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Titanium foils for use in photoelectrochemical devices are 
treated with a HNO3-HF solution. After this treatment, the 
optical reflection characteristics of the Ti substrates are 
markedly increased in terms of not only reflectivity but also 
optimized wavelength. Furthermore, the “multiple beam 
interference” theory and optical analysis of surface 
morphologies clearly verify the origin of the optimized optical 
reflection properties. 
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I. Introduction 
TiO2 on metal substrates allows for desirable 

photoelectrochemical devices, such as photovoltaic cells [1] 
and photocatalytic water splitting systems [2]. Particularly, the 
anatase form TiO2 on Ti substrates is preferred, due to its high 
efficiency, low cost, chemical inertness, and photostability [3]. 
Regarding optical wavelength, different photoelectrochemical 
devices utilize different ranges. For example, an anatase form 
TiO2-based photocatalytic water splitting system generates the 
e-/h+ precursor only with ultraviolet (UV) light (< 387.5 nm), 
rendering the use of solar irradiation inefficient [4]. On the 
other hand, a dye-sensitized solar cell (DSSC), a kind of 
photoelectrochemical device, produces a current using visible 
light. A considerable amount of visible light transmits the dye-
coated TiO2 electrode to generate the current in the DSSC 
system without causing an electron-generating reaction. 
Nevertheless, the performance of each device will significantly 
increase if the substrate reflects the transmitted light of the 
                                                               

available wavelength well, because the light that is not utilized 
in the energy conversion process is reflected rather than 
absorbed [5]. In detail, if the substrate were to reflect the UV 
light or visible light well, it would be helpful to the anatase 
form TiO
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2-based photocatalytic water splitting system or the 
DSSC, respectively. To strengthen the utilization of transmitted 
light, Poullou and others proposed an electrochemical method 
that uses the Ti substrates for multiple reflection [5]. However, 
the cavity for multiple reflection was formed by complicated 
processes, and the wavelength of the reflected light was not 
controlled in that structure. In the case of a DSSC, a bi-layer 
structure of TiO2 was proposed for the use of transmitted light, 
including a 20-nm-sized photoactive layer and a 400-nm-sized 
scattering layer [6]. However, the light is illuminated from a 
counter electrode, that is, back illumination, in the DSSCs 
based on the TiO2 on metal substrates [7]. The light-scattering 
layer should be located between 20-nm-sized TiO2 particles 
and metal substrates accordingly. However, this structure 
causes poor adhesion of the scattering layer to the metal 
substrate because of the relatively large particle size of the 
scattering layer. The optical reflection characteristics of the 
substrates, therefore, could be very significant in the DSSCs 
with the back illumination system. In the present study, we 
report that acid treatment of the Ti substrates for the 
nanocrystalline-TiO2 photoelectrode significantly improves the 
optical reflection characteristics in terms of not only reflectivity 
but also optimized wavelength. 

II. Experimentation 

Preparation. Prior to chemical treatment, the surfaces of the 
Ti foils (Goodfellow, 0.1 mm thickness) are cleaned in both 
acetone and deionized water and then the substrates are 
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Fig. 1. Cross-sectional STEM images of (a) nontreated and (b)
HNO3-HF-treated Ti substrate after thermal annealing. 
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subjected to a chemical treatment in a 0.8 M ~ 3.5 M HNO3-
HF solution for three minutes, followed by another ultrasonic 
cleaning process. Among several metal-oxidation methods [8], 
thermal annealing at 550°C under an air atmosphere is 
performed for the oxidization of the Ti foil. 

Characterization. The microstructures of the Ti substrates 
are inspected using scanning transmission electron microscopy 
(STEM) (Hitachi, HD2300A). Optical reflectance and color 
variations are identified using UV-VIS-NIR spectrophotometers 
combined with an integrated sphere (Varian, Cary 100 & 
DRA-CA-300) and a microlens system (Canon, EF 100 mm). 
The roughness factors and incident light angle of the substrates 
are optically identified with a scanning white light 
interferometer (Zygo, Newview7300). 

