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A B S T R A C T   

Dark titania (TiOx) have been widely used for solar energy harvesting and conversion applications due to its 
excellent light absorbing performance throughout the ultraviolet to near infrared wavelength band, low cost, and 
non-toxic nature. However, the synthesis methods of dark TiOx are usually complicated and time-consuming. 
Here we report a facile and rapid method to fabricate dark amorphous TiOx (am-TiOx) hollow nanotube ar-
rays on nanoporous anodic alumina oxide (AAO) templates using atomic layer deposition. Systematic investi-
gation was performed to demonstrate that Ti3+ and O- species in the am-TiOx ultra-thin films, as well as the 
spatial distribution of these am-TiOx ultra-thin films on the vertical side walls of AAO templates are two major 
mechanisms of the black color. Importantly, the film deposition took ~18 min only to produce the optimized ~4- 
nm-thick am-TiOx film. Representative applications were demonstrated using photocatalytic reduction of silver 
nitrate and photothermal solar vapor generation, revealing the potential of these ultra-thin dark am-TiOx/AAO 
structures for full spectrum solar energy harvesting and conversion.   

1. Introduction 

TiO2 is one of the most important semiconductor materials for en-
ergy harvesting and conversion due to its earth abundance, low cost and 
non-toxic nature [1]. However, the well-known photocatalyst TiO2 ab-
sorbs ultraviolet (UV) light only (i.e., less than 5% of the solar energy) 
[2], thus limiting its overall conversion efficiency for solar energy. Since 
the seminal report on UV photoelectrochemical water splitting using 
TiO2 as photoanodes [3], much effort has been devoted to enhance its 
optical absorption in visible and near infrared (IR) domain (i.e., to 
realize dark TiO2 materials [1,2,4]) for full spectrum solar energy har-
vesting and conversion applications [5–7]. However, the synthesis 
methods of dark TiOx are usually complicated and time-consuming. For 
instance, in the first report to obtain the so-called black TiO2, TiO2 
nanocrystals were hydrogenated at 200 ◦C for 5 days [8]. TiOx nano-
particles (NPs) were synthesized using magnesium reduction under Ar 
atmosphere at 600 ◦C for 4 h [9]. Dark TiO2 NPs were realized via 

chemical reduction followed by calcination under Ar atmosphere for 4 h 
[10]. Physical means were also employed to obtain nanosized titanium 
sesquioxide (Ti2O3) powders for solar thermal applications [11]. 

To enable the development of applications using dark TiOx materials, 
it is important to recognize the intrinsic trade-off between their optical 
absorption and electronic properties: i.e., an optical absorber should be 
thick enough to absorb the majority of the incident light but thin enough 
to allow the carrier extraction. Therefore, the ultimate goal is to realize 
super-efficient solar absorption within ultra-thin TiOx films. In the past 
decade, various photonic strategies have been proposed to enhance the 
light-matter interaction within thin film semiconductor materials down 
to atomic layer thicknesses (e.g [12,13].). For instance, engineered 
photonic crystal cavities [14,15] and plasmonic nanopatterns [16,17] 
were widely used to enhance the optical absorption within ultra-thin 
semiconductors (including two-dimensional materials). In particular, 
two- to three-layered planar nanocavity architectures were successfully 
implemented to enhance the optical absorption within ultra-thin Ge 
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films [18–20], Fe2O3 films [21], FePt films [22], 2D materials [23,24], 
as well as TiO2 films [25]. By controlling the optical interference con-
dition within the nanocavity structure, over 90% of UV light was 
absorbed by a 2-nm-thick TiO2 films, and, therefore, resulting in a 1000 
× more efficient photocatalytic reaction for CO2 reduction than con-
ventional PM25 TiO2 particles [25]. The next intriguing question is 
whether a full spectral solar harvesting and conversion can be realized 
using these ultra-thin semiconductor films. 

Here we report a facile and rapid method to realize dark amorphous 
TiOx (am-TiOx) hollow nanotube architecture by directly depositing 
ultrathin TiOx films (i.e., 2 nm ~ 10 nm) on porous anodic aluminum 
oxide (AAO) templates using atomic layer deposition (ALD) processes. 
Due to the three-dimensional structural feature and existence of Ti3+
and O- species, the am-TiOx nanotube array with the optimized thickness 
of ~4 nm shows broadband strong optical absorption throughout the 
entire solar spectrum. Remarkably, this ultra-thin film ALD process took 
~18 min only. This type of inexpensive three-dimensional am-TiOx 
hollow nanotube array over large areas enables the development of 
practical full spectrum solar-thermal and photocatalytic applications, as 
will be validated by the visible-to-IR photocatalytic reduction of silver 
nitrate and photothermal solar vapor generation. 

