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Abstract 

Hierarchical titanium oxide nanostructures were synthesized by Pulsed Laser Deposition (PLD) and 
investigated as photoanodes for photoelectrochemical water splitting. An explorative combined 
approach to enhance TiO2 performance was based, on the one hand, on the employment of 
hydrogenation treatments with the aim of improving quantum efficiency and extending light 
absorption to the visible range; on the other hand, on the optimization of morphology and structure, 
to increase light harvesting and charge separation/transport. This approach was pursued by 
depositing at a fixed background pressure with variable oxygen content (to control the growth 
morphology and structure) and by annealing in a Ar/H2 mixture (in substitution of or in 
combination with air annealing), in order to induce crystallization to the anatase structure and 
reduction/hydrogenation of the material. Morphology, structure and optical properties were 
investigated by SEM, Raman spectroscopy, X-ray diffraction and UV-visible-IR spectroscopy. An 
optical absorption tail towards the visible range appeared after Ar/H2 annealing, without any 
significant modification of the nanoscale structure after the different thermal treatments. 
Photocurrent measurements under solar simulator illumination showed a noteworthy increase of 
photoresponse for Ar/O2-deposited samples with air annealing followed by Ar/H2 annealing. These 
findings can be ascribed to the combination between an improved charge transport of TiO2 
deposited in low-O2 atmosphere and a hydrogenation effect on the nanostructures surface layers, 
leading to improved quantum efficiency. 
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1. Introduction 

Hydrogen has been suggested as a possible alternative energy carrier to fossil fuels, since its 
combustion reaction leads only to water vapor; additionally, it is possible to produce it without 
greenhouse gases as byproducts exploiting the energy of solar radiation [1]. One promising way in 
this direction, although far from commercial application, is by means of the so-called 
photoelectrochemical (PEC) water splitting, in which, most commonly, a photoanode 
semiconductor material, immersed in water and electrically connected to a cathode, is illuminated 
by solar light and promotes the decomposition of water into molecular oxygen and hydrogen [2]. 

This phenomenon was firstly reported in 1972 by Fujishima and Honda using a titanium dioxide 
(TiO2) photoanode [3]. Today, nanostructured TiO2 is still the most investigated material thanks to 
its activity, low-cost, non-toxicity and high chemical stability [4]. Nevertheless, it suffers from two 
main limitations: poor light absorption in the visible region and limited quantum efficiency for the 
water splitting process [4]. To overcome these issues, two main strategies have been proposed so far 
in literature: i) tuning the material structure and morphology at the nanoscale, in order to enhance 
the active surface, improve light harvesting and minimize charge recombination, and/or ii) doping 
or sensitization, to shift the absorption towards the visible light [2,4]. 

Investigations concerning the first approach have been undertaken in several ways. Notably, one-
dimensional (1D) or quasi-1D nanostructures have been recently considered to the anisotropic 
morphology, desirable for a preferential electron transport towards the electrical contact, and, at the 
same time, the large surface area with tunable porosity at the nanoscale, favoring the infiltration of 
molecules as well as effective light scattering [5–7]. For instance, extensive research has been 
devoted to TiO2 nanotube arrays, thanks to their high surface-to-volume ratio, ordered geometry 
and simple production process by electrochemical anodization [5], and to quasi-1D hierarchical 
nanostructures, due to their increased light trapping capability [8]. The latter can be prepared, for 
instance, by controlling the process parameters of pulsed laser deposition (PLD), an effective and 
versatile physical vapor deposition technique able to produce thin films of several materials with 
controlled morphological, structural and functional properties [9,10]. Indeed, TiO2 hierarchical 
nanostructures prepared by PLD have been studied by some of us as photoanodes for the oxidation 
of organic molecules [11], for dye-sensitized solar cells [12,13] and, recently, for 
photoelectrochemical water splitting [14]. 