III. Results and Discussion 

Ti is resistant to corrosion in many acidic solutions. However, 
hydrofluoric acid dissolves Ti, according to reaction (1) [9]: 

Ti + 3HF  Ti3+ +3/2H2 + 3F–.              (1) 

To avoid the formation of hydride, a solution of HNO3-HF, 
rather than HF alone, is used. Figures 1(a) and 1(b) respectively 
show cross-sectional STEM images of nontreated and HF-
HNO3-treated Ti surfaces after thermal annealing. As shown in 
Fig. 1(a), a nontreated Ti substrate consists of three parts, that is, 
① thermally oxidized Ti (ca. 100 nm), ② fine-grained 
disordered Ti, and ③ normal-grained Ti. The fine-grained 
disordered Ti layer at the outermost surface of the nontreated Ti 
substrate could be attributed to the thermomechanical 
manufacturing process [10]. In contrast, a more uniform and 
thinner thermally oxidized Ti layer (ca.<50 nm) is exhibited in a 
HNO3-HF-treated Ti substrate. This means that the treatment of 
the Ti substrate both eliminates the fine-grained disordered Ti 
layer at the outermost surface and affects the surface morphology 
and characteristics of the thermally oxidized layer [11]. 

 

Fig. 2. Optical reflectance of Ti substrates (a) before and (b) after
thermal oxidation. (c) Photographes of Ti substrates after
thermal oxidation: ① nontreated and treated in ② 0.8 M
HNO3-HF, ③ 2.4 M HNO3-HF, and ④ 3.5 M HNO3-HF.

200 400 600 800 0

20

40

60

 3.5 M HNO3-HF 
 2.4 M HNO3-HF 
 0.8 M HNO3-HF 
 Nontreated Ti 

O
pt

ic
al

 re
fle

ct
an

ce
 (%

) 

Wavelength (nm) 
(a) 

200 400 600 800 0

20

40

60
 3.5 M HNO3-HF 
 2.4 M HNO3-HF 
 0.8 M HNO3-HF 
 Nontreated Ti 

O
pt

ic
al

 re
fle

ct
an

ce
 (%

) 

Wavelength (nm) 
(b) 

① ② ③ ④ 

(c) 

 
 

The HNO3-HF treatment combined with subsequent thermal 
annealing considerably alters the optical reflection properties of 
the Ti substrates in terms of reflectivity and optimized 
wavelength. Figures 2(a) and 2(b) respectively show the optical 
reflection of the Ti substrates with the UV-VIS-NIR 
spectrophotometers before and after thermal oxidation at 
550oC. Although, the optical reflectivity at metal surfaces could 
be very high [12], the nontreated Ti substrate exhibits a poor 
reflection characteristic, as shown in Fig 2(a). However, 
chemical treatment of the Ti substrates using a HNO3-HF 
solution, regardless of the solution composition, enhances the 
reflectivity of the Ti substrates before thermal annealing. The 
enhanced optical reflectance in the HNO3-HF-treated Ti 
substrate could be attributed to the elimination of the fine-
grained disordered region (Fig. 1), considering that the optical 
properties of solids are closely related to the size of the grain 
boundaries or to the degree of crystallinity [13]. 

After annealing at 550oC, more dramatic variations of optical 
reflection behavior, depending on the composition of the 
HNO3-HF solution, are observed in the HNO3-HF-treated Ti 
substrate (Fig. 2(b)). In addition, the positions of minimal 
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Fig. 3. Zygo images of HNO3-HF-treated Ti surface after thermal annealing at 550°C for 30 min. Solution compositions were (a) 0.8 M
HNO3-HF, (b) 2.4 M HNO3-HF, and (c) 3.5 M HNO3-HF. 
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reflectance, that is, maximal absorbance, also shift from    
463 nm, 694 nm, and > 800 nm. These variations of the optical 
properties in the visible light range also produce the diverse 
colors shown in Fig. 2(c). 