2. Results and discussion 

ALD is outstanding in producing uniform and conformal thin films. It 
has been used for coatings on various structures including nano-
structured surfaces (e.g [26–28]., particularly on nanorods [29] and 
AAO substrates;[30,31] see details in Section S1 in the Supporting In-
formation). A typical process to fabricate TiO2 films in an ALD system 
employs two precursors, one providing the Ti element and the other 
offering the O element [i.e., tetrakis(dimethylamido)-titanium (Ti(N 
(CH)3)2)4 (TDMAT), and water (H2O) in this work, see details in the 
Experimental Section]. A single ALD cycle typically consists of a 
sequential injection and purge of TDMAT and H2O. After the reaction of 
a single ALD cycle, the following process will occur: [32].  
Ti(N(CH)3)2)4 + 2H2O → TiO2(solid) + 4NH(CH3)2                            (1) 

Under a suitable reaction condition (e.g. the system was maintained 
at 90 ◦C with a 0.2-s water pulse followed by a 7-s reaction and a 0.4-s 
TDMAT pulse followed by a 10-s reaction [28]), a monolayer of TiO2 
will form on the substrate while other reactants and products will be 
purged away. By controlling the ALD cycles, the thickness of the planar 
TiO2 film can be controlled accurately down to Angstrom level (e.g 
[33].). We employed this process to produce planar 2-nm-thick TiO2 
films for efficient photocatalytic applications driven by UV light [25]. 
However, when defect species are introduced in TiO2 (e.g. Ti3+ or O-), 
new defect states will generate in the bandgap of TiO2, resulting in 
different optical properties of the deposited films (corresponding to the 
color change). In particular, by controlling the density of defect states, 
the color of TiOx can even be tuned to black (e.g [34,35].). It was re-
ported that these defect species are highly related to the reaction tem-
perature and pressure, reaction atmosphere, precursor selection, etc. 
Sophisticated process controls were usually required to produce dark 
TiOx materials (e.g. hydrogenation [8], chemical reduction [9], chemi-
cal oxidation [36], electrochemical reduction [37], ionothermal process 
[38], laser ablation [39], microwave radiation [40], and ultrasonication 
[41]). Here we will report a facile method to realize dark TiOx nanotube 
arrays on nanoporous substrates using a one-step ALD process. 

2.1. Dark am-TiOx hollow nanotube arrays: a one-step ALD process 

Recently, dark TiO2 nanotubes were reported using anodic TiO2 
nanotube layers treated by advanced processes using sophisticated fa-
cilities (e.g. high pressure H2 treatment [42], high energy proton im-
plantation [43], melted aluminum reduction [44], femtosecond laser 

mediated fabrication [45], etc.). Simpler and more rapid manufacturing 
methods are highly desired. In our experiment, three substrates were 
placed in the chamber to deposit TiOx films through the same ALD 
process, i.e., a silicon wafer, a glass substrate and a nanoporous AAO 
template. Fig. 1A illustrates the ALD process on nanopores (each cycle 
takes ~10 s in our optimal ALD process, see fabrication details in the 
Experimental Section). After the deposition of a 10-nm-thick TiOx film 
(i.e., 260 cycles with the entire deposition time of ~44 min), the 
TiOx/AAO sample became visibly black, surprisingly different from the 
planar TiOx/glass sample fabricated in the same batch (as shown in 
Fig. 1B). The microscopic top- and side-view of the AAO substrate taken 
by scanning electron microscopy (SEM, see details in the Experimental 
Section) are shown in Fig. 1C and 1E, respectively. The average pore 
diameter and the pore-to-pore distance of the AAO template are ~400 
nm and ~450 nm, respectively. The vertical dimension of the AAO 
template is ~50 µm. Since this type of AAO structure is highly scattering, 
we employed an integration sphere spectroscope to measure its optical 
absorption accurately (see details in the Experimental Section). As 
shown in Fig. 1D, the absorption of a bare AAO template is less than 0.1 
in the visible to near IR range (blue curve). Surprisingly, the averaged 
optical absorption of the coated AAO template is ~0.95 (red curve) 
throughout the entire visible to near IR range, which renders the sample 
visibly different from previously reported dense and aligned TiO2 
nanotube arrays [30]. This strong absorption enhancement should be 
attributed to the TiOx thin films coated on the AAO top and vertical 
surfaces, as illustrated by the inset of Fig. 1D. To reveal the film pene-
tration into the vertical pores, we employed the energy dispersive X-ray 
spectroscopy (EDS) to analyze the element distribution (see details in 
the Experimental Section). As shown in Fig. 1F, the distribution of ti-
tanium element demonstrates the full coverage of TiOx on the side walls. 
Besides, the oxygen (Fig. 1G) and the aluminum element (Fig. 1H) were 
from the AAO templates. This TiOx hollow nanotube architecture should 
be responsible for the dark color of the TiOx/AAO template due to their 
unique chemical and structural properties. 

2.2. Chemical properties 

To reveal the mechanism of this dark TiOx/AAO template, we first 
characterized the dispersive optical constants (i.e., refractive index, n, 
and absorption coefficient, k) of a 10 nm-thick TiOx film deposited on a 
silicon wafer fabricated in the same ALD process (solid curves in  
Fig. 2A). As shown by the solid blue curve, this film shows stronger 
absorption than that of regular TiO2 films (the dashed blue curve 
adapted from [46]), indicating that the chemical feature of this 
ALD-deposited TiOx film is significantly different from crystalized TiO2. 
To confirm this prediction, we employed a Raman spectroscopic mi-
croscope to characterize this sample. As shown in Fig. 2B, no obvious 
peak was observed in the Raman spectrum of the dark TiOx/AAO tem-
plate (black curve), indicating the amorphous phase of TiOx (similar to 
results reported in [47]). We also performed thermal annealing of the 
dark TiOx/AAO template at 300 ◦C for 1 h and 600 ◦C for 20 h, 
respectively. One can see from the insets in Fig. 2B that the color was 
tuned to yellow and white, respectively (see their absorption spectra in 
Section S2 in the Supporting Information). Obvious Raman peak at 
147 cm-1 appeared on the yellow sample annealed at 300 ◦C (yellow 
curve). Other peaks at 398 cm-1, 516 cm-1, and 640 cm-1 (grey curve) 
were observed on the white sample annealed at 600 ◦C, indicating the 
anatase phase of typical crystalized TiO2 films [47]. We further inves-
tigated the Raman peak in the range of 100 cm-1 to 185 cm-1 in Fig. 2C 
(i.e., the peak in the red rectangle in Fig. 2B). A red shift of the Raman 
peak was observed from 147 cm-1 to 144 cm-1, agreeing with the 
observation reported in ref [48]. In addition, the results of X-ray 
diffraction (XRD) analysis agreed well with that of the Raman spectra, 
confirming the phase change due to annealing (see details in Section S3 
in the Supporting Information). 