Research aimed at shifting absorption to the visible range has also been extensively developed. 
Typically, the solar absorption of TiO2 increases by adding a controlled amount of metal or non-
metal impurities capable to generate donor or acceptor states in the bandgap [2]. Recently, a 
different strategy has been proposed by Chen and Mao [15] by producing a modified form of TiO2 
with a narrowed bandgap. This material, called “black titania”, was obtained by treating anatase 
nanocrystals in a pure hydrogen atmosphere at high temperature and pressure. As black titania 
showed a significantly increased photocatalytic activity for water splitting with respect to pure 
TiO2, several works have been devoted to the synthesis and control of this material. In most of 
them, TiO2 nanopowders have been considered and various experimental methods have been 
employed in order to obtain black titania; accordingly, the results depend on the experimental 
procedure [16]. Moreover, despite some theoretical investigations [17], an accurate and complete 
comprehension of the atomic-scale structural changes and of the physical mechanisms involved in 
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hydrogenation and leading to the striking functional properties of black titania has not been 
achieved yet. 

Recent investigations have shown encouraging results in the attempt to combine an suitable 
morphology with extension of the photoresponse to the visible range, some example being 
hydrogen treatment on rutile nanowires [18], vacuum annealing of wire-in-tube nanostructures [19] 
and hydrogen treatment on nanotube arrays [20]. However, many open questions still need to be 
addressed to reach a full control of morphology and composition to develop this combined approach 
as a reliable strategy for the realization of effective TiO2 photoanodes. 

Here we develop photoanodes based on titanium oxide hierarchical nanostructures and we study in 
detail the effect of the deposition atmosphere and of thermal treatments in a Ar/H2 mixture at 
atmospheric pressure on the photoelectrochemical water splitting performances, with the aim of 
investigating and understanding the relation between structural properties and photoresponse.  
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2. Experimental 

2.1 Synthesis of TiO2 photoanodes 

TiO2 nanostructured films have been deposited by ablating a TiO2 target with a ns-pulsed laser 
(Nd:YAG, 2nd harmonic, λ = 532 nm, repetition rate 10 Hz, pulse duration 5-7 ns). The laser fluence 
on the target was set at about 3.5 J/cm2 and the laser pulse energy was 170 mJ. Silicon (100), soda-
lime glass and titanium plates were used as substrates, mounted on an off-axis rotating sample 
holder at a fixed target-to-substrate distance of 50 mm. All the substrates were kept at room 
temperature and titanium plate substrates of 2×1 cm2 were half masked during deposition to leave a 
clean surface for electrical contacts for photoelectrochemical measurements. The deposited mass 
was fixed at about 0.3 mg/cm2, as estimated from quartz microbalance measurements; the 
deposition rate ranged between 6 and 16 nm/min. The depositions were performed at a fixed 
background gas pressure of 5 Pa in three different gas atmospheres: pure oxygen, Ar/O2 mixture 
(50%-50%) and Ar/H2 mixture (97%-3%). We selected a deposition pressure of 5 Pa, with a 
nominal thickness of about 1.4 μm, according to the best results obtained in a previous work [14], in 
which some of us investigated the morphology dependence of the photoelectrochemical response of 
TiO2 nanostructured films deposited by PLD. 

Post deposition annealing treatments were performed in a Lenton muffle furnace in air at 500°C 
(4°C/min heating ramp, 2 hours dwell). This “standard” air annealing was either followed by or 
substituted with a thermal treatment in a Ar/H2 (97%-3%) mixture at atmospheric pressure 
performed in a home-made furnace at 500°C (10°C/min heating ramp, 3 hours dwell). 

2.2 Morphological and structural characterization 

SEM analyses (top view and cross-sectional) were performed on samples grown on silicon 
substrates with a ZEISS Supra 40 FEG-SEM without any sample preparation. 

Raman spectra were collected from samples grown on silicon or glass substrates using a Renishaw 
InVia micro Raman spectrophotometer with 514.5 nm laser excitation wavelength and power on 
sample of about 1 mW. 

X-Ray diffraction patterns were collected using a Bruker D8 Adavance X Ray diffractometer, 
operating in reflection mode with Ge-monochromated Cu Kα1 radiation (λ = 1.5406 Å) and a linear 
position-sensitive detector; with a 2θ range 10−70°, a step size 0.038° and time/step 1.5 sec. 
Samples were mounted in sample holder with motorized z-position (4.3 mm). Diffraction patterns 
were collected at room temperature. The peak position and the full-width at half maximum 
(FWHM) of the peaks were then obtained using TOPAS software (Bruker). The crystallite sizes 
were estimated through the Scherrer formula [21].  

