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Abstract

route for hydrogen generation from solar energy.

As an environmentally friendly and renewable method for hydrogen production powered by solar energy,
photocatalytic hydrogen evolution reactions (HERs) using broadband absorbers have received much attention. Here,
we report the fabrication and characterization of an ultrabroadband absorber for the photocatalytic HER. The absorber
is composed of titanium nitride and titanium dioxide heterostructures deposited onto a porous anodized aluminum
oxide template. The absorber shows ultrabroadband absorption in both the visible and near-infrared regions
(400-2500 nm), with averages of 99.1% and 80.1%, respectively. Additionally, the presence of the TiO, layer within the
absorber extends the lifetime of the hot carriers by 2.7 times longer than that without the TiO, layer, enhancing the
transfer of hot electrons and improving the efficiency of hydrogen production by 1.9 times. This novel ultrabroadband
absorber has potential use in advanced photocatalytic HER applications, providing a sustainable and cost-effective

Introduction

The photocatalytic hydrogen evolution reaction (HER)
has received much attention due to hydrogen generation
in an environmentally friendly and renewable way using
solar energy without external input' . The absorption of
light leads to the generation of “hot carriers” composed of
hot electrons and hot holes®. These hot electrons can then
reduce H" into hydrogen gas, providing a conversion of
solar energy into hydrogen energy. Platinum-based
materials have been widely used because of their high
activity and stability’ . However, their high cost remains
challenging, and alternative materials that are abundant,
cheaper, and can effectively catalyze HER are needed.
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Potential alternatives include transition metals such as
metal nitrides, sulfides, and carbides'®"'?. Additionally, an
efficient photocatalytic system requires broadband
absorption of the solar spectrum to generate more hot
carriers'>'*, with a prolonged lifetime and their fabrica-
tion over a large area.

Plasmonic refractory metals, such as titanium nitride
(TiN), zirconium nitride, and hafnium nitride, provide
enhanced thermal stability and mechanical strength at
high temperatures compared with noble metals (gold and
silver)15’19. Among them, TiN has received much atten-
tion because its optical properties are comparable to those
of noble metals in visible and near-infrared (NIR) regions.
However, TiN does not have effective absorption of NIR
wavelengths, which accounts for 50% of the solar spec-
trum?’. When TiN is combined with anodized aluminum
oxide (AAQ), it shows ultrabroadband absorption cover-
ing the entire solar spectrum® ~>?, Furthermore, TiN has
fast hot electron-hot hole recombination, which makes it
suitable for photothermal devices®*. Therefore, these
characteristics are suitable for use in solar-driven water
purification utilizing the photothermal effect*"*>, On the
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other hand, for applications in photocatalysts including
HER, prolonging the recombination time of the hot car-
riers is crucial because the increased lifetime of hot car-
riers enhances the mean free path of the hot electrons,
resulting in improved participation in HER'“**7*7
Creating heterostructures by combining two different
materials (for instance, metal and semiconductor) can aid
in the effective separation of the electron-hole pairs
because hot electrons generated at the metal can be
transferred to the semiconductor’s conduction band. For
this reason, TiN/TiO, nanoparticles have been widely
used as photocatalysts®*>°, However, because these
nanoparticles do not show ultrabroadband absorption,
obtaining ultrabroadband absorption for effective photo-
catalysts remains a challenge.

In this study, we fabricated an ultrabroadband absorber
by consecutively depositing TiO, and TiN onto a porous
AAO template and utilized it in the photocatalytic HER.
By optimizing the TiN deposition, we enhanced absorp-
tion in the visible and NIR regions. The fabricated
absorber has a very high average absorption of 99.1% in
the visible (400-700 nm) region and 80.1% in the NIR
(700-2500 nm) region. Using the finite-difference time-
domain (FDTD) method, the enhanced absorption effec-
tively matched the experimental results. In addition, the
absorber structure incorporating the TiN/TiO, junction
could extend the lifetime of hot carriers by 2.7 times; this
affected the hydrogen production rate, which was
enhanced by more than 1.9 times compared to that
without the TiO, layer.