To further confirm the amorphous phase of the dark TiOx/AAO 
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template, TEM characterization was performed as shown in Fig. 2D: no 
crystalline structure was observed. Then the X-ray photoelectron spec-
troscopy (XPS) was employed to characterize the chemical composition 
of the as-deposited dark TiOx/AAO (i.e., black curves in Fig. 2E and 2F). 
More characterization details are listed in the Experimental Section. By 
deconvoluting the obtained XPS spectra, one could analyze the different 
states of the two main elements, i.e., Ti and O. On one hand, in Fig. 2E, 
the deconvolution of Ti 2p spectrum from 468 to 452 eV (black curve) 
led to four peaks at binding energies of 464.1 eV, 462.6 eV, 458.4 eV, 
and 456.9 eV, corresponding to four coexistent states: Ti4+ 2p1/2 (red 
curve), Ti3+ 2p1/2 (magenta curve), Ti4+ 2p3/2 (orange curve), and Ti3+
2p3/2 (green curve), respectively [49]. The two Ti4+ states are typical 
states associated with Ti4+-O bonds in TiO2, which will not result in the 
black color of the sample. The reduction of Ti4+ states to the 
non-stoichiometric Ti3+ states with lower binding energies should ac-
count for the absorption enhancement in visible and IR regime. On the 
other hand, in Fig. 2F, the O 1s spectrum from 536 to 526 eV (black 
curve) was deconvoluted into two peaks at binding energies of 529.9 eV 
and 531.2 eV, correlating with O2- (magenta curve) and O- (red curve) 
states [50], respectively. These two peaks are typically assigned to 
Ti4+-O and Ti3+-O bonds, respectively. Thus, the higher absorption in 
visible and IR regime should also be attributed to O- states. The existence 
of O- was confirmed by electron paramagnetic resonance (EPR) spec-
troscopy and resistivity measurement at room temperature (see Exper-
imental Section). In the EPR spectrum of the dark TiOx/AAO (black 
curve in Fig. 2G), the resonance signal at the index value g of 2.004 
corresponds to O- [51]. After annealing, no EPR signal at g of 2.004 was 
detected (see yellow and grey curves), demonstrating the decrease of the 
O- species (see Section S4 in the supporting information for the molar 
ratio change of TiOx). The decrease of the O- species would also lead to 
changes in the resistivity [52]. Hence, the resistivity of the TiOx thin film 
on the glass substrate was investigated after annealing in air at 50 ◦C, 
100 ◦C, 150 ◦C, and 200 ◦C for 30 min (Fig. 2H). The resistivity was 
stable below 100 ◦C and increased with the annealing temperature, due 
to the decrease of O- states during the annealing process [52]. Therefore, 
the high absorption in visible to near IR region should be attributed to 
the ratio change of the coordination numbers of Ti and O, which is 
introduced by Ti3+ and O- in dark TiOx/AAO. 

Importantly, the color of the TiOx/AAO sample is dependent on the 
Ti3+ and O- species, which can be controlled by two ALD parameters: the 
first is the amount of injected H2O, and the second is the reaction time. 
Following the optimal ALD parameters mentioned in the Experimental 
Section, the dark TiOx/AAO was obtained. The average absorption was 
over 95%, in the visible and near IR range (see the red curve in Fig. 2I, 
the same as the red curve in Fig. 1D). To tune the parameters, firstly, we 
injected more H2O by repeating the water feeding process ten times. In 
other words, in each cycle, we fed TDMAT once and H2O ten times. As 
shown by the photograph in the orange rectangle in Fig. 2I, the sample 
became grey in color. Its optical absorption decreased, especially in the 
near IR range (orange curve). Secondly, for each water injection process, 
the stop valve was closed for 2 s (the purge time was also extended by 2 s 
for a complete purge) so that TDMAT could react with H2O for a longer 
time. As a result, the sample became light grey in color (see the 
photograph in the grey rectangle in Fig. 2I) with a further dropped op-
tical absorption (grey curve). The molar ratios of these three TiOx 
samples were also measured, showing decreased Ti3+ and O- states (see 
Section S4 in the Supporting Information). In summary, the amount of 
H2O and the reaction time are two key parameters to control Ti3+ and O- 

species, and thus to change the darkness of the TiOx/AAO in ALD pro-
cesses. Although carbon was also observed in element analysis of the 
AAO scaffold which cannot be completely ruled out from the possible 
mechanisms responsible for the dark TiOx/AAO, we performed extra 
experiments to demonstrate that these carbon residuals are negligible 
(see Section S5 in the Supporting Information for the thermal gravi-
metric analysis of TiOx/AAO). 