Optical transmittance (in the range 250 – 2000 nm) and reflectance spectra (in the range 290 – 600 
nm) were evaluated with a UV-vis-NIR PerkinElmer Lambda 1050 spectrophotometer with a 150 
mm diameter integrating sphere. All the acquired spectra were normalized with respect to the glass 
substrate contribution by setting to 1 the intensity at the glass/film interface.  
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2.3 Photoelectrochemical experiments 

Photoelectrochemical (PEC) measurements were carried out in aqueous KOH solution (0.1 M) with 
a three-electrode cell equipped with a flat quartz window. TiO2 films on Ti substrate photoanodes 
(working area of 1 cm2) were used as the working electrode while a platinum grid and a saturated 
calomel electrode (SCE) were used as counter and reference electrode, respectively. The light 
source was a solar simulator (Lot Quantum Design LS0306) equipped with a 300 W xenon arc lamp 
and AM1.5G filter (Lot Quantum Design LSZ389). A light intensity of 100 mW/cm2 was measured 
prior to the experiments using a light meter HD2302.0 (Delta OHM). The performance of the TiO2 
photoanodes was evaluated by measuring the photocurrents under an external bias [22–25], 
provided by a potentiostat (Amel 7050) performing potential ramps from −0.8 V to about 0.5 V, 
with a scan rate of 5 mV/s. PEC measurements were also performed under constant light 
illumination and fixed bias potential (0.4 V) for 6 hours, in order to evaluate the photoanodes 
stability [26–28]. 
Photocurrent spectral quantum efficiency was measured in the range 300- 600 nm at an applied 
potential of 0.5 V using a three electrode arrangement (Ag/AgCl, 3 M KCl, as reference and Pt as 
counter electrode) in an electrochemical cell equipped with a quartz glass window in 0.1 M Na2SO4 
solution. The illumination setup consisted of an Oriel 6356 150 W Xe arc lamp as a light source and 
an Oriel XCornerstone 7400 1/8 monochromator. 
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3. Results and discussion 

The adopted strategy to obtain hydrogenated/reduced hierarchical TiO2 nanostructures and to study 
the corresponding effect on the photoelectrochemical activity is based on the control of both 
deposition and annealing conditions. On the one hand, three deposition atmospheres have been 
selected, keeping the total pressure at 5 Pa, as follows: 

 pure oxygen (“O2-TiO2”, reference); 
 Ar/O2 (50%-50%) mixture (“Ar/O2-TiO2”); 
 Ar/H2 (97%-3%) mixture (“Ar/H2-TiO2”). 

The last two approaches were intended as a means to induce oxygen sub-stoichiometry and/or 
hydrogenation in a partially reducing environment, directly in the synthesis step. On the other hand, 
three post-deposition thermal treatments have been tested for each of the deposition conditions, as 
follows: 

 air, 500°C, 2 hours (“Air”, reference); 
 Ar/H2 (97%-3%) atmosphere, 500°C, 3 hours (“Ar/H2”) at environmental pressure; 
 “double treatment”: Air annealing followed by Ar/H2 (“Air+Ar/H2”). 

For each deposition condition (i.e. background atmosphere) we evaluated the effect of the three 
different annealing procedures on twin samples deposited in the same PLD experimental run. 
Accordingly, all the samples have been characterized from a morphological, structural and optical 
point of view and, finally, tested in a photoelectrochemical cell. 

3.1 Photoanode structure and morphology 

The morphology of as-deposited titanium oxide films obtained in different background 
atmospheres, keeping the total pressure fixed at 5 Pa, is presented in the SEM images in Fig. 1. The 
O2-TiO2 film surface (Fig. 1A) exhibits a granular appearance and a nanoscale porosity; cross-
sectional images (Figs. 1B, C) show a morphology organized in vertically-oriented nanostructures, 
which, at higher magnification (Fig. 1C), appear to be composed by nanoparticles. Similarly, the 
Ar/O2-TiO2 film (Fig. 1D) shows a morphology characterized by oriented porous columnar 
structures composed of nanoparticles. Conversely, the Ar/H2-TiO2 film (Fig. 1E) grows denser and 

more compact and their thickness is lower (i.e. 1 m instead of 1.4 m).  
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Figure 1: Top-view and cross-sectional SEM images of TiO2 samples as-deposited with PLD. A) O2-TiO2 (top view); B) 
O2-TiO2 (cross section; the full film is visible, having a thickness of 1.4 µm); C) O2-TiO2 (higher magnification); D) 
Ar/O2-TiO2; E) Ar/H2-TiO2. 

