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Abstract 

 

In recent years, significant attention has been given to the development of 

photoelectrochemical materials capable of producing high current densities under 

illumination for a range of applications. Titanium dioxide nanotubes (TiNTs) have 

emerged as a favourable nanomaterial due to a reduced rate of recombination coupled 

with the ability to generate stable and high photocurrents. To date however, there has 

been no reports on the use of TiNTs for the photoelectrochemical production of 

chlorine, a powerful disinfectant, under UV light. The work reported here describes the 

construction of TiNTs for chlorine generation under low power UV-Light Emitting Diode 

(UV-LED) irradiation. Linear sweep voltammetry has shown TiNTs to be active for 

chlorine generation, achieving an average faradaic yield of ~60 %, which was found 

to be significantly higher when compared to sol-gel electrodes (~40 %). Furthermore, 

the impact of electrode conditioning was evaluated, demonstrating improved 

performance after removing surface contaminants.  
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1. Introduction 
 

The initial publication by Fujishima and Honda in 1972 demonstrated the capability of 

both TiO2 and photoelectrochemistry (PEC) to be utilised for water splitting [1]. Since 

then, material development for photocatalytic and PEC systems has grown 

significantly with published articles now covering a diverse range of compounds and 

applications [2]–[4]. While there are a range of materials deployed by researchers for 

PEC application, titania based materials remain one of the most commonly reported 

with a key focus being to improve the overall efficiency and activity [5]. Regardless of 

the application, photocatalytic material activity is generally dictated by their ability to 

absorb light and to generate and allow sufficient migration of the electron-hole pairs to 

facilitate a desired chemical reaction. These key properties are largely influenced by 

physical, chemical and electronic properties such as surface area, crystal phase and 

geometry [6]. As a result, research has focused on the development of nanostructured 

catalysts such as nanotubes [7], nanowires [8] and nanorods [9], with a view towards 

increasing photocatalytic activity.  

Titania nanotubes (TiNTs) have been reported in the literature for use in both 

photocatalytic and PEC applications [10]. In PEC systems, TiNTs are known to exhibit 

increased light penetration and absorption allowing for the generation of higher 

photocurrents under lower irradiance. The formation of TiNTs can be achieved via 

template assisted [11], hydrothermal [12], [13], and anodic oxidation [14], [15] 

methods. Anodic oxidation in the presence of fluoride ions is an attractive and 

consistent method of nanotube formation, providing uniform self-ordered nanotubes 

[7], with easy control of the length and diameter of the nanotubes via control over the 

applied voltage and duration [10]. 

There are numerous examples of TiNTs being deployed for a range of applications 

including air purification [16],  E-coli degradation [17] and water splitting for hydrogen 

production [18]–[20]. A less frequently reported application for TiO2 PEC systems, 

however, is the oxidation of chloride to chlorine. While chlorine plays a pivotal role as 

a disinfectant in water treatment and in polyvinylchloride (PVC) production, it is 

primarily formed via an energy intensive electrochemical process in the chlor-alkali 

industry [21]. Therefore, the generation of chlorine via photocatalytic or PEC routes 

under low energy conditions represents a more efficient and favourable approach. To 

date, however, there has been limited examples reported in the literature which have 

achieved this. Anderson et al. demonstrated the production of chlorine on 

nanocrystalline TiO2 thin-film electrodes [22], and subsequent work by Fraga et al. 

evaluated the PEC formation of active chlorine with simultaneous removal of 

microcystin toxins [23]. Chlorine/hypochlorite formation was also demonstrated on 

“roll-on” nanostructured WO3 films annealed on indium tin oxide (ITO) substrates by 

Ahmed et al. [24]. 

Therefore, presented in this work is the use of TiNTs for chloride oxidation to chlorine 

under irradiation from a single low power UV-Light Emitting Diode (UV-LED). This is 

the first report of TiNTs being deployed for this application under UV-LED irradiation. 