Importantly, the slightly enhanced absorption coefficient over 
visible-IR spectral range still did not reveal the complete picture of the 
dark TiOx/AAO template. One can see that the TiOx film deposited on 
planar substrates did not show dark color (see Fig. 1B). Therefore, 
another major mechanism is the structural feature. 

2.3. Structural properties 

To model the optical absorption property of the am-TiOx/AAO 
template, we substituted the measured optical constants of the am-TiOx 
and the reported data for Al2O3 [53] into a simplified nanoporous 

Fig. 1. (a) Schematic of the ALD process. (b) The photograph of the TiOx/glass (top) and the dark TiOx/AAO (bottom). (c) The top-view SEM image of the AAO 
template. Scale bar: 1 µm. (d) Measured optical absorption spectra of the bare AAO template (blue) and the dark TiOx/AAO (red). Inset: Schematic structure of the 
dark TiOx/AAO. (e) The side-view SEM image of the dark TiOx/AAO. Scale bar: 10 µm. (f-h) The side-view EDS element mapping images of the dark TiOx/AAO for (f) 
titanium, (g) oxygen, and (h) aluminum, respectively. Scale bar: 10 µm. 
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architecture, as illustrated in Fig. 3A. In this architecture, the thickness 
of am-TiOx was 2 nm. The penetration depth into the vertical direction 
was tuned from 10 µm to 30 µm. To better understand the mechanism 
for the observed darkness, the absorption in the am-TiOx at the top 
surface of AAO and along the vertical direction of the nanopores were 
plotted in Fig. 3B, respectively. Due to the ultra-small thickness (i.e., 
2 nm in this modeling), the absorption in the am-TiOx at the top surface 
(cyan) is small compared with the absorption in the am-TiOx along the 
vertical direction. The overall optical absorption increases with the 
larger penetration depth (i.e., the magenta, blue and red curve for 
10 µm, 20 µm, and 30 µm, respectively), especially in the visible to near 
IR region. 

To further reveal the spectral response of the optical absorption, we 
modeled the optical absorption distributions of am-TiOx nanotubes with 
a penetration depth of 30 µm at the wavelength of 300 nm, 500 nm, 
700 nm, 900 nm, and 1100 nm, respectively, in Fig. 3C–G. One can see 
that as the light propagated downwards, it was absorbed gradually by 
the ultra-thin film along the vertical direction of the nanopores. Besides, 
the absorption of light at longer wavelengths (e.g. 500–1100 nm as 

shown in Fig. 3D–G) required a greater penetration depth than that for 
shorter wavelengths (e.g. 300 nm as shown in Fig. 3C). In addition, we 
also simulated the absorption in the 3-nm- and 4-nm-thick am-TiOx film 
along the vertical direction of the nanopores with the penetration depth 
of 30 µm (orange and green curve in Fig. 3B, respectively). These thicker 
films manifest higher absorption than that in 2-nm-thick am-TiOx films 
with the same penetration depth (red curve in Fig. 3B). Therefore, 
greater penetration depths and larger thickness are generally desired to 
realize broader band optical absorption, as will be validated and opti-
mized experimentally. 

Although it is difficult to precisely control the penetration depth of 
am-TiOx films in ALD processes, the gas-phase precursors of the ALD 
process can penetrate through the nanopores from both top and bottom 
surfaces of the AAO template and result in a unique controllability. Here 
we adopted three setups to demonstrate this controllability: Setup A 
(Fig. 4A) allows the precursors to penetrate into the nanopores from the 
top surface only; Setup B (Fig. 4B) allows the leakage of precursors from 
the bottom surface; while Setup C (Fig. 4C) enables free penetration of 
precursors from the bottom surface of the free-standing AAO template 

Fig. 2. (a) The dispersive optical constants of TiOx thin films on a silicon substrate (solid curves) and the regular TiO2 films (dashed curves, data from [46]). (b) 
Raman spectra of the dark TiOx/AAO (black), and the samples after annealing at 300 ◦C for 1 h (yellow), and 600 ◦C for 20 h (grey), respectively. Insets: Their 
corresponding photographs. (c) A zoom-in view of the Raman spectra of the samples after annealing at 300 ◦C for 1 h (yellow), and 600 ◦C for 20 h (grey), 
respectively. The dashed arrow was plotted to guide the eye. (d) Transmission electron microscopy (TEM) images of the dark TiOx/AAO. The carbon and platinum 
(Pt) were introduced in the sample preparation process. (e-f) X-ray photoelectron spectroscopy (XPS) spectra and their deconvolution of the dark TiOx/AAO for (e) Ti 
2p and (f) O 1s (g) Electron paramagnetic resonance (EPR) spectra of the dark TiOx/AAO (black), and the samples after annealing at 300 ◦C for 1 h (yellow), and 
600 ◦C for 20 h (grey), respectively. (h) The resistivity of the TiOx on glass substrate after annealing at 50 ◦C, 100 ◦C, 150 ◦C, and 200 ◦C for 30 min (i) Measured 
optical absorption spectra of samples fabricated under different ALD conditions. Red curve: one-time water injection and 5-s reaction. Orange curve: ten-time water 
injection and 5-s reaction. Grey curve: ten-time water injection and 9-s reaction. Insets: Corresponding photographs of the three samples to demonstrate the 
color tunability. 