Raman spectra allow to investigate the degree of structural order and the oxide phase. As shown in 
Fig. 2, all the Raman spectra of as-deposited films are characterized by broad bands, typical of 
highly disordered materials, so that the overall shape of spectra and band broadness do not allow to 
determine the oxide phase. O2-TiO2 and Ar/O2-TiO2 films show similar spectra with three very 
large features, while Ar/H2-TiO2 shows a spectrum with even broader features, which is an 
indication of a higher degree of local disorder. This difference is probably related to the lower 
oxygen content in the Ar/H2-TiO2 sample induced by the deposition in a reducing atmosphere [29]. 

 

Figure 2: Raman spectra of as-deposited TiO2 samples with different background gas: pure O2 (top), Ar/O2 mixture 
(middle) and Ar/H2 mixture (bottom). 

The observed morphological effects are related to clustering and diffusion phenomena occurring in 
the expanding ablation plume during the deposition process. It can be expected that O2 and Ar/O2 
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atmospheres affect the growth in a very similar way, considering that the molecular mass of O2 and 
Ar are very similar (and thus the associated elastic scattering processes [30]). On the other hand, 
deposition in Ar/H2 results in a different morphology, possibly related to different chemical 
reactions occurring during expansion, thus affecting the dynamics of the plume; this likely leads to 
a different kinetic energy of the deposited species and, possibly, to a strongly under-oxidized 
material.  

All the films have been exposed to post-deposition thermal treatments and morphological and 
structural effects have been investigated. We here discuss these effects for Ar/O2-TiO2 samples, 
which showed the best photoelectrochemical response (as discussed below); a very similar behavior 
has been observed for O2-TiO2 and Ar/H2-TiO2 films (see Supporting information). 

The morphology of Ar/O2-TiO2 film before and after annealing treatments is shown in SEM images 
of Fig. 3. The overall morphology after any thermal treatment does not change; however, the 
nanostructure organization becomes more evident, together with a partial merging between 
nanoparticles constituting the film, due to a sintering effect induced by annealing. This leads to an 
increase in coalescence and connectivity among the nanoparticles. The sintering effect is 
particularly evident upon annealing in air; this could also be related to the slower heating/cooling 
rate of the muffle furnace. 

 

Figure 3: SEM images of Ar/O2-TiO2 films. A) As-deposited; B) Air annealed; C) Ar/H2 annealed; D) Air+Ar/H2 
annealed. 

The crystalline structure of the annealed samples was first investigated by means of Raman 
spectroscopy (as shown in Fig. 4). From the comparison with the as-deposited films (Fig. 2), it is 
evident that all the annealing treatments induce crystallization in the anatase phase. Indeed, the five 
characteristic peaks of this phase at 144, 198, 399, 517 and 638 cm−1 are present in all the spectra, 
while the sixth weak A1g active mode expected at 513 cm−1 is covered and merges into the peak at 
517 cm−1 [31]. Moreover, no significant variation of position or width of the peaks is observed; 
therefore, we can exclude relevant effects related to quantum confinement [32,33], large defectivity 
[34] or poor O stoichiometry [32,35]. The same behavior, i.e. crystallization to anatase phase 
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independent from the adopted thermal treatment, has been observed also for samples deposited in a 
different background atmosphere (pure O2 and Ar/H2, see Supporting information). 