Materials and methods
Sample fabrication

A free-standing AAO membrane was prepared using
two-step anodization. A highly pure aluminum sheet
(99.999%, 1 mm thick) was sonicated in acetone for
30 min and then electrochemically polished in a mixed
solution of perchloric acid and ethanol (1:4v/v) at 7°C
and 20V for 30 min. The polished aluminum plate was
alternately washed with ethanol and deionized (DI) water.
The first anodization was carried out with 0.1 M phos-
phoric acid (H3PO,) aqueous solution at 0°C and 195V
for 16 h, etched by an etchant solution (1.8 wt% chromic
acid (H,CrO,4) and 6 wt% H3PO, in deionized water) at
65 °C for over 6 h and washed with DI water. The second
anodization was performed under the same conditions as
the first anodization solution. The interpore distance
between two neighboring pores in the AAO template was
500 nm. Finally, the pores were enlarged in 0.1 M phos-
phoric acid to diameters of 470 nm, and then the sample
was rinsed with DI water. TiO, was deposited using
atomic layer deposition (ALD, Plus 200, QUROS) at
230°C. TiN was deposited using sputtering (E5500,
AMAT) at 200 °C.
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Characterization

A UV-VIS-NIR spectrometer (Lambda 750S, Perki-
nElmer) with 60 mm integrating sphere modules was used
to characterize the absorption of samples in the wave-
length range of 400-2500 nm. For reference, the white
reflectance standard (Ocean optics) was used. We defined
absorption as 1-reflectance. The fabricated samples were
observed by a scanning electron microscope (SEM,
Hitachi S4800). The lifetime of the hot electron of the
absorbers was measured by a spectrophotofluorometer
(MicroTime-200, Picoquant). Spectroscopic ellipsometry
(V-VASE, J.A. Woollam) was used to extract the optical
properties of the TiN layer in the wavelength range of
300-2500 nm.

Photocatalytic H, production measurements

The samples were prepared in 1x1lcm® size for
hydrogen production. Photocatalytic H, production
experiments were performed by immersing the sample in
water containing 10% triethanolamine (TEOA), which
was the sacrificial reagent, in a 30 ml sealed Pyrex reactor
using a magnetic stirrer set at a constant rotational speed.
Before light irradiation, argon gas was purged through the
reactor for 30 min to eliminate any residual air. A 300 W
Xe lamp (Oriel) was used as the light source; the incident
power of the Xe lamp was measured using a power meter
(12 A, Ophir). The produced gas was collected and ana-
lyzed by gas chromatography (GC, Agilent 7890A-5975C,
with nitrogen as the carrier gas) equipped with a thermal
conductivity detector.

Results and discussion

We fabricated an ultrabroadband absorber by sequen-
tially depositing TiO, and TiN on a porous AAO tem-
plate, as schematically illustrated in Fig. 1a. First, an AAO
template with a height of 10 pum, a distance between two
neighboring pores of 500 nm, and a pore diameter of
470 nm was fabricated using the two-step anodization
method and widening process®' >, Then, TiO, (5nm)
was deposited on the AAO template through ALD.
Finally, TiN was deposited with sputtering. The top and
tilted SEM images of the fabricated absorber are shown in
Fig. 1b, c, respectively. These processes were also
observed using energy-dispersive X-ray spectroscopy
(Fig. S1). After depositing the TiO, layer, we observed an
increase in the amount of titanium (Ti). Similarly, after
sputtering the TiN layer, the nitrogen (N) component was
increased. Finally, we fabricated an ultrabroadband
absorber over a large area (5 x 5 cm?) (Fig. 1d).

Ultrabroadband absorbers with different TiN thick-
nesses (0~60nm) were prepared (Fig. 2a-d). With
increasing thickness of the TiN layer, the pore size gra-
dually decreased. We obtained the depth profile of tita-
nium, nitrogen, aluminum (Al), and oxygen (O) elements
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Fig. 1 Fabrication of the ultrabroadband absorber. a Schematic of the fabrication step of the ultrabroadband absorber. b Top and c tilted SEM
images of the absorber. d Photograph of the fabricated absorber over a large area (5 x 5 cm?).
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Fig. 2 Characterization of the ultrabroadband absorber. SEM images of ultrabroadband absorbers with different deposition thicknesses of TiN:
a 0nm, b 20nm, c 40nm, and d 60 nm. (scale bar in inset image = 100 nm). e Depth profile of the atomic elements (Al, O, Ti, N) in the absorber.
f Absorption spectrum of the absorbers with different TiN thicknesses and AM1.5 standard solar irradiation spectrum.
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through secondary ion mass spectrometry (SIMS)
(Fig. 2e). ALD is capable of deposition at a high aspect
ratio; while the composition of TiO, deposited via ALD
was maintained at the bottom of AAO, the nitrogen
component rapidly decreased with increasing depth.
Hence, TiN was deposited as particles only near the
opening of AAO. Figure 2f shows the absorption spectra
of the absorbers with different TiN thicknesses. When no
TiN layer was on the AAO, the average absorption was
50.0% in the visible (400—-700) range and 9.6% in the NIR
(700-2500) range. When the TiN thickness was 20 nm,
the average absorption dramatically increased to 95.2% in
the visible range and 82.0% in the NIR range. Another
absorber with a 40nm TiN layer showed an increased
absorption (99.1%) in the visible range, with a slight
decrease in absorption (80.1%) in the NIR range. How-
ever, with a further increase in the TiN layer (60 nm), the
average absorption decreased (97.5% in the visible range
and 65.7% in the NIR region). This occurred because
when excessive TiN was deposited, a thick TiN layer was
also formed on the top surface of the AAQ, resulting in a
reduction in the nanopore size. Additionally, the existence
of thicker TiN layers on the top surface of AAO increased
the reflectance. Thus, when the thickness of the TiN layer
was above 40 nm, the average absorption was significantly

reduced. Thus, the absorber with a 40nm TiN layer
showed the best absorption considering the solar spec-
trum over the entire wavelength.