Y. Liu et al.                                                                                                                                                                                                                                      



Nano Energy 84 (2021) 105872

5

(the 10-nm-thick-TiOx/AAO samples shown in Figs. 1 and 2 were also 
deposited in this setup; see Section S6 in the Supporting Information). 
After the deposition of 2-nm-thick am-TiOx thin film on the AAO tem-
plates (i.e., 52 ALD cycles with the deposition time of ~9 min), we 

obtained three samples with obvious different optical absorption fea-
tures as shown in the insets of Fig. 4D–F. In particular, Setup C resulted 
in the darkest sample. To reveal the distribution of TiOx thin film, EDS 
was employed to analyze the distribution of titanium element along the 

Fig. 3. (a) Schematic of the simulation model (not to scale for clarity). (b) Simulated optical absorption spectra in a 2-nm-thick TiOx film at the top surface of AAO 
(cyan) and along the vertical direction of the nanopores with the penetration depth of 10 µm (magenta), 20 µm (blue), and 30 µm (red), respectively. The orange and 
green curves are simulated absorption spectra in the 3-nm- (orange) and 4-nm-thick (green) TiOx film along the vertical direction of the nanopores, respectively, with 
the penetration depth of 30 µm. (c-g) Simulated absorption distribution along the vertical direction of the nanopores with the penetration depth of 30 µm at five 
different wavelengths: i.e., (c) 300 nm, (d) 500 nm, (e) 700 nm, (f) 900 nm, and (g) 1100 nm, respectively. 

Fig. 4. (a-c) Schematics of (a) Setup A, (b) 
Setup B, and (c) Setup C, respectively. (d-f) 
Side-view EDS mapping of the Ti element (left 
panel) and line plots (right panel) of the 2-nm- 
thick TiOx film in AAO fabricated using Setup A 
(d), Setup B (e), and Setup C (f), respectively. 
Scale bar: 10 µm. Insets: photographs of the 
samples. (g) Measured optical absorption 
spectra of five samples with the thickness from 
2-nm to 4-nm fabricated by Setups A, B and C, 
respectively. (h-i) Side-view EDS mapping of Ti 
element (left panel) and line plots (right panel) 
of (h) 3-nm- and (i) 4-nm-thick TiOx films in 
AAO made in Setup C. Scale bar: 10 µm. Insets: 
photographs of the samples.   
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pores. Both the element mapping images (left panels in Fig. 4D–F) and 
the corresponding line plots (right panels in Fig. 4D–F) indicated that 
the distribution of am-TiOx hollow nanotubes became more and more 
uniform from Setup A to Setup C. The measured absorption spectra 
(Fig. 4G) confirmed the absorption enhancement throughout the entire 
visible to IR region using Setup C (red curve) compared with Setups A 
(magenta curve) and B (blue curve). However, the absorption was still 
relatively low due to the ultra-small thickness. To achieve full spectrum 
solar light harvesting, we deposited 3-nm- and 4-nm-thick am-TiOx films 
using Setup C and realized impressive optical absorption throughout the 
solar spectrum (i.e., orange and green curves in Fig. 4G, respectively) 
because of the more uniform distributed am-TiOx films as shown by EDS 
results in Fig. 4H and 4I. In particular, the 4-nm-thick sample obtained 
an average absorption over 95%, with ~92% at the wavelength of 
1.6 µm. Importantly, this sample fabrication took ~18 min only for the 
film deposition (i.e., 104 cycles), much faster than previously reported 
synthesis methods to obtain dark TiOx nanoparticles (e.g. 4 h for mag-
nesium reduction [9] or calcination [10]) or nanotubes (e.g. 1 h for high 
pressure hydrogen reduction [42], 4 h for melted aluminum reduction 
[44]). Although simple processes of cathodization in an aqueous elec-
trolyte by reducing anodic TiO2 nanotube arrays were also reported to 
realize dark TiOx nanotubes (e.g [50,54–56].), the proposed ALD pro-
cess is superior in thickness controllability down to Angstrom level (e.g 
[33].), which is crucial for the fabrication of ultra-thin or even 
atomically-thin TiOx films for more efficient optoelectronics and solar 
energy conversion applications. Besides, ALD process is more flexible 
and can enable the integration of ultra-thin TiOx nanostructures with 
different substrates that are needed in various applications. To demon-
strate this wide tolerance in substrates, we employed commercial 
available glass fibers as the testbed and deposited 10-nm-thick am-TiOx 
films on these porous substrates (see Section S7 in the Supporting In-
formation). As shown in Fig. S6A, broadband optical absorption ranging 
from 65% to 90% can be realized on different glass fiber substrates, 
depending on their nominal pore sizes from 0.3 to 1.0 µm. This inex-
pensive, large scale and rapid manufacturing process is promising to 
integrate the am-TiOx nanotubes with a wide selection of substrates and 
will enable the development of practical applications. Next, we will 
employ this type of dark am-TiOx nanotube array sample to demonstrate 
full spectrum solar energy harvesting and conversion applications. 

3. Applications 

Full spectrum solar absorption is highly desired in solar energy 
harvesting and conversion applications, for example, solar-driven pho-
tocatalysis [57–59] and solar vapor generation [60,61]. Thus we will 
demonstrate that the proposed dark ultra-thin am-TiOx nanotube array 
could be leveraged to benefit these two representative applications. 