In addition, a photoluminescence (PL) background appears under the Raman peaks for Ar/H2- and 
Air+Ar/H2-annealed films, but not for the Air-annealed one. This is evident from Fig. 4B, in which 
PL spectra excited by the same laser line used for Raman measurements (514.5 nm, i.e. 2.41 eV, 
thus smaller than the bandgap) are reported; a large band is observed in the spectral region from 550 
to 900 nm (1.3-2.3 eV), composed by a few components. Since these PL features are absent for the 
Air-annealed film, we assume that they are related to defect levels in the oxide gap induced by the 
hydrogenation treatment, such as O vacancies or Ti3+ sites, as reported for instance for hydrogen-
treated TiO2 nanoparticles [36]; indeed, these defects are typically foreseen in reduced TiO2 
materials [37]. However, the exact nature of H-induced defects and disorder in black titania is still a 
partially open issue [16,38], and further investigation is necessary to assess the precise origin of the 
observed PL and the related involved defects and energy levels (for instance with low temperature 
PL measurements). In our case, a photoluminescence background in Raman spectra can be 
considered and used as an indication of radiative recombination through defect states, induced by 
thermal treatments in a reducing atmosphere; as such, these defects could be present only in a 
limited amount in air-annealed films, thus not giving rise to a PL signal. 

 

Figure 4: A) Raman spectra of annealed Ar/O2-TiO2 samples (red: Air; blue: Air+Ar/H2; black: Ar/H2). Spectra are 
separated in two panels with arbitrary intensity units because the peak at 144 cm−1 is largely more intense than all the 
other peaks. B) Photoluminescence spectra (acquired at room temperature with excitation wavelength of 514.5 nm) of 
annealed Ar/O2-TiO2 samples (same colors as A). 

Further information on the crystalline structure has been obtained by means of X-ray diffraction 
(Fig. 5) showing that the as-deposited films are amorphous, while once annealed they become 
crystalline with anatase phase, in agreement with the observations from Raman spectroscopy. The 
crystal domain size, estimated through the Scherrer formula for the (004) peaks, is between 30 and 
40 nm, similarly to the estimate made by SEM observations. 
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Figure 5: XRD spectra of as-deposited and annealed Ar/O2-TiO2 films on glass substrates (green: as-deposited; red: 
Air; black: Ar/H2; blue: Air+Ar/H2). 

To investigate the optical absorption properties of the annealed Ar/O2-TiO2 films, transmittance and 
reflectance spectra in the UV-vis-NIR range are shown in Fig. 6. First, we observe that the three 
annealing treatments result in a different color of the films, as visible to the unaided eye: the Air-
annealed one is white, the Ar/H2-annealed is dark-yellow and the Air+Ar/H2-annealed one is grey 
(see inset of Fig. 6). This qualitative color difference is experimentally confirmed by a change in the 
transmittance curves, especially in the visible region: in proximity of the optical bandgap, the 
absorption edge is smoother for the samples annealed in Ar/H2 with respect to the sample only 
annealed in air. For all the samples the haze factor, evaluated as the ratio between the diffuse and 
the total components of the transmittance, is between 20% and 40% (see Supporting information). 
Absorbance spectra are obtained from transmittance and reflectance measurements in the bandgap 
region (Fig. 6B). In this case, the Ar/H2-annealed film shows a more pronounced absorption tail in 
the visible range; however, the bandgap of all the samples, evaluated with the Tauc plot method, is 
almost unchanged, about 3.2 eV, which is the typically expected value of anatase (see Supporting 
information).  

The appearance of the absorption tail in the visible range without a change in the bandgap value is 
related to the presence of a limited amount of defect states in the bandgap, introduced by annealing 
in Ar/H2 atmosphere, or to surface states. The presence of these defects is supported by 
photoluminescence spectra, which suggest radiative emission upon excitation with photon energy 
below the bandgap (2.4 eV). However, a precise identification of these defect states would require 
specific investigations and is beyond the scope of the present work. 
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Figure 6: Optical analysis of annealed Ar/O2-TiO2 films (red: Air; black: Ar/H2; blue: Air+Ar/H2). A) Transmittance 
curves; B) absorbance curves. 