Linear sweep voltammetry was performed on TiNTs for both chloride and water 
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oxidation along with chlorine yield analysis with average faradaic efficiencies of 60.6 

% on TiNTs for chlorine generation being achieved. Furthermore, the performance of 

TiNTs was compared to that of TiO2 sol-gel electrodes, with the former exhibiting 

higher photoelectrochemical activity. 

 

2. Experimental  

 

2.1 Anodization 
 

Titanium coupons (25 x 25 mm) with a thickness of 0.1 mm and a purity of 99.6 % 

were purchased from Goodfellow chemicals. The titanium coupons were degreased 

in methanol by sonication for 15 min, rinsed with de-ionised water and dried in air. 

Once dry, the titanium was placed in a 150 mL beaker containing electrolyte and a 

platinum counter electrode. The electrolyte was 0.3 wt % ammonium fluoride dissolved 

in 97 vol% ethylene glycol and 3 vol% distilled water. Electrical connections were 

made to both the anode and cathode by means of crocodile clips attached to areas 

which were not in contact with the solution. The counter electrode was held in parallel 

at 3 cm away from the anode. Anodization was carried out at 30 V for 3 hrs and once 

completed the anodized titania was rinsed in de-ionised water and placed in a furnace 

at 450°C for 30 min. 

The morphology of the nanotubes was determined using a Hitachi SU5000 field 

emission scanning electron microscope (FESEM) operated at 5 kV. The energy 

dispersive X-ray measurements were performed using the Oxford Instruments X-

MaxN detector coupled with the Hitachi electron microscope (FESEM-EDX) at 10 kV 

electron acceleration. X-ray diffraction (XRD) analysis was carried out using a 

PANanalytical X’Pert Pro X-ray diffractometer in 20 - 60 degrees 2θ range. 

Furthermore, BET analysis was carried out on a Tristar II 3020 (Micromeretics), 

capable of measuring specific surface areas from 0.01 m2 g-1. The analysis utilised 

nitrogen gas adsorption at 77.35 K from 0 – 0.995 P/P0. 

 

2.2 Sol-gel electrodes 
 

Titanium coupons (25 x 25 mm) were first etched in 18 % hydrochloric acid and 10 % 
by weight oxalic acid. The solution was heated to 95 °C and stirred, with the coupons 
being soaked in the solution for around 30 minutes to ensure a uniform etching 
process, then rinsed with de-ionised water and stored in methanol. TiO2 was made 
using the sol-gel process as described by Mills et al. [25]. In brief, 4.65 g of glacial 
acetic acid was added to 20 mL of titanium isopropoxide (Sigma Aldrich) and then 
mixed with 120 mL of water and 1.08 g of concentrated nitric acid. This solution was 
constantly stirred and heated to 80°C for 8 hr. Once cooled, the solution was filtered 
using a 0.45 µM filter and transferred into a Teflon™ pot which was then placed in an 
autoclave for 12 hr at 220°C. Finally, the TiO2 sol-gel was placed in a rotary evaporator 
to concentrate the solution to approx. 10-12 wt% TiO2 (anatase). The sol-gel was then 
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applied to the etched coupons using the doctor blade technique [25], where Scotch 
Magic Tape™ was used to hold the etched coupons in place and create a template 
area for the coating. A glass rod was then used to “draw” the applied sol-gel across 
the electrode and form an even coating. Once an even coating was achieved, the TiO2 
was allowed to dry in air for 1 hr and then placed in a furnace at 450°C for 30 min. 
 