3.1. Photocatalysis 

We utilized the photoreduction of silver nitrate (AgNO3) to Ag NPs as 
a testbed. This reaction is one of the methods to produce the Ag-TiO2 
nanocomposite widely used in photocatalytic disinfections [62]. In 
previously reported works, photocatalytic performance of various dark 
TiOx nanostructures and materials were evaluated by characterizing the 
size distribution of the product, Ag NPs (e.g [63,64].). As illustrated in  
Fig. 5A, in this experiment, we immersed the dark TiOx/AAO into the 
AgNO3 solution (0.5 mmol/L) for 90 s and illuminated it with a weak 
white light source through a UV filter with a cutoff wavelength of 
~400 nm (see Fig. 5B for its optical spectrum, Section S8 in the Sup-
porting Information for optical spectra of the other optical components; 
the power density is ~9.6 × 10-4 kW/m2, ~3 orders of magnitude 
smaller than the regular solar intensity). Therefore, the photocatalytic 
effect was solely introduced by visible and infrared light (see Section S9 
in the Supporting Information for photocatalytic experiments without 
the UV filter). The illumination time was changed from 0 s to 30 s, 60 s, 
and 90 s, and the corresponding products of Ag NPs were characterized 
by SEM in Fig. 5C–F, respectively (see enlarged SEM images in the insets 
for morphologies of Ag NPs). As shown in Fig. 5C, Ag NPs were gener-
ated without illumination due to the spontaneous reduction resulted 
from O- [65]. Intriguingly, the size of the Ag NPs increased with longer 
illumination time (see white dots in Fig. 5D–F). For clarity, the size 
distributions were analyzed statistically in Fig. 5G (see details and the 
calculation data of the statistical analysis in Section S10 in the Sup-
porting Information). As the illumination time increased from 0 s to 90 s 
(black for 0 s, red for 30 s, blue for 60 s, and magenta for 90 s in Fig. 5G), 
we obtained more Ag NPs in the range of 201–300 nm. In contrast, fewer 
NPs in the range of 101–150 nm were produced. To demonstrate the 
repeatability, another two sets of duplicated experiments were 

Fig. 5. (a) Schematic of the photocatalytic 
reduction of silver nitrate (AgNO3) using dark 
am-TiOx/AAO samples under visible and IR 
light illumination. (b) The intensity of light 
from the source (black) and transmitted 
through the UV filter (blue). Inset: The trans-
mission spectrum of the UV filter. (c–f) Top- 
view SEM images of the TiOx/AAO templates 
with the illumination time of (c) 0 s, (d) 30 s, 
(e) 60 s, and (f) 90 s, respectively. Scale bar: 
5 µm. Insets: Zoom-in views of different Ag NPs 
produced after the photocatalytic reduction. 
Scale bar: 2 µm. (g) Extracted statistic size dis-
tributions of Ag NPs with the illumination time 
of 0 s (black), 30 s (red), 60 s (blue), and 90 s 
(magenta), respectively. (h) Extracted statistic 
size distributions of Ag NPs on TiOx layers with 
different thicknesses and illumination time. 
Black curve: 4 nm and 0 s (i.e., dark). Magenta 
curve: 4 nm and 90 s. Green curve: 10 nm and 
0 s. Orange curve: 10 nm and 90 s. Cyan curve: 
20 nm and 0 s. Purple curve: 20 nm and 90 s. 
The total reaction time was 90 s for all samples.   
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presented in Section S11 in the Supporting Information, showing similar 
Ag NP production dependence on the illumination time. The distribution 
of Ag NPs along the vertical side walls of the nanopores is shown in 
Section S12 in the Supporting Information. On the other hand, no Ag 
NPs were found on annealed samples or bare AAO templates without 
am-TiOx thin films under identical illumination conditions (see details in 
Section S13 and Section S14 in the Supporting Information). 

Since this chemical reaction is heavily dependent on the reaction 
temperature, it is necessary to prove that our observation is from pho-
tocatalysis rather than from photothermal effects. Here we performed 
control experiments to reveal the thermal effect of the weak optical 
illumination on the dark am-TiOx/AAO sample. In the dark environ-
ment, the temperature of the AgNO3 solution was increased by ~1 ◦C, 
which is much larger than the calculated temperature increase (i.e., 
9.0 × 10-7 ◦C), assuming that all the light power is consumed by the 
AgNO3 solution for temperature increase. No obvious change in Ag NP 
production was obtained (see more details in Section S15 in the Sup-
porting Information). On the other hand, no Ag NPs were found on bare 
AAO templates without am-TiOx thin films when the AgNO3 solution 
was heated up by ~1 ◦C (see details in Section S14 in the Supporting 
Information). These control experiments demonstrated that the 
observed production of Ag NPs in Fig. 5 was introduced by photo-
catalytic effects rather than photothermal effects. 

Importantly, the photocatalytic performance is highly dependent on 
the thickness of the dark TiOx layer. Although thicker TiOx films can 
realize similarly dark color (see Fig. S19A for optical absorption spectra 
of 10-nm- and 20-nm-thick TiOx films in the Supporting Information), 
more recombination of photogenerated carriers occurred within those 
thicker films, restricting photocatalytic reactions. To validate this 
thickness-dependent photocatalytic performance, we conducted the 
photoreduction experiments using six more samples with the TiOx 
thicknesses of 20 nm, 10 nm, and 4 nm, respectively (two samples for 
each thickness). The resulted Ag NPs are shown in SEM images in Sec-
tion S16 in the Supporting Information. Since the optical absorption 
spectra of these samples were similar, the size distribution of these Ag 
NPs was mostly determined by the lifetime of the photogenerated car-
riers. As shown in Fig. 5H, the cyan, green, and black curves represented 
the size distributions of the Ag NPs on the 20-nm, 10-nm-, and 4-nm- 
thick TiOx films under the dark condition (i.e., the illumination time of 
0 s), respectively. One can see that the three curves overlap with each 
other, indicating that the production of Ag NPs in dark was barely 
affected by the thickness of the TiOx layer. After the illumination of 90 s, 
the size of the Ag NPs increased (see the purple curve for 20-nm sample, 
the orange curve for the 10-nm sample, and the magenta curve for the 4- 
nm sample, respectively). One can see more large Ag NPs were produced 
on the 4-nm-thick TiOx film (see the magenta curve). This experiment 
demonstrates the importance to achieve strong optical absorption in 
ultra-thin films and makes the dark am-TiOx/AAO appealing to efficient 
full spectrum photocatalytic applications. 

