiN nanofurnaces. (a) Absorption spectra of TiN nanofurnaces (experimental, red line; simulated for normal
incidence, hollow red circles), TiN nanofurnaces covered with a 20 nm Al2O3 layer (simulated for normal incidence, hollow blue circles), and
normalized irradiance of the AM 1.5G solar spectrum (gray shaded area). (b) Schematic depiction of a TiN nanofurnace array on a Ti2N−Ti
substrate. Each nanofurnace is a closed cylindrical structure with inner and outer radii of rin = 30 nm and rout = 45 nm, respectively. The total height
of a single nanofurnace is h1 = 250 nm; the inner height is h2 = 165 nm. The substrate is a multilayered structure comprising a 1 μm thick Ti2N
layer on a Ti substrate. (c) Simulated absolute electric field amplitude distributions for three excitation wavelengths (λ1 = 300 nm, λ2 = 785 nm, λ3
= 1500 nm) showing the effects of exciting different optical modes. (d,e) Dependence of the electron relaxation rate (Γg; d) and electron relaxation
time (τg; e) on the inverse grain size (1/D), calculated using the Mayadas model41,42 with different values of the electron reflection coefficient (R).
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Optical Properties of Plasmonic Nanofurnaces. A key
feature to achieve efficient nanoscale heat generation is the
engineering of the optical response of plasmonic nanofurnaces.
Nanofurnaces sit on an optically thick 125 μm Ti foil that

hinders light transmission. Optical absorption was therefore
estimated measuring reflection (R) at normal incidence and
using the expression for the absorption as A = 1−R (provided
transmission T is 0). The demonstrated TiN nanofurnaces are
broadband absorbers that capture the solar spectrum (Figure
2a, gray shaded area) with near-unity efficiency: their average
absorption over the visible range (380−700 nm) is 98%,
peaking at 99% at 470 nm (Figure 2a, red solid line). The
average absorptivity decreases slightly (to 95%) over the wider
wavelength range of 300−1100 nm and falls to 77% if the
upper wavelength limit is extended to 1400 nm. Absorptivity
above 90% could be maintained even at these wider
wavelength ranges by depositing a 20 nm layer of a dielectric
material such as Al2O3 (Figure 2a, hollow blue circles) on the
TiN nanofurnaces. This raised their average absorption
between 300 and 2000 nm to 96% and may also protect
against TiN oxidation.
To better understand the optical properties of the

nanofurnace array, we performed full-wave electromagnetic
simulations using the complex dielectric permittivity of TiN
from temperature-dependent ellipsometry measurements.38

The dimensions of nanofurnaces and the unit cell were chosen
to give the best possible agreement with the experimental
absorption spectra while remaining within the experimentally
verified parameter space (Figure 2b and Methods in the
Supporting Information).

The simulated absorption spectrum of TiN nanofurnaces
(Figure 2a, red hollow dots) agrees well with the experimental
trace over a wide range of wavelengths (Figure 2a, red solid
line).
Figure 2c shows electric field (E-field) distributions for three

excitation wavelengths: λ1 = 300 nm (pure cavity resonance),
λ2 = 785 nm (hybrid resonance), and λ3 = 1500 nm (off-
resonance).
The system’s resonant behavior is determined by the

fundamental waveguide mode of the cylindrical TiN nano-
furnaces,43 which is characterized by the corresponding cutoff
wavelength (λc = 1130 nm) (see also Figures S9 and S10).
Radiation with wavelengths below λc is effectively coupled into
cavity modes and its absorption is enhanced by prolonged
interaction times and TiN optical losses. Some of the excited
modes are standard cavity modes, while others are hybrid
cavity and SPP modes (hybrid resonance).26,43

Excitation of the pure cavity modes produces efficient light−
matter interaction, resulting in the highest absorption in the
visible range (99% at 470 nm). The nanofurnace array’s high
density of cavity modes and the optical losses of TiN instead
lead to broadband absorption across the visible and near-IR
ranges, centered at 785 nm with a full-width-half-maximum of
700 nm. The exceptional broadening of this resonance could
also be due to the roughness and presence of voids in the TiN
nanofurnaces (see Figure 1c−e). The electric field (E-field)
distribution at 785 nm (Figure 2c, λ2) shows the excitation of
both the first order cavity mode and the SPP waves
propagating along the vertical sidewalls of the nanofurnaces.

