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Fabrication of TiO, nanotube arrays.

Highly spaced TiO, NTs with relatively ordered arrangement were produced by using
different potentials of 20 (Figures Sla and S1b), 25 (Figures S1c and S1d), and 30 V (Figures
Sle and S1f) applied for 6 h at 50 °C as well as 60 V applied for 6 h (Figures S1g—S1h) at 40
°C. The slightly higher anodization temperature employed at lower potentials (20, 25, and 30
V) ensured a good quality of the NT morphology eliminating “misfitting” tubes (Figure S2a),
and the obtained samples anodized at 20, 25, 30, and 60 V are denoted as #1, #2, #3, and #4,
respectively. The applied potential had a substantial impact on the growth of NTs and their
diameter (Figure S1j). By increasing the anodization voltage, closely packed separated NTs
with thinner walls (20 and 25 V) convert into completely separated NTs (30 and 60 V) with
bigger wall thickness and intertube distances. In addition, the average diameter and length of
NTs increased from = 85 (Figures Sla and S1b) to =245 nm (Figures 1g and 1h) and from ~1
to =5 um, respectively, whereas further increments in voltage (>70 V) resulted in
discontinuous NTs embedded in a sponge-like layer (Figure S2b). TEM micrographs for TiO,
NTs anodized at 60 V for 6 h were measured to study a single NT (Figure S1i). It is clear that
such NT is made of a non-porous and uniform surface with outer and inner diameters of 275

and 245 nm at the top and 326 and 180 nm at the bottom, respectively.
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Figure S1. (a-h) SEM top views (first and third columns) and cross-sectional (second and
forth columns) images of samples (a-f) anodized at 50 °C for 6 h at (a-b) 20 V, (c-d) 25 V, (e-
) 30 V, (g-h) anodized at 40 °C and 60 V and for 6 h. (i) TEM images of as-prepared TiO,
nanotubes anodized at 60 V for 6h. (j) effects of the applied potential and anodization

duration on the nanotubes average diameter and length.

Figure S2. SEM images of (a) misfitting tubes anodized at 40 °C and 30 V (b) discontinuous
nanotubes anodized at 40 °C and 70 V.
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Optical absorption of as-anodized TiO, nanotubes.

Modifications to the morphology of NTs resulting from different anodization potentials can
affect their optical properties (Figure S3). Overall, samples anodized at different voltages
showed differing absorption spectra in the visible-to-NIR range. In addition, as-anodized
TiO, NTs have diverse absorption spectra, making them have different colors, and the
improved light-scattering and decreased light reflection characteristics of NT arrays leads to
over 70% of light absorption up to 1100 nm which is very useful in photoconversion
applications.! Specifically, sample anodized at 60 V exhibited gray with green tint color, and
two narrow and broadband absorption peaks, respectively, in the UV range with an
absorption edge at around 390 nm and the visible range. The former is related to the bandgap
energy of TiO, which is 3.24 eV while the latter is relevant to the specific morphology of
NTs.? On the other hand, the samples anodized at 20, 25 and, 30 V have metallic, yellow, and
goldish colors, respectively, while their absorption peaks in the visible shifted toward shorter
wavelengths and were monotonically decreased by reducing the anodization voltage. Light
absorption is slightly enhanced at higher voltages because the increased voltage leads to NTs
with a larger diameter and subsequently greater air volume inside and between the NTs,
leading to a lower impedance mismatch and an increase in absorption. Although TiO, NT
arrays demonstrated enhancement in light harvesting, however, their large band gap hinders

the attainment of unitary absorption.
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Figure S3. Absorption spectrum of as-anodized nanotube arrays anodized for 6 h at different

voltages of 20, 25, 30, and 60 V.