3.2. Photothermal effect 

Next, we will further demonstrate the photothermal effect of am- 
TiOx hollow nanotube array for full spectrum solar vapor generation. 
AAO-based nanostructures have been reported for efficient solar vapor 
generation in recent years. For instance, ~85-nm-thick Au [60] or Al 
films [61] were deposited on AAO templates to realize dark plasmonic 
architectures for efficient solar energy harvesting and thermal conver-
sion. In our structure, we only deposited a 10-nm-thick am-TiOx film on 
the AAO template and realized a broadband optical absorption 
throughout the solar spectrum (Fig. 1D). The hollow nanotube structure 
allows rapid transportation of water. On the other hand, the broadband 
solar absorption within the nanotubes is promising to realize efficient 
solar vapor generation. As shown by the thermal image in Fig. 6A, when 
the dark am-TiOx hollow nanotube array sample was illuminated under 
1 sun solar light (i.e., 1 kW/m2), its surface temperature was increased 
up to ~80 ◦C. In particular, this dark am-TiOx/AAO surface is very hy-
drophilic (see the hydrophilicity of the AAO templates in Section S17 in 
the Supporting Information). As shown in Fig. 6B, when the water 
droplet touched the sample surface, it immediately spread out and the 
contact angle was near zero (see details in the Experimental Section). 
Thus, the water filled into the nanopores can be evaporated rapidly due 
to the photothermal capability of this dark am-TiOx/AAO sample. As 
shown in Fig. 6C and 6D, we placed the dark am-TiOx/AAO on top of a 
~4.9 cm2 white paper (Texwipe™ TX609) on a foam floating at the 
water surface. Two strips of paper transported the underlying water to 
the upper surface of the paper. The AAO template on top of the paper 
continued the water transportation within the nanopores for evapora-
tion (see details of the sample stability in Section S18 in the Supporting 
Information). Under 1 sun illumination (Fig. 6F), the surface tempera-
ture of the dark am-TiOx/AAO was ~39.0 ◦C (under the ambient tem-
perature of 21.3 ◦C and humidity of 25%, respectively). The average 
evaporation rate was ~1.29 kg/(m2 h) (Fig. 6E, see details in the 
Experimental Section), which is much higher than the natural evapo-
ration rate of ~0.12 kg/(m2 h) in dark environment. Therefore, the net 
increase in solar driven evaporation under 1 sun illumination is 
~1.17 kg/(m2 h). For comparison, we replaced the dark TiOx/AAO 
sample with a bare AAO template without am-TiOx. Under the same 1 
sun illumination, the average evaporation rate dropped to 
~0.33 kg/(m2 h) with a corresponding surface temperature of ~28.9 ◦C, 
demonstrating that the strong absorption of the dark TiOx/AAO effi-
ciently facilitated the solar vapor generation. 

Under moderate solar concentration conditions of 2, 3, 4, and 5 sun 
illumination, as shown in Fig. 6E, the vapor generation rates increased to 
~2.50 kg/(m2 h), ~3.92 kg/(m2 h), ~4.86 kg/(m2 h), and ~6.37 kg/ 
(m2 h), respectively. The corresponding surface temperature rose up to 
~52.7 ◦C, ~61.0 ◦C, ~65.5 ◦C, and ~70.0 ◦C, respectively (Fig. 6G–J). 
By considering the incident energy and the energy consumption in 
evaporation, the solar thermal conversion efficiency of ~85.3% and 

Fig. 6. (a) Thermal image of a dark am-TiOx/ 
AAO sample under 1 sun illumination, charac-
terized using a portable thermal imager (FLIR 
ONE Pro). (b) Water droplet on the dark am- 
TiOx/AAO sample. (c) The schematic and (d) 
the photograph of the thermal insulation ar-
chitecture with a dark am-TiOx/AAO sample on 
top of a fabric paper and a floating foam. (e) 
The water mass change as a function of time 
under 1 (purple), 2 (blue), 3 (green), 4 (yellow), 
and 5 (red) sun illumination. (f-j) The corre-
sponding thermal images of the dark TiOx/AAO 
sample under 1, 2, 3, 4, and 5 sun illumination.   
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~89.8% were calculated under 1 and 5 sun illumination, respectively 
(see calculation details in Section S19 in the Supporting Information). 
Compared with previously reported AAO templates with Au [60] and Al 
NPs [61], this thermally safe and more cost-effective dark am-TiOx/AAO 
architecture realized a very high solar thermal conversion efficiency, 
especially under 1 sun illumination (e.g. compared with ~64% and 
~58% in [60,61] under 1 sun illumination, respectively). This is mainly 
due to the better thermal isolation introduced by the floating foam ar-
chitecture [60,61,66] (see detailed comparison in Section 20 in the 
Supporting Information). 