Figure 3. Light-to-heat energy conversion with TiN nanofurnaces. (a) Schematic depiction of the experimental setup for thermal measurements.
(b) Experimental (filled circles) and simulated (hollow circles) dependence of the generated temperature on the solar power expressed in Suns (1
Sun = 100 mW cm−2). (c) Experimental infrared camera image showing the thermal gradient around the illuminated central spot for TiN
nanofurnaces under 19 Suns. (d) Measured dependence of the temperature on the polarization angle of an incident 785 nm laser excitation with a
spot radius of 2.5 mm. (e) Dependence of the temperature on the angle (θi) of incidence for 785 nm laser excitation with a spot radius of 2.5 mm
and a power of 105 mW.
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Finally, absorption under off-resonance conditions (λ3 = 1500
nm) is due to the LSPR on the corners of the nanofurnaces.
A strategy for manipulating the light-to-heat conversion

efficiency is to tune the electron relaxation rate (Γ), which is a
fundamental parameter of surface plasmons that quantifies the
overall quality44 of the resonances.
Our TiN nanofurnaces form polycrystalline films whose

grain size (6−20 nm) is much lower than the mean free path of
electrons in TiN (i.e., ∼45 nm)45 and can be tuned by varying
the processing temperature (see Figure S6). Within this grain
size regime, the grain boundary scattering contribution to the
optical properties becomes significant, and both relaxation
times (τg) and relaxation rates (Γg = τg

−1) can be estimated
using the model of Mayadas41 through the simple expression

R
D R
1.37
(1 )g

1
0

1 Fτ τ
ν

= +
−

− −

(1)

where τ0
−1 = Γ0 is the relaxation rate for infinite grain size,

which was determined to be 230 meV38 for single crystalline
TiN films at room temperature, νF = 7 × 105 m s−1 is the Fermi
velocity for TiN,45 D is the average grain diameter, and R is the
electron reflection coefficient at grain boundaries. The grain
boundary reflection coefficient, R, is often taken to be 0.5 as a
first approximation, but values between 0.3 and 0.7 have been
reported.44,46−49

Figure 2d presents the values of Γg for TiN nanofurnaces
with different grain sizes and shows that grain scattering
strongly affects Γg in our films. For D = 6 nm, Γg is almost 2-
fold (513 meV, R = 0.3), 4-fold (819 meV, R = 0.5), or 8-fold
(1772 meV, R = 0.7) the reference value for TiN single
crystals, depending on the choice of R. The values obtained for
TiN nanofurnaces are very high, especially when compared
with the Γg of gold nanostructures, which was reported to be
between 30 and 90 meV for crystal sizes of 40−200 nm.44,46−48

As expected, we also obtained very short electron relaxation
times for TiN nanofurnaces (Figure 2e). For example, the
value of τg of 4.6 fs (R = 0.5) for D = 6 nm is 3-fold lower than
typical values reported for Au and Ag.47,48

These results suggest that TiN nanofurnaces have high
optical losses and that the generation of heat by the dissipation
of their electrons’ momentum can be controlled by tuning the
grain size.
Solar-to-Heat Energy Conversion in Thermoplas-

monic Nanofurnaces. To assess the TiN nanofurnaces’
thermoplasmonic performance, samples were excited at normal
incidence (unless indicated otherwise) and an infrared (IR)
camera was placed on the back of the films at a 30° angle
(Figure 3a and Figure S11) to detect temperature variations.
Each measurement was performed in air after the system
reached a steady-state temperature and was corrected based on
the experimental emissivity values (see Methods section and
Table S1).
Figure 3b shows that the solar-induced heat generation in