The enhanced absorption of an absorber with a 40 nm
TiN layer was also confirmed through FDTD simulation,
as shown in Fig. 3. The refractive index of TiN in the
range of 400-2500 nm was obtained through ellipsometry
(Fig. S2). The permittivity was then fitted using the
Drude-Lorentz model, as follows:

> N )2

I Z jp
2 _ g 2 0?2 — ol
w* —iwlp =0y~ il

(W) = €x —

where &, is the background permittivity, wp is the
plasmon frequency, I'p and I are the Drude and Lorentz
damping rates, respectively, and f; is the strength of the
Lorentz oscillator (Fig. 3a). FDTD modeling was based on
the SIMS data and SEM images; here, TiN was deposited
within the openings of AAO, while TiO, was deposited
throughout the entire AAO template. The simulated
absorption was similar to the experiment (Fig. 3b). To
understand the enhanced absorption over a wide range of
wavelengths, we calculated the magnetic field distribu-
tions at wavelengths of 400, 600, and 2500 nm. High
absorption is associated with the plasmon dark mode
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within the absorber®*. The excitation of the dark mode
has been reported to generate hot electrons in various
absorbers®>*®, The plasmon dark mode arises from the
out-of-phase oscillation of the conduction electrons
within the metallic nanostructure®”*®, The excitation of
a nonradiative dark plasmon occurs due to the compen-
sation of the dipole moment of the unit cell. The dark
mode can exhibit broadband characteristics due to its
weak nonresonant frequency dependence. The dark mode
represents a pattern of mirror symmetry in the field
distribution, as shown in Fig. 3c, where the calculated
magnetic field distribution exhibits mirror symmetry over
a wide range of wavelengths. At 400 nm, strong magnetic
resonance occurred in the hexagonal apexes on the xy-
plane and reached ~200nm deep in the yz-plane. At
600 nm, resonance occurred in the openings and slightly
shallower wall surfaces. However, at 2500 nm, a strong
magnetic resonance was observed only in the open
regions. These results indicated that both the magnetic
field and absorbed power density were highly concen-
trated in the gap between the AAO pores. The presence of
the TiN layer near the surface-enhanced the excitation of
magnetic dipole resonance due to the reduced scattering
in the subwavelength region. As a result, absorption
occurred over a broad range of wavelengths, facilitated by
the distribution of the magnetic field at the specific
wavelength®®. This broadband absorption arising from
various locations would induce the creation of more hot
electrons from diverse regions.

We determined the effective impedance of the sug-
gested structure (Fig. 3d) by impedance matching of the
absorbers with the S-parameter retrieval methods*>*":

(1481)* -8,

7=+
(1—Su)* - S5

where S;; and S,; are the reflection and transmission
properties of electromagnetic devices, respectively. The
effective impedance of the absorber shows that the real
part is close to 1 and the imaginary part is close to 0.
Thus, the impedance of the proposed structure is
approximately equal to the impedance of free space,
indicating an efficient acquisition of the electromagnetic
waves from the surrounding air. This impedance match
ensures optimal absorption with minimal reflected waves.
The real part with a value near 1 signifies that the majority
of the wave’s energy is absorbed, while the imaginary part
with a value near zero corresponds to minimal reactive
energy, indicating that the wave is not significantly stored
or delayed within the material; this is a trait of an ideal
absorber.

To investigate the role of TiO, in the absorber, we
prepared TiN + TiO, on the AAO absorber, TiN on the
AAO absorber, and a TiN film without AAO. TiN on the
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AAO absorber was fabricated by depositing TiN alone on
AAQO. The absorption of TiN + TiO, on the AAO
absorber and TiN on the AAO absorber was almost
identical (Fig. 4a). These results indicated that the exis-
tence of a thin TiO, layer (5nm) did not affect light
absorption. However, the average lifetime of the hot
electrons showed a large difference (4.81ns for TiN +
TiO, on the AAO absorber, 1.80 ns for TiN on the AAO
absorber, and 0.643 ns for the TiN film) (Fig. 4b). Thus,
the addition of a thin TiO, layer showed 2.7 times and 7.5
times prolonged hot electron lifetimes compared to TiN
on the AAO absorber and TiN film, respectively. This
occurred because some of the hot electrons excited above
the conduction band of TiN were easily transferred to the
TiO, layer'>*>**, These hot electrons could not crossover
to the Al,O; layer due to the insulator, and they recom-
bined with hot holes in the TiO, and TiN layers. (Fig. 4c.
i). For TiN on the AAO absorber, most of the hot elec-
trons generated in the TiN layer could not transfer to the
Al,O3 layer and were immediately recombined (Fig. 4c. ii).
For the TiN flat film, which did not have a good trans-
ferable layer, such as Al,O3 (Fig. 4c. iii), the lifetime of the
hot electrons was shorter (Fig. 4c. iii).