4. Experimental section 

4.1. Fabrication of dark am-TiOx/AAO 

The AAO template was purchased from XFNANO Inc. The Ultratech/ 
Cambridge Nanotech Savannah S100 atomic layer deposition (ALD) 
system was used to deposit TiOx on the AAO template. The precursors 
were tetrakis (dimethylamido)-titanium (TDMAT) and water. The 
COBRA BC 0100F pump with a normal pumping speed of 100 m3/h was 
employed in the ALD process. Initially, the reaction chamber was pre- 
heated to 250 ◦C when the precursor TDMAT was kept at 75 ◦C. Nitro-
gen was utilized as a precursor carrier gas at the flow rate of 20 standard 
cubic centimeters per minute. In the optimal ALD process, the feeding 
time for TDMAT and water were 0.1 s and 0.015 s, respectively. The 
purge time for both precursors were 5 s 

4.2. Characterization 

The morphology and chemical composition of the dark TiOx/AAO 
was investigated by the scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDS), respectively, using Carl Zeiss 
AURIGA FIB-SEM system. The transmission electron microscopy (TEM) 
images were obtained using an FEI Titan 80–300 TEM at an acceleration 
voltage of 300 kV. The light absorption was measured using the inte-
gration sphere spectroscopy (Thorlabs IS200-4 equipped with Ocean 
Optics USB 2000+ UV–VIS Spectrometer, Ocean Optics Jaz Portable 
Spectrometer, and AvaSpec-NIR256–1.7TEC for the UV-IR range), with 
a white high reflectance sphere material (manufactured from poly-
tetrafluoroethylene based bulk material) as the reference. X-ray photo-
electron spectroscopy (XPS) analysis was carried out by a Physical 
Electronics ESCA 5600 system using Al Kα radiation to excite 
photoelectrons. 

4.3. Electron paramagnetic resonance (EPR) spectroscopy 

The dark TiOx/AAO sample was grinded into small grain and put into 
a quartz EPR capillary tube with an inner diameter of 1.0 mm. The 
capillary tube was sealed by beeswax and then put into a larger quartz 
EPR sample tube with an outer diameter of 4.0 mm. It was then 
measured by Bruker EMX 390 EPR Spectrometer at room temperature. 

4.4. Photocatalytic reduction of AgNO3 

As shown in Fig. 5, the light from the broadband light source 
(ENERGETIQ EQ-99XFC LDLS) was first collimated using a collimator 
(Thorlabs RC08SMA-F01), and then passed successively through Aper-
ture 1 with a diameter of 1 mm, a neutral density filter (Thorlabs NDC- 
50C-4M), a UV filter (Chroma Autofluorescent Plastic Slides), and 
Aperture 2. The dark TiOx/AAO sample was placed vertically in the 
center of the AgNO3 solution (0.5 mmol/L, 450 mL) stored in an acrylic 
container. The immersion time (i.e., reaction time) was 90 s for all 
samples and the illumination time was controlled by Aperture 2. After 
immersion, each sample was rinsed with deionized water for three times 
and then air dried vertically for 1 h. For better accuracy, each data point 
in the statistical analysis of the size distribution was based on three SEM 

images at different locations. 

4.5. Solar vapor generation measurements 

The 100 mL graduated cylinder with the sample on top was illumi-
nated by a solar simulator (Newport 69920 with AM 1.5 filter). The 
artificial sunlight intensity measured by a power meter (Thorlabs 
PM100D) with a thermal sensor (Thorlabs S305C, with a resolution of 
0.1 mW) could be adjusted from one sun to five sun. A portable thermal 
imager (FLIR ONE Pro, with a resolution of 0.1 ◦C) was employed to 
characterize the temperature of the sample. The weight change of the 
evaporation system was measured by an electronic scale (Adam EBL 
314i Eclipse® Analytical Balance, with a resolution of 0.1 mg) every ten 
minutes. The surface wetting property of the sample was measured using 
a CCD camera (FLIR USB2 camera, CMLN-13S2C-CS) capturing the 8 μL 
water droplet falling onto the sample surface. 

5. Conclusions 

In summary, we developed a facile one-step method using ALD 
process to fabricate ultra-thin am-TiOx nanotubes on AAO templates. 
Due to the non-stoichiometric Ti3+ and O- states as well as the structural 
features of the TiOx nanotube array on AAO substrates, the optical ab-
sorption band extends from UV (i.e., typical for traditional TiO2 mate-
rials) to visible and IR range. With an optimized 4-nm-thick am-TiOx 
film, a strong absorption over 95% was obtained throughout the solar 
spectrum from 300 nm to 1.6 µm. Remarkably, the deposition time of 
this ultra-thin film is ~18 min only, much shorter than conventional 
strategies to realize dark TiOx materials. In addition, the dark am-TiOx/ 
AAO samples exhibit great potential for photocatalysis and solar thermal 
applications. The reduction of AgNO3 solution to Ag NPs demonstrated 
the photocatalytic effect, which can be further explored for photo-
catalytic applications ranging from pollutant degradation [67], CO2 
reduction [68], to hydrogen production [69]. The photothermal capa-
bility of these dark hollow TiOx nanotubes was then demonstrated in 
solar vapor generation. With a simple thermal insulation architecture, a 
high solar thermal conversion efficiency of ~85.3% was achieved 
without any solar concentration. This type of dark semiconductor 
ultra-thin film materials may enable the development of simultaneous 
solar harvesting and energy conversion applications for sustainable 
energy and environmental investigation. 
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