3.2 Photoelectrochemical properties 

 

Figure 7: Effect of the annealing treatment on the photoelectrochemical behavior for TiO2 photoanodes produced at 5 
Pa of pure O2 (A), Ar/O2 atmosphere (B) and Ar/H2 atmosphere (C); J−V curves obtained with a scan rate of 5 mVs−1. 
Each color corresponds to an annealing treatment, as follows: red, Air; black, Ar/H2; blue, Air+Ar/H2; green, Air for 5 
hours. 
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The effect of the annealing treatments on the photoresponse of films deposited in pure O2, Ar/O2 
and Ar/H2 mixture, evaluated with photocurrent measurements, is presented in Figs. 7A, B and C, 
respectively. All the samples exhibit negligible anodic current (less than 5 μA cm-2) under dark 
conditions (not shown) over all the investigated potential range, which indicates that insignificant 
photoelectrochemical water oxidation occurred at the anodes surface. On the contrary, upon 
illumination, photocurrent generation is observed. 
For the O2-TiO2 photoanodes (Fig. 7A), the best performances are associated with the film annealed 
in air: photocurrent onset is observed at approximately −0.75 V; then the photocurrent density 
gradually increases with the applied potential, because of the efficient charge carriers separation 
under the effect of the applied bias [39–41], until a saturated photocurrent density of ca. 40 μA cm-2 
is observed. The photoresponse decreases for these samples after Ar/H2 or Air+Ar/H2 annealing: in 
these cases, the photocurrent onset is observed at a higher potential value (about −0.45 V), and a 
lower saturated photocurrent density is measured (i.e. reaching values near 20 and 15 μA cm-2 at 0.5 
V, respectively), which suggests a less efficient generation and transfer of photogenerated charge 
carriers and major recombination losses, as well [42–44].  
In the case of Ar/O2-TiO2 photoanodes (Fig. 7B), the film annealed with a double Air+Ar/H2 
treatment outperforms those annealed in air and Ar/H2. Indeed, it shows the highest photocurrent 
densities through the entire potential window, and the saturated photocurrent reaches a value of 110 
μA cm-2 at 0.5 V, which represents a 3-fold increase of the photocurrent response if compared to the 
other thermal treatments. As a control experiment, Fig. 7B shows also the results obtained over a 
Ar/O2-TiO2 sample annealed in air for 5 hours instead of 2 hours, as for all the other air-annealed 
films. As it clearly appears, a photocurrent density comparable to that of the 2-hours air-annealed 
sample is attained, thus indicating that the increase of photocurrent observed in the case of the 
double-treated photoanode is not related to the total annealing time, but it likely depends on the 
hydrogenation treatment. 
Finally, the effect of the annealing treatments was also evaluated for Ar/H2-TiO2 films (Fig. 7C); in 
this case we observe that the photocurrent is low and the results show a negligible effect of the 
different annealing conditions on the photoactivity. 
In order to gain information on the effect of the background deposition gas on the photoresponse, 
Fig. 8 shows the variation of the photocurrent density values recorded at 0.4 V for the films 
deposited in pure oxygen, Ar/O2 and Ar/H2 atmospheres as a function of the different annealing 
treatments. Clearly, regardless of the annealing conditions, the photoanodes deposited in Ar/O2 
atmosphere always lead to a higher photoresponse than those deposited in pure oxygen and Ar/H2 
atmosphere. Moreover, among the Ar/O2-TiO2 films, the most promising thermal annealing is the 
Air+Ar/H2 treatment. Conversely, the least effective photoanodes are those prepared under Ar/H2 
atmosphere. 
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Figure 8: Photocurrent density, recorded at 0.4 V vs. SCE for photoanodes deposited in pure oxygen (■), in Ar/O2 
atmosphere (●) and Ar/H2 atmosphere (▼), as a function of the different annealing treatments. 

The films’ behavior has been further examined by considering the photoconversion efficiency (η%), 
which has been calculated according to equation (1) [45,46]: 
 

η (%) = (J (E°−│Eapp│))/I*100                               (1) 
 