TiN nanofurnaces greatly outperforms that in TiO2 nano-
cavities, Ti foil, and flat TiN reference samples.
When the TiN nanofurnace film was illuminated with a solar

power of 19 Suns, we observed a solar thermoplasmonic
temperature generation of 613 °C (for further measurements
see also Figures S12−S14). The TiN nanofurnaces’ out-
standing performance is emphasized by the fact that similar
temperatures have previously been reached only by using a
laser with a 106-fold greater power density.24 Despite the high
thermal conductivity of the Ti substrate employed here, high

temperatures above 600 °C were generated, leaving much
room for heat management improvement by thermally
isolating the TiN nanofurnaces with substrates that can sustain
high temperatures and with low thermal conductivity such as
quartz, glass wool, and fiber/foam glass.
TiN nanofurnaces exhibit a power-dependent heating of

32.55 °C Suns−1 and take between 20 and 30 s to reach steady-
state temperature generation (Table S2). They thus tolerate a
heating/cooling rate of ∼25 °C s−1, indicating exceptional
resistance to thermal stress.
Interestingly, the maximum temperatures reached in the

nanofurnaces depend linearly on the TiN grain size (Figure
S15), confirming the intimate relationship between electron
scattering at grain boundaries, dissipation of electron
momentum, and thermoplasmonic heat generation.
To confirm the TiN nanofurnaces’ remarkable thermoplas-

monic heating performance, we performed finite-element heat
transport simulations of nanofurnaces exposed to different
excitation wavelengths from the solar spectrum (see Methods
in the Supporting Information). The dissipated power was
determined for each wavelength (Qi), and the total dissipated
power (Qtot) was determined by integrating Qi over the
broadband solar spectrum. The total dissipated power was then
treated as a heat source when solving the quasi-static heat
transfer problem.
The total dissipated power inside a TiN nanofurnace (Figure

S16) decreased in the order Q1 (λ1 = 300 nm) > Q2 (λ2 = 785
nm) > Q3 (λ3 = 1500 nm), as expected from the E-field
intensity distribution maps (Figure 2c). Irradiation at λ1 = 300
nm, exciting the pure cavity mode, causes power to be
dissipated all along the nanofurnace walls, but significant losses
are also generated inside the nanofurnace base. A similar
situation arose for the cavity−SPP hybrid resonances (λ2 = 785
nm), although in this case there was very little dissipation in
the base of the nanofurnace. Conversely, excitation at 1500 nm
(the LSPR mode) produced only marginal power dissipation at
the edges of the nanofurnace.
One of the key properties of the proposed nanofurnace

structure is an efficient light to heat conversion rate. This is
ensured not only by the proper optical response of the
structure (broadband absorption) but also by the large mode
overlap of the cavity modes with the highly lossy plasmonic
material. Specifically, the mode analysis of the cavity modes
shows that most of the energy is absorbed inside the thick
plasmonic walls of the TiN nanofurnace. This leads to the high
local heat generation rates, which is essential for photocatalytic
reactions. Some photonic crystal structures can ensure similar
broadband absorption. However, due to the not optimal spatial
cavity mode distribution and/or the low optical losses of the
host material platforms such photonic crystal structures do not
ensure efficient local heat generation as in the case of TiN
nanofurnaces.
The temperatures generated in air under solar illumination

(Figure 3b, hollow blue circles) in the simulations differed
slightly from the experimental values (red dots). However, at
higher solar powers, the difference between the experimental
and simulated values was only ∼50−70 °C. This slight
discrepancy may be due to the mismatch between the TiN
nanofurnace film size (2 cm × 1.5 cm) and the diameter of the
focused light beam (∼1 cm) used in the experiments (these
values coincide instead in the simulation). In addition, we used
a Fresnel lens to focus solar light; lenses of this type generally
create a strong gradient in light focus that results in a gradient
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of generated temperatures, as shown in the IR thermal image
presented in Figure 3c, while in simulation we are assuming
uniform concentration of the solar power within a spot.
Two additional factors that strongly affect the performance

of solar energy conversion devices are (i) the polarization, and
(ii) the angle of incidence of the incident light. The impact of
these factors was investigated using a 785 nm laser with a
power of 105 mW.
Polarization-dependent excitation generated a temperature