2.3 PEC studies 

Experiments were carried out in a 3-electrode modified photoelectrochemical cell as 

described by Tang-Kong et al. [21], where an Ag/AgCl reference electrode was 

employed and the counter electrode was a 1 mm diameter platinum wire ( 

Figure 1). Experiments were carried out in 10 mL of 0.5 M H2SO4, and acid/chloride 
experiments in 10 mL of 0.5M H2SO4 containing 3.5 M NaCl (SciChem). The 
electrolyte was purged for 10 minutes with argon before any photoelectrochemical 
measurements were initiated to remove any dissolved gas. The photoanode was 
placed underneath the PTFE cell and electrical contact from the potentiostat (Ivium 
technologies) was made through use of a titanium strip and crocodile clip. The PTFE 
cell was then clamped down on top of the working electrode to ensure an air tight seal 
and leave an exposed geometric surface area of 0.196 cm2. A 1 W UV-A LED (LED 
Engin), with a VF = 3.5 dcV and IF = 0.25 A was positioned above the PTFE cell and 
UV light reached the photoanode through a quartz glass window (Newcastle optical). 
Irradiance of the light source was measured using a UV-X radiometer.  
 
Linear sweep voltammetry (LSV) was typically carried out in both dark and illuminated 
conditions from -0.1 V to +1.0 V at a scan rate of 1 mV/s firstly in 0.5 M H2SO4 for 
water oxidation. The electrolyte was then replaced with 3.5 M NaCl dissolved in 0.5 M 
H2SO4 for chloride oxidation. For chlorine faradaic yield analysis, chronoamperometry 
was used to apply a constant potential to the irradiated photoanode for 1 hr. Argon 
gas was used to purge generated chlorine from the system (for 1 hr after 
chronoamperometry) and into a trap solution [26], containing potassium iodide (0.36 
M), sodium hydroxide (0.025 M) and potassium hydrogen phthalate (0.049 M) which 
turned yellow upon exposure to chlorine due to the formation of tri-iodide (I3-). A 1.5 
mL sample was then taken, and the absorbance was measured at 353 nm in a Cary 
300 UV/Vis spectrophotometer. Using the Beer-Lambert law the concentration of 
chlorine formed can be deduced allowing for yield calculations against the theoretical 
concentrations formed. 
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Figure 1; Photo of the PEC system used to analyse TiNTs under UV illumination. A 1 W UV 
LED (a), an Ag/AgCl reference electrode (b), a platinum counter (c) were employed. A titanium 
strip was used to connect the TiO2 working electrode via crocodile clip (d). 

3. Results and Discussion 

 

3.1 Nanotube formation 

 

The formation of TiO2 nanotubes can be impacted by several factors including 

electrolyte, applied voltage and surface roughness [14]. It is important that for 

photocatalytic coatings such as TiNTs that there is large coverage of the TiO2 material 

across the surface morphology and that nanotube formation is uniform. Figure 2(a) 

shows a top down SEM image of the self-organised nanotubes formed on the surface 

of the titanium coupons, highlighting excellent coverage and uniformity across the film. 

The nanotubes had an average diameter of, ~ 97.1 nm, with an average inner diameter 

of ~74.56 nm. Figure 2(b) shows a top down SEM image of the TiO2 sol-gel 

nanoparticles. Furthermore, XRD analysis confirmed the crystal phase of the TiO2 

formed by the anodization and sol-gel processes to be anatase (Figure S1). 
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(a) (b) 

 
 

Figure 2; (a) SEM image of the titania nanotubes formed during the anodization process, 
showing tubular formation and large surface coverage (b) SEM image of the sol-gel 
nanoparticles. 

 

3.2 Linear Sweep Voltammetry 
 

Linear sweep voltammetry (LSV) was conducted with the nanotubes to assess their 
performance for the generation of oxygen and chlorine. The photocurrents generated 
for water and chloride oxidation under UV illumination (7.08 mW cm-2) are shown in 
Figure 3 (a). As can be seen, the observed photocurrent between 0 – 0.5 V was higher 
for chlorine generation than oxygen. TiNTs have previously been used for water 
splitting applications to produce  hydrogen and oxygen with photocurrent densities as 
high as 1.59 mA cm-2  reported amongst literature [18]. Interestingly, photocurrent 
densities as high as 1.02 mA cm-2 at a potential of +1.0 V have been achieved here 
for oxygen evolution under a low irradiance (7.08 mW cm-2) from an energy efficient 
LED. More significantly however, the LSV data also shows that chlorine generation 
can take place on TiNTs at potentials such as 0.2 V (Ag/AgCl), which is much lower 
than the standard electrochemical redox potential for chloride oxidation at 1.36 eV (vs 
NHE) [27], highlighting the benefit of PEC systems. 