Transformation of TiO, nanotubes to Titanium Oxynitride (TiO,N,) nanotube arrays.
One of the challenges in transforming TiO, NT to TiN NT arrays during the thermal
treatment at high temperature under an NH; atmosphere is the structural decay and

detachment of NTs from the substrate due to sintering effect or collapse.®> To address this
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issue, a preannealing process at a lower temperature was implemented to effectively improve
the mechanical stability of TiO, NT arrays, allowing to preform successful nitridation
process. Without air annealing, indeed, the NTs would peel off from the substrate after
nitridation (not shown). Therefore, to prepare NT-based photothermal materials as solar
absorbers, as-anodized TiO, NTs were treated by a two-step crystallization and reduction
process. As-anodized NTs were first annealed in air at 450 °C to obtain the anatase crystal
structure and to stabilize the NT array on the Ti substrate before further treatment.
Subsequently, to convert TiO, into TiON,, NTs anodized at 60 V were nitridated under NH3
at two different temperatures of 700 and 900 °C. On the other hand, NTs anodized at lower
potentials were nitridated only at 700 °C, because nitridation at 900 °C led to collapse and
peel off from the substrate. The obtained samples anodized at 20, 25, and 30 V and nitridated
at 700 °C were labeled as #1, #2, and #3, respectively. Meanwhile, samples anodized at 60 V
and subsequently nitridated at 700 and 900 °C were labeled as #4 and #5, respectively.

Lattice parameter. Bragg’s law for the cubic crystal systems was employed to determine the
lattice parameter of nitridated samples (Table S1), enabling a better differentiation between
TiN and TiO due to their closely situated pick positions. The average lattice parameter
extracted from the XRD pattern for the sample nitridated at 700 °C for the (111) and (200)
reflections was ~ 4.18 A which is in close accordance with that of TiO, ario=4.1770 (JCPDS
card no. 00-08-0117). Moreover, considering the presence of TiO, and Ti,0s, it, therefore,
can be inferred that the sample nitridated at 700 °C has a higher level of oxygen with a trace
amount of nitrogen. On the other hand, upon nitridation at a higher temperature (900 °C), the
diffraction peaks of TiO, and Ti,0O3 completely disappeared, while the Ti(O,N) peaks in
comparison to the sample nitridated at 700 °C slightly shifted toward lower 20 values (Figure
2b), indicating that the lattice parameter of the sample nitridated at 900 °C increased (~ 4.23
A). In other words, by nitridation at the higher temperature, the amount of oxygen atom
which has a smaller diameter decreased in the product whereas the amount of nitrogen atom
which has a larger diameter increased, and consequently, the diffraction peak shifted toward
larger values and closer to the standard position or lattice parameter of TiN, arin= 4.2260 A

(JCPDS file no. 04-002-0575).
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Table S1. Lattice parameter (o) of nitridated samples determined by Bragg’s law for the

cubic crystal systems.

Nitridation . . .
— Miller indices 20 (degree) o (A) Average a (A)
700 (111) 43.62 4.1721
700 (200) 50.68 4.1820 4.1770
900 (111) 43.05 42242

Figure S4. (a-b) SEM images (top (a) and cross-sectional (b) view) and (c) TEM
micrographs of nanotubes anodized at 60 V for 6 h and nitridated at 700 °C.
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Figure S5. (a) The spectral characteristics of the white LED used for the photothermal
measurement of nanotube arrays* and (b) the maximum temperature (T,,,) attained by

different samples under various intensities after 60 s of irradiation.
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Figure S6. Photograph of the steam flow generated under 14 Suns illumination of the solar

simulator with #5 nanotube arrays as a photothermal material.
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Figure S7. The time-dependent weight change of water under different irradiation intensities

for (a) water—only and TiO,N, nanotube arrays of (b) #1, (C) #2, (d) #3 (e) #4, and (f) #5.
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Figure S8. Comparison of water evaporation rate among different TiO,N, nanotube arrays.

Table S2. The emissivity of different TiO,N, nanotube arrays over the range of 8-14 um.

Sample Average emissivity
#1 0.314
#2 0.538
#3 0.834
#4 0.949
#5 0.972
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