of 40 ± 1 °C at all linear polarization angles (Figure 3d), in
agreement with the absorption data (Figure S10). Thus,
because of their cylindrical symmetry, the nanofurnaces behave
as ideal polarization-insensitive solar thermal devices.
Additionally, heat generation in the thermoplasmonic TiN

nanofurnaces show a constant response for a broad range of
excitation angles (θi ∈ [−40°,40°]), while the optical response
significantly deviates under large angle illumination (Figure
3e).
We next investigated the operational efficiency of TiN

nanofurnaces at 15 Suns irradiation. First, we computed the
thermal losses associated with convection (Pconv), which are
given by

P hA T T( )conv 0= − (2)

where h = 10 W m−2 K−1 is the heat transfer coefficient (see
Methods in the Supporting Information), A = 1 cm2 is the

surface area of the nanofurnaces, T is the thermoplasmonic
temperature generated in the nanofurnaces, and T0 is room
temperature.
Second, radiative losses (Prad) were computed by integrating

the blackbody radiation spectrum at the temperature generated
inside the nanofurnaces, accounting for the spectral emissivity
function and are given by

P A I T( ) ( , )drad BB
min

∫ ε λ λ λ=
λ

∞

(3)

where ε(λ) is the emissivity of the nanofurnace surface and IBB
is the blackbody irradiance at the operating temperature, which
is given by

( )
I T

hc
( , )

2 1

exp 1hc
k T

BB

2

5

B

λ π
λ

=
−

λ (4)

where h = 6.626 × 10−34 J s−1 and kB = 1.381 × 10−23 J K−1 are
the Planck and Boltzmann constants, respectively, and c =
2.998 × 108 m s−1 is the speed of light.
Using Kirchhoff’s law, which states that a surface’s emissivity

equals its absorption, we computed the nanofurnaces’
absorption spectrum from the experimentally determined
complex dielectric permittivity of TiN at high temperatures38

and used these values to compute Prad.

Figure 4. Nanofurnace demonstration. (a) Schematic representation of the procedure used in the nanofurnace demonstration experiments. (b,c,e−
g) EDS elemental maps of TiN nanofurnaces after immersion in FeIII acetylacetonate solution and irradiation with 15 Suns for 4 h in vacuum. (d)
Deconvoluted EDS map showing the elemental distribution of Fe in coated nanofurnaces quantitatively. (h) Raman spectra of pristine TiN
nanofurnaces (blue line), TiN nanofurnaces immersed in Fe(acac)3 before irradiation (orange line), a reference hematite spectrum (black line), and
a TiN nanofurnace after immersion in Fe(acac)3 and irradiation with 15 Suns for 4 h in vacuum (red line). Hollow black circles indicate hematite
bands, and the asterisk indicates the band assigned to anatase TiO2.
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Conduction losses were negligible because the samples were
suspended using a metallic clamp placed at one of nano-
furnaces edges, where the metal foil was close to room
temperature.
Finally, we computed the thermoplasmonic solar-to-heat

conversion efficiency (ηSTP), which is given by

P P P
P

100STP
in conv rad

in
η =

− −
×

(5)

where Pin is the power of the incident light.
According to this model, when TiN nanofurnaces operate in

air under 15 Suns irradiation and generate a temperature of
520 °C, the thermal losses are Pconv = 0.495 W and Prad = 0.480
W. We thus obtain ηSTP (air) = 35%; by excluding Pconv (which
do not occur in vacuum), we obtain ηSTP (vacuum) = 68%. An
additional discussion on TiN nanofurnaces under different gas
atmosphere may be found in the SI (Figures S17−S21).
Zeptoliter-Scale Chemistry with Thermoplasmonic