where J is the photocurrent density (µA cm−2), E°=1.23V is the standard reversible potential for 
water splitting, │Eapp│ is the applied potential (evaluated as the difference between the bias 
potential and the OCV under the irradiated power light), and I is the incident light power density. 
Accordingly, photoconversion efficiency is particularly useful in the analysis of electrically driven 
photo-processes, as in the present case, because it takes into account not only the power light but 
also the external potential applied to the electrode. Photoconversion efficiency as a function of 
potential is shown in Fig. 9 for the different photoanodes annealed in Air (A), Air+Ar/H2 (B) and 
Ar/H2 (C). As it clearly appears, the highest photoconversion efficiencies are found for films 
deposited in Ar/O2 atmosphere (green lines), followed by those deposited in pure O2 (light blue) 
while the lowest values are found for samples deposited Ar/H2 atmosphere (orange lines). The 
maximum photoconversion efficiency of ca. 0.095% is obtained for the Ar/O2-TiO2-Air+Ar/H2 
photoanode (deposited in Ar/O2 and annealed with double treatment, see Fig. 9B). 
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Figure 9: Photoconversion efficiency  for photoanodes annealed in Air (A), Air+Ar/H2 (B) and Ar/H2 (C) deposited in 
pure oxygen (light blue lines), in Ar/O2 atmosphere (green lines) and Ar/H2 atmosphere (orange lines). 

Finally, the photostability of the Ar/O2-TiO2 films (i.e. the photoanodes with  the best 
performances) was further investigated. Fig. 10 shows the photocurrents measured over time with 
applied bias potential of 0.4 V for the samples after Air annealing, Ar/H2 annealing and Air+Ar/H2 
annealing. In line with the above results, the sample annealed with Air+Ar/H2 treatment shows the 
highest photocurrent results and, notably, possesses the highest photostability. As a matter of fact, 
after 6 h of continuous illumination the photocurrent drops within about 5% vs. 15% and 20% for 
samples annealed in Air and Ar/H2, respectively. Moreover, the photostability of this photoanode 
was further confirmed by photocurrent measurements over several months, which showed very 
similar results as those presented in Fig. 7 (not shown). 

 

Figure 10: Photostability of annealed Ar/O2-TiO2 photoanodes measured by photocurrent over time with applied bias 
potential of 0.4 V vs SCE. 
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3.3 Discussion 

We focused our investigation on the effect of hydrogenation/reduction treatments (during or post-
deposition) on the photoelectrochemical properties of hierarchical nanostructured titanium oxide 
layers. The morphology, which usually depends on the deposition pressure, was kept fixed, as it is 
optimized in terms of available surface area (of the order of tens of m2/g) and light scattering 
performance as a result of previous investigation on similar structures [14]. 

The findings reported above clearly show that the deposition atmosphere composition and the 
annealing atmosphere/procedure strongly influence the photocatalytic performances. An 
explanation of the observed features is not straightforward, also considering that the precise effect 
of hydrogenation on the atomic scale structure (and thus on the electronic/optical properties) 
strongly depends on the experimental procedure and is still debated in the current literature [38]. 

Considering the most active film emerging from photoelectrochemical experiments, i.e. Ar/O2-
TiO2-Air+Ar/H2 (Fig. 7), useful information comes from the measurement of the photocurrent 
spectral quantum efficiency (incident photon-to-current efficiency, IPCE, see Fig. 11), which was 
measured also for Ar/O2-TiO2-Air as a reference. 

 
Figure 11: IPCE spectra of annealed Ar/O2 samples (black: Air; red: Air+Ar/H2). 

IPCE spectra confirm the beneficial effect of the double annealing (i.e. hydrogenation+air 
annealing), leading to a significant improvement by a factor > 3. This effect, however, cannot be 
attributed to the slightly increased absorption in the visible range (i.e. to a small “blackening” effect, 
see Fig. 6); instead, only quantum efficiency in the UV range is significantly improved. 

Structural characterizations (Raman, XRD) and absorption/photoluminescence spectra for all the 
investigated films point to a material characterized by an assembly of nanoparticles with a 
crystalline (anatase) core, with hardly detectable disorder or defects confined to the nanoparticles’ 
surface layers. In the recent literature on black titania, indeed, theoretical and experimental 
evidences show that various defects can be formed depending on the hydrogenation/reduction 
procedure, such as oxygen vacancies/Ti3+ sites, surface disorder, Ti-OH and Ti-H bonds [16,38]. As 
a consequence, these defects induce electronic states in the bandgap, which can act as trapping sites 
for photogenerated charges, retarding their recombination [38]. In addition, an improvement in 
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electrical conductivity has also been suggested as an effect arising from any 
hydrogenation/reduction treatment of TiO2 thin films [47]. 