According to [14], [15], the color variation of Ti passive 
films originates from interference (iridescence) of the reflected 
light from thin transparent oxides and the light reflected at the 
inner metal surface. Airy developed the multiple beam 
interference theory to explain these phenomena [16]. In 
addition, absorption or reflection by a range of wavelengths, 
rather than a single wavelength, is attributed to the nonuniform 
thickness of the oxide layer [12], [14]. Compared with the 
HNO3-HF-treated Ti substrates (Fig. 1(b)), the thickness of the 
oxide layer of the nontreated Ti substrates is much greater and 
more variable (Fig. 1(a)), irrespective of the same oxidation 
condition. This thick and nonuniform oxide layer of the 
nontreated Ti substrate might result from the uneven 
distribution of the fine-grained disordered section at the 
outermost surface because development of the oxide layer is 
more pronounced at the disordered layer [17]. Thus, the low 
and flat reflection behavior of the nontreated Ti substrates after 
thermal annealing is attributed to the nonuniform thickness of 
the oxide layer and the inferior optical reflectance at the inner 
metal surface [11]. However, the optical characteristics of the 
HNO3-HF-treated Ti substrates vary with the solution 
composition, though all of the fine-grained disordered regions 
are completely removed and oxide layers form under the same 
oxidation conditions, that is, 550ºC (Fig. 1(b)). This variation 
with different solution compositions could be attributed to the 
morphological changes as can be verified by the discussion 
given below. The phase lag δ is closely related to both the 
thickness of the oxide layer and the incident light angle [18]: 

2 2 cos ,ndπδ φ
λ

=                   (2) 

where φ  is the incident light angle, n is the refractive index, and 

Table 1. As function of solution composition, morphological 
properties of HNO3-HF-treated Ti surface after thermal 
annealing at 550°C for 30 min.                (µm)

Roughness factors 
No. 

PVa) RMSb) Rac) 

0.8 M HNO3-HF 7.248 1.198 0.937 

2.4 M HNO3-HF 4.263 0.527 0.385 

3.5 M HNO3-HF 2.805 0.371 0.300 

 a) maximum peak-to-valley height, b) root-mean-square roughness, c) arithmetical
average roughness. 

d is the distance between the surfaces, that is, the thickness of 
the oxide layer in this study. The morphological variations of 
the Ti substrates are optically analyzed using a scanning white 
light interferometer (Zygo).  

Figure 3 shows the surface morphologies, and Table 1 
summarizes the roughness factors of the Ti substrates treated 
with a mixture of (a) 0.8 M HNO3-HF, (b) 2.4 M HNO3-HF, and 
(c) 3.5 M HNO3-HF and subsequent thermal annealing at 550ºC. 
Figure 4(a) exhibits the distribution of the inclination angle 
treated with various compositions of a HNO3-HF solution on 
the Ti substrate. The most dominant inclination angles of the 
treated Ti substrates, which are equal to the most dominant 
incident light angles, as depicted in Fig. 4(b), are 2.80°, 3.76°, 
and 9.89°. The irregular morphologies of the substrates make it 
difficult to derive any exact relationship. However, at the 
higher HNO3 concentration, the roughness of the Ti substrates 
decline, which is indicative of a reduction in the incident light 
angle. Delplancke and others reported that the most strongly 
absorbed wavelength is affected by the oxide-film thickness 
[15]. However, because the oxidation condition is constant in 
the present study, we conclude that variations in the incident 
light angle, rather than the oxide-layer thickness, explain the 
shift in the most strongly absorbed wavelength that is observed 
when the HNO3 concentration is changed. 
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Fig. 4. (a) Distribution of inclination angle (incident light angle) 
of Ti substrates treated with various compositions of 
HNO3-HF solution and (b) concept of inclination angle.
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IV. Conclusion 

In summary, we introduced a very simple but highly-
effective surface-treatment method of Ti substrates for use in 
photoelectrochemical devices, such as photovoltaic cells, 
including DSSCs and a photocatalytic water splitting system. 
By virtue of the proposed HNO3-HF treatment, the reflectivity 
of the Ti substrate was significantly increased. In addition, the 
reflected wavelength of thermally annealed Ti substrates was 
optimized, that is, high reflectivity was obtained in the UV or 
visible region according to the solution compositions. 
Furthermore, the “multiple beam interference” theory and 
optical analysis of surface morphologies clearly confirmed that 
the origin of the optimized optical reflection properties of 
HNO3-HF-treated Ti substrates are attributed to the varied 
inclination angles of the substrates. 
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