Nanofurnaces. To demonstrate the practical potential of TiN
nanofurnaces, we immersed the nanofurnaces in an acetone
solution of FeIII(acac)3 (iron acetylacetonate) for 12 h, rinsed
with acetone, and dried them under a nitrogen flow (Figure
4a). This induced the precipitation of submicrometric particles
on top of the nanofurnaces and irregular deposits inside the
nanofurnaces, without affecting the average diameter of each
nanofurnace (see Figures S22−S27). When illuminated at 15
Suns in vacuum for 4 h (at ηSTP = 68%), TiN nanofurnaces
generated high temperatures in excess of 600 °C, causing the
deposited Fe to melt and form a 10 nm thick conformal
coating. This indicates that deposits formed at plasmonic hot
spots of the TiN nanofurnaces, where heat dissipation is
maximized. HAADF−STEM and EDS elemental mapping
images demonstrated the atomic homogeneity of the deposited
overlayer at subnanometer scales (Figure 4b−g). The micro-
graphs also reveal that the nanofurnaces’ walls were covered
with a FeOx layer and that the nanofurnaces retained their
initial Ti and N atomic distributions.
To identify the FeOx phase deposited onto the surface of

TiN nanofurnace walls, we analyzed several areas of different
samples before and after irradiation (Figure 4h). Raman
spectroscopy revealed that only the fingerprint of TiN could be
detected when the nanofurnace was in the OFF state (i.e.,
before irradiation). Conversely, after operation in the ON state
(i.e., after irradiation at 15 Suns), sharp and well-defined peaks

typical of hematite (α-Fe2O3) appeared together with an
additional peak associated with anatase TiO2, which probably
grew at the interface between TiN and α-Fe2O3 (see Figure
4b−g). The different relative intensity of α-Fe2O3 Raman
peaks observed on the TiN film with respect to the reference
α-Fe2O3 can be due to complex composition and substrate
effect of the nanofurnaces.
Furthermore, the Raman spectra of nanofurnaces after

thermocycling feature two very intense peaks due to the D and
G bands of graphitic materials (Figure S28), demonstrating
that the temperatures generated inside the nanofurnaces not
only suffice to trigger the reaction of the organometallic Fe
precursor but also lead to new CC bond formation.

Solar-Thermal Heterogeneous Catalysis. To prove the
concept of using TiN nanofurnaces for solar thermal catalysis,
we use the model CO oxidation reaction promoted by different
solar intensities. Figure 5a illustrates the concept of using TiN
nanofurnaces decorated with catalytic nanoparticles for
heterogeneous catalysis. To clearly show the power of this
approach, we deposited Rh nanoparticles by immersing a
nanofurnace film in ultrapure water containing RhCl3 as a
metal precursor, which was then reduced to Rh0 by the
addition of an aqueous solution of ammonia borane. As a
result, we obtained Rh nanoparticles with size of 3−5 nm
homogeneously distributed over the surface of the TiN
nanofurnaces film (Figure S29). Figure 5b shows the EDS
elemental map for Ti and Rh of a single TiN nanofurnace and
highlights that the Rh nanoparticles were deposited both on
the mouth and on the inner part of the thermoplasmonic
cavity.
We tested the prepared TiN/Rh nanofurnaces in the CO

oxidation to CO2 by generating different temperatures at
varying light intensities (Figure 5c). In dark conditions, we did
not observe any formation of an appreciable amount of CO2,
while during solar irradiation the CO2 formation rate increased
rapidly and reached a plateau of ∼16 mol h−1 m−2 of CO2 at
∼9 Suns irradiation and at a generated temperature of ∼325
°C. At the same time, a stoichiometric O2 conversion was
observed. The conversion activity for CO oxidation was always
in the range of 93−95%.
Notably, the light intensity dependence of the CO2

generation rate follows the sigmoidal shape typical of thermally
activated catalytic processes. The thermoplasmonic TiN
nanofurnaces activated Rh nanoparticles that catalyzed the
CO oxidation with naked TiN nanofurnaces that did not show