In our case, the hydrogenation annealing step leads to a significant beneficial effect only if preceded 
by annealing in air, which is fundamental because it leads not only to crystallization, but also to 
significant sintering between nanoparticles, as shown in Fig. 3, thus reducing 
defects/recombinations and improving electron mobility through the formation of crystalline 
vertical channels (with reduced grain boundaries), where electrons can be efficiently transported to 
the external circuit, as observed with TEM in previous works [13,48]. 

The improvement of the photocatalytic performance upon the second annealing step in Ar/H2 is 
instead consistent with a hydrogenation effect limited to the particle surface. It is out of the scope of 
this work to investigate the specific role of hydrogen at the atomic scale, i.e. whether it just provides 
reducing conditions for the formation of O vacancies/Ti3+ sites, or if H terminations play an active 
role in the photocatalytic process. Indeed, preliminary XPS measurements on the most promising 
film (Ar/O2-TiO2-Air+Ar/H2) did not point out a clear difference from a reference film (Ar/O2-
TiO2-Air, not shown). In any case, even though visible absorption is enhanced (Fig. 6), IPCE 
spectra indicate that hydrogenation is somehow beneficial for improving efficiency in the UV by 
reducing recombinations or improving charge transport, in agreement with what observed in other 
works [18,47,49,50]. 

We now consider the effect of the initial deposition atmosphere on the functional performance of 
the material. The air annealing step is expected to heal sub-stoichiometry or crystalline defects that 
may arise from a deposition in oxygen-poor atmosphere; indeed, structural characterization 
indicates no detectable difference between samples deposited in all the explored atmospheres. 
However, we make the hypothesis that slight differences, probably related to a small O deficiency 
in the nanoparticle core and leading to better conduction, are important in terms of photocatalytic 
performance, so that a “memory”  effect (with respect to deposition atmosphere) is clear in our 
results, and particularly for the best performing sample. In fact, a double treatment on TiO2 

deposited in O2 or in Ar/O2 leads to completely different results (see Fig. 8).  

In particular, the Ar/H2-deposited samples show the lowest photoresponse (also if we increase the 
deposition pressure in order to obtain a more open morphology, similar to the O2- and Ar/O2-TiO2 

samples; see Supporting information); this can be understood considering that the oxygen 
deficiency during the deposition process is too high with respect to deposition in Ar/O2 mixture, as 
discussed above. 

In any case, these observations point to the possibility of finely tuning the deposition atmosphere 
composition (prior to the annealing procedure), or to exploit the use of metallic Ti targets (instead 
of TiO2) for a fine adjustment of the O-deficiency and thus of the material functional properties.  
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4. Conclusions 

Hierarchical TiO2 nanostructured films have been studied as photoanodes for photoelectrochemical 
water splitting and the controlled introduction of composition/crystalline defects into the material, 
in order to increase its photoresponse, was explored both during the deposition step and with 
annealing in a Ar/H2 mixture at atmospheric pressure. Thermal treatments in the presence of 
hydrogen do not affect the overall morphology and structure of the material, but they induce the 
onset of an absorption tail in the visible range and they influence the material photoactivity; 
however, the material functional properties are also affected by the deposition gas employed (a sort 
of “memory effect”). It was found that some shortage of oxygen in the deposition step as well as a 
double thermal treatment (in air and, subsequently, in the Ar/H2 mixture) lead to a clear 
enhancement in TiO2 photoresponse with respect to all the other investigated conditions. 

Further optimization of the material is foreseen, both by considering a fine tuning of the deposition 
atmosphere and by considering other reducing annealing conditions, such as in vacuum, which may 
help to understand what is the specific role of hydrogen, or in high-pressure pure hydrogen, as 
typically done for obtaining black titania. However, we would like to underline that the 
development of low-ambient pressure treatments with a low H2 content may have an intrinsic 
interest in view of application development. Indeed, annealing in Ar/H2 atmosphere have already 
been proposed for other nanostructures for the application in lithium-ion batteries [51,52] and for 
photoelectrodes [53]. 

The obtained results and the manifold improvement possibilities support the promising expectations 
on the use of hierarchical nanostructures of TiO2 or other oxides for PEC experiments, as well as 
other applications, such as photoanodes for solid-state photoelectrochemical solar cells.  
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