Sol-gel TiO2 is a commonly used material for photocatalytic applications and has 
previously been demonstrated for use in PEC applications [28]. Therefore, further 
testing was also carried out on sol-gel electrodes for the application of chloride 
oxidation and their performance compared against that of the TiNTs. The TiNTs 
outperformed the sol-gel TiO2 in terms of photocurrent density produced under UV 
illumination (Figure 3(b)). Furthermore, the onset potential required for chlorine 
production on the sol-gel films was higher (~ +0.4 V) than that of the nanotubes (0 – 
0.2 V). BET analysis showed sol-gel TiO2 nanoparticles to have approximately ten 
times higher surface area (0.399 m2 g-1) than that of TiNTs (0.0397 m2 g-1) which 
agrees with literature trends [25], [29]. The values reported here are much smaller due 
to the BET being carried out as a thin film loaded on Ti coupons as opposed to 
powdered form. Despite the difference in surface area, it is factors such as morphology 
and increased light penetration which result in the generation of much higher 
photocurrent densities on TiNTs. Nanotubes also have less grain boundaries than 
nanoparticle coatings, thereby exhibiting a lower rate of charge trapping and 
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recombination [29], resulting in chloride oxidation being more thermodynamically 
favourable on TiNTs at lower potentials. 

 

 
  

Figure 3; LSV (scan rate 1 mV s-1) carried out for water oxidation ( ̶  ● ●)  (0.5 M H2SO4) and 
chloride oxidation (  ̶   ̶   ̶  ) ( 3.5 M NaCl in 0.5 M H2SO4) on TiNTs and for dark control 
conditions (no UV illumination) ( ̶ ). Also shown is a LSV carried out for chloride oxidation on 

sol-gel photoelectrodes (….).  

3.3 Chlorine Yields and Electrode Conditioning 
 

To draw a more accurate comparison between the performance of two types of 

electrode it is important to assess the associated faradaic efficiency (yields). 

Chronoamperometry was performed on the electrodes and argon was used to purge 

any chlorine formed into the trap solution. For TiNTs analysis, a typical irradiance on 

the catalyst surface of 7.08 mW cm-2 was used with an applied voltage of +0.2 V, with 

yield experiments typically carried out in a sequential (back to back) nature. 

Interestingly, the first experimental run carried out typically yielded a lower value than 

those that followed which suggests a conditioning step on the electrode was required.  

Figure 4 shows while the initial faradaic yields achieved at various applied voltages 

were all < 14 %, a significant increase was obtained on the subsequent experimental 

runs with yields reaching 28 – 52 %. At +0.2 V the faradaic yield increased from 13.6 

to 52.3 % as a result of conditioning, highlighting the importance of this procedure for 

achieving maximum performance from the electrodes. A similar trend was observed 

when using sol-gel electrodes. (Figure S2) 
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Figure 4; Graph showing example faradaic yields for chloride oxidation on TiNTs at three 

varied applied potentials (+0.2, +0.5 and +0.8 V) with the 1st yield carried out seen as a 

conditioning step (  ) and a subsequent yield carried out after conditioning ( ■ ).   

 

The conditioning step was likely required due to the presence of unwanted 

contaminants on the surface of the electrode, which were readily oxidised by chlorine 

formed. While this has been suggested previously in literature [21], it is yet to be fully 

investigated. Figure 5 shows the results of EDX carried out on the anodized electrodes 

before and after photoelectrochemical chloride oxidation. Despite annealing the TiNTs 

at 450 °C, carbon was still present (Figure 5), which was likely from the electrolyte 

used during anodization. While it was expected that the annealing step would remove 

any organics present including carbon, it was found that only after the PEC unit was 

operated for chlorine generation that a large reduction in carbon was observed. 