Figure 5. Solar-thermal catalysis. (a) Schematic representation of the concept of TiN nanofurnaces for solar-thermal catalysis. (b) EDS elemental
map of a single TiN nanofurnace decorated with Rh nanoparticles. (c) Rate of CO2 production from CO oxidation at different solar light intensities
(AM 1.5G) and corresponding generated temperatures measured using the thermal camera.
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any significant activity, that is, 0.24 mol h−1 m−2 at 15 Suns
irradiation generating a temperature above 500 °C. We finally
computed the ηSTP of the nanofurnaces during the CO
oxidation, choosing the conditions at which the catalytic
conversion rate reached 50% of the final value, that is, light
intensity of 6.7 Suns and temperature of 235 °C. Following the
approach presented in the previous section, when TiN
nanofurnaces operate in air under 6.7 Suns irradiation and
generate a temperature of 235 °C, the thermal losses are Pconv
= 0.21 W and Prad = 0.037 W. We thus obtain ηSTP (air) = 63%
and by excluding Pconv (which does not occur in vacuum), we
obtain ηSTP (vacuum) = 94.5%. Considering that the CO gas
molecules may affect the convection losses similarly to air, our
TiN/Rh nanofurnaces catalyzed CO oxidation at a solar-to-
heat conversion efficiency of 63%.
In order to evaluate the nanofurnace stability, TiN

nanofurnaces were tested in CO oxidation after a treatment
with an accelerated aging protocol under 15 Suns irradiation
and flowing CO and O2 (Figure S30). The catalytic conversion
rate reached 50% of the final value at a light intensity of 8.4
Suns and a temperature of 291 °C, thus showing a partial
deactivation with respect to the pristine sample (Figure 5c)
and likely associated with the beginning of TiN oxidation50 as
suggested by XPS analysis (Figure S31). Notably, if the TiN
nanofurnaces were treated instead with an accelerated aging
protocol under Ar, they showed very minor structural
modifications (Figure S31), suggesting their higher stability
for reactions performed in reducing conditions such as the
challenging and environmentally relevant hydrogenation of
carbon dioxide and ammonia synthesis.

■ CONCLUSION
We demonstrated scalable, cost-efficient solar thermoplas-
monic thin films utilizing refractory plasmonic TiN by
combining simple anodization and nitridation process that
yielded centimeter-scale nanofurnaces. The demonstrated
plasmonic nanostructures showed broadband solar absorption
and produced temperatures exceeding 600 °C under
moderately concentrated solar power, achieving a remarkable
68% solar-to-heat conversion efficiency. The unparalleled
optical and thermal properties of the refractory TiN nano-
furnaces enabled the concentration of a high optical power in
zeptoliter-scale volumes and promoted the conformal deposi-
tion of iron oxide and formation of graphitic nanocarbons. We
also showed that TiN nanofurnaces can host catalytic metal
nanoparticles and can activate them for driving relevant
heterogeneous catalytic reactions.
TiN nanofurnaces manufactured though the proposed

scalable and cheap process have the potential to power
thermally driven kW-scale solar thermal technologies, offering
dramatic advantages over conventional approaches (i.e., solar
towers) that typically require 1−2 orders of magnitude higher
irradiation powers to reach similar operational temperatures.
The demonstrated nanofurnace design achieves exceptional

efficiencies at temperatures up to ∼600 °C. Above these
temperatures, radiative losses increase rapidly, decreasing the
system’s efficiency. This efficiency drop could be mitigated by
designing refractory plasmonic nanostructures with different
unit cells and periodic arrangements, paving the way to the
extreme temperature regime by enabling selective absorption
and emission. This would open up additional practical
applications in thermophotovoltaic and thermoelectric sys-
tems.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00594.

Methods, additional structural and optical character-
ization, solar-to-heat measurements and simulations,
stability tests, demonstration of nanofurnaces (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Alberto Naldoni − Regional Centre of Advanced Technologies
and Materials, Faculty of Science, Palacky ́ University Olomouc,
78371 Olomouc, Czech Republic; orcid.org/0000-0001-
5932-2125; Email: alberto.naldoni@upol.cz

Alexandra Boltasseva − School of Electrical and Computer
Engineering and Birck Nanotechnology Center, Purdue
University, West Lafayette, Indiana 47907, United States;
Email: aeb@purdue.edu
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