We conducted the hydrogen evolution reaction using
different absorbers. First, each absorber was cut into
1 x1cm? pieces, placed in an aqueous TEOA solution,
and irradiated by a xenon (Xe) lamp. For TiN+TiO, on
the AAO absorber, the hot electrons generated by the
absorption of light in the TiN layer were easily transferred
into the TiO, layer, reducing H" to produce H, (the
schematic is shown in Fig. 5a). The remaining holes in the
TiN layer were consumed by oxidizing TEOA (a hole
scavenger) to TEOA™ (Fig. 5a). The volume fraction of
TEOA in water was 10 vol % because the H, evolution
reaction rate reached a maximum at this concentration
(Fig. S3).

With increasing irradiation time of light, hydrogen
production steadily increased (Fig. 5b). No hydrogen was
produced without light because the hot electrons were
only generated by the light absorption in the TiN layer.
Figure 5c shows the hydrogen production of different
absorbers with irradiation lasting up to 5h. The average
H, evolution rate of TiN + TiO, on the AAO absorber
was the highest (12.5 pmol/cm?h), followed by TiO, on
AAO (6.9 umol/cm?h), TiN on AAO (6.6 umol/cm>h),
and TiN film (1.8 umol/cm?h). AAO itself did not pro-
duce any hydrogen because the insulator AAO could not
generate hot electrons when exposed to sunlight. In the
case of the TiN film, hydrogen reactions could occur on
the surface of the TiN layer. TiN alone could facilitate the
H, evolution reaction through the interband transitions
from N p to Ti dey, orbitals®®***, TiN on the AAO
absorber produced more hydrogen than the TiN film due
to increased hot electron generation caused by the
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enhanced broadband absorption of TiN on AAO. Inter-
estingly, although TiO, on AAO showed lower absorption
than TiN on the AAO absorber, it also showed slightly
higher hydrogen production. This occurred because TiN
had a higher adsorption-free energy for hydrogen, leading
to increased endothermic dissociation of the hydrogen
molecules compared to TiO,”®. Consequently, the
hydrogen production reaction rate of TiN was lower than
that of TiO,.

The TiN+TiO, on the AAO absorber had a 1.8-fold
increase in hydrogen production compared to TiO, on the
AAO absorber and a 1.9-fold increase in hydrogen produc-
tion compared to TiN on the AAO absorber. The increased
hydrogen production of TiN+TiO, on the AAO absorber
was caused by the combined effects of the catalytic role of

the TiO, layer in hydrogen generation, the enhancement of
the hot electron lifetime, and the increased ultrabroadband
absorption of the TiN layer. Finally, a cycling test (5 cycles
with 1 h for each cycle) of TiN+TiO, on the AAO absorber
and TiO, on the AAO absorber for the H, evolution reac-
tion was performed (Fig. 5d). TiN+TiO, on the AAO
absorber showed higher hydrogen evolution than TiO, on
AAO. In addition, after 5 cycles, the retention of the
hydrogen evolution reaction was still high (~84%) for both
samples. Additionally, TiN+TiO, on the AAO absorber did
not show any damage or detachment from the TiO, layer
after 5 cycles; this result was attributed to the strong che-
mical resistance of TiN (Fig. S4). Thus, this absorber was
suitable for hydrogen production reactions. The TiN+TiO,
on the AAO absorber introduced in this study could be used
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for sustainable and cleaner hydrogen production, utilizing
solar energy.

Conclusions

We fabricated an ultrabroadband absorber for photo-
catalytic HERs. The absorber with TiN and TiO, het-
erostructures on an AAO template showed
ultrabroadband absorption, covering both the visible and
near-infrared regions. The incorporation of the TiO, layer
extended the lifetime of hot carriers by 2.7 times, leading
to improved electron transfer and enhanced hydrogen
production efficiency by 1.9 times compared to that
without the TiO, layer. This novel absorber could be used
for cost-effective hydrogen production utilizing envir-
onmentally friendly and renewable solar energy.
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