Following PEC operation, EDX revealed the main composition of the material to be 

titanium and oxygen. The mechanism for carbon removal is not fully understood but 

may be a synergistic effect from oxidation by photocatalysis and chlorine species 

formed under UV. 
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The EDX results shown further back up that of the yield data, which suggests the need 

for a conditioning step on the electrodes before maximum performance can be 

reached. Unwanted contaminants which find their way onto the electrode or 

electrochemical cell between experiments may be oxidised by chlorine formed during 

the PEC process. Therefore, chlorine formed is not purged from the system into the 

trap solution for analysis thereby hindering the results as suggested previously [21]. 

The typical increase in secondary yields suggests the removal of contaminants 

allowing for more accurate analysis. 

Figure 5; EDX spectra of annealed nanotubes before and after chloride oxidation. 

Further yield tests were subsequently carried out to assess the faradaic efficiency of 

both sol-gel and TiNTs for chlorine generation after the conditioning step. It is 

important to note that to generate higher photocurrents on sol-gel electrodes at +1.0 

V a higher LED irradiance, 16.09 mW cm-2, from the same light source was used 

during chronoamperometry. In comparison the irradiance used on nanotubes during 

chronoamperometry at an applied potential of +0.2 V was kept at 7.08 mW cm-2. This 

was done to keep the charge generated by each electrode as similar as possible 

during the 1 hr chronoamperometry (see ESI for an example chronoamperogram)  

Repeated experimental cycles conducted on the conditioned electrodes highlighted 

the increase in yields when using TiNTs over the sol-gel material (Table 1 and Figure 

6). Figure 6 shows the average yields along with four experimental repeats (post-

conditioning) for both sol-gel electrode and TiNTs. An average faradaic yield of ~60 % 

was obtained for TiNTs operated at +0.2 V and an irradiance of 7.08 mW cm-2. In 

contrast, at a higher applied potential and higher irradiance, the sol-gel material 

achieved a faradaic yield of only ~40 % (Table 1). These results suggest that the TiNTs 

have a higher selectivity to chloride oxidation than that of sol-gel electrodes, with the 

oxidation of water being an unavoidable side reaction within anodic oxidation 

processes [22] reducing the efficiency of photoanode materials. The higher faradaic 
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efficiency associated with TiNTs is likely due to the separation between the chloride 

and water oxidation LSVs at the applied potential of +0.2 V as shown in Figure 3. 

These results demonstrate the benefit of TiNTs for PEC applications and for chlorine 

generation. The TiNTs produced higher concentrations of chlorine and exhibited 

higher efficiency at lower applied potentials and under lower irradiance.    

 

Electrode Irradiance 
(mW cm-2) 

Applied potential vs 
Ag/AgCl (V) 

Average Faradaic 
Efficiency 

 

TiNTs 7.08 + 0.2 60.61 

Sol-gel 16.09 + 1.0 39.12 

 

Table 1; Chronoamperometry operating parameters for both TiNTs and sol-gel electrodes and 
associated average faradaic efficiency 

 

Figure 6; Graph showing the faradaic yields (post-conditioning) for chlorine generation on both 

sol-gel (  ) (+1.0 V  applied potential) and TiNTs (■) ( +0.2 V applied potential) with repeats 

and average values shown. 
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4. Conclusions 
 

TiNTs have been demonstrated as a capable material to produce chlorine from sodium 

chloride at low onset potentials under UV illumination. They have also been shown to 

outperform that of sol-gel electrodes. The sol-gel has also been shown as a capable 

material for chloride oxidation with faradaic efficiencies of ~40 % but the 

nanostructured titania exhibits higher photocurrents and higher faradaic efficiencies 

(60.6 %) at lower potentials and under lower UV irradiation (7.08 mW cm-2) showing 

great potential for this and other photoelectrochemical applications. Furthermore, the 

significance of electrode conditioning has been demonstrated with the efficiency of 

chlorine generation increasing by as much as 20 – 40% post conditioning. 
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