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A B S T R A C T   

The improvement of indoor environments is of great importance as it can significantly improve human health, 
comfort and productivity. Herein, different forms of TiO2 nanorods were used as the photocatalyst for generation 
of reactive oxygen species (ROS) in a gas phase photoreactor under controlled humidity. Several parameters were 
investigated by monitoring the remote decolourisation of Methylene Blue (MB) embedded in a Nafion film. A 
decolourisation of 26% under 80% relative humidity was observed when the MB film was 0.5 cm away from the 
photocatalyst. The length and ratio of light/dark intervals have major impacts on the efficiency of the gas phase 
photocatalytic process, which we link to the amount of water adsorbed on the photocatalyst, as the source for 
hydroxyl radicals. Furthermore, the photocatalytic production of ROS was quantified through a polyaniline 
electrochemical sensor and a rate of 1 ⋅ 1012 of ROS molecules s− 1 was estimated. This study contributes to the 
efficacy of the gas phase photocatalytic method in air decontamination, for the development of efficient air 
cleaning devices.   

1. Introduction 

Indoor air is often more polluted than outdoors, as it contains not 
only the outdoor pollutants, but also pollutants from other sources, such 
as household and construction materials [1,2]. As people spend most of 
their time indoors, there is an increasing need in further investment in 
the air quality, which has a major impact on human health, as well as 
productivity and comfort [3,4]. Common diseases due to poor indoor air 
quality are related to respiratory problems, such as asthma, allergies, 
sick building syndrome (SBS) and in extreme cases even cancer [5,6]. 
According to Verbruggen [2], the improvement of the indoor air quality 
can lead to a gain of 37–200 billion USD by reducing the aforementioned 
diseases. 

In practice, source control is often unrealistic. Ventilators and air 
purifiers based on filters and absorbents may transfer the problem from 
the air to handling the filters. A potential solution is through photo
catalytic oxidation (PCO), as vast research shows that PCO can convert a 
wide range of gaseous pollutants, such as volatile organic compounds 
(VOCs), including aromatics, esters, alcohols, alkanes etc. [4,7,8], as 
well as bacteria and other microorganisms [9] into nontoxic carbon 
dioxide and water. The effectiveness of PCO as an advanced oxidation 
process (AOP) relies mainly on the formation of hydroxyl radicals, OH⦁ 

(E0
OH•/H2O = + 2.8 V vs. NHE), which are among the strongest gaseous 

oxidising species [10–13]. Titanium dioxide (TiO2) is one of the most 
studied and appropriate photocatalysts for PCO due to its low-cost, earth 
abundancy, chemical stability, non-toxicity and high oxidation power 
[6,14]. Nevertheless, TiO2 has two main disadvantages, one being its 
wide band gap (3.0–3.2 eV, activated only by UV light) and the other is 
its deactivation due to adsorption of air contaminants, e.g. toluene [15]. 
Moreover, the role of water vapour is not clear as there are contradicting 
results, showing that water vapour either improves the photocatalytic 
degradation process [16–18] or inhibits it [19–22]. 

In our work, we chose a different approach, which is based on the 
concept of hydroxyl radical (OH⦁) generators, such as the commercial 
ODOROX® air purifier [23]. This device generates OH⦁ in the gas-phase 
by direct photolysis of the humidity of ambient air using UVC radiation 
from a mercury lamp to eliminate bacteria, trace gases, mould and VOCs 
in indoor environment. The purified air is redelivered back to the 
environment along with OH⦁, which can further oxidise airborne con
taminants. However, it is uncertain how many OH⦁ are actually released 
from this device, hence how big effect they have on the air quality. The 
direct measurement of the OH⦁ concentration is also very challenging 
[24], especially in gas phase photocatalytic systems. It should also be 
noted that to distinguish in the gas phase between hydroxyl radicals and 

* Corresponding authors. 
E-mail addresses: a.e.chatzitakis@smn.uio.no (A. Chatzitakis), truls.norby@kjemi.uio.no (T. Norby).  

Contents lists available at ScienceDirect 

Journal of Environmental Chemical Engineering 

journal homepage: www.elsevier.com/locate/jece 

https://doi.org/10.1016/j.jece.2020.104809 
Received 7 September 2020; Received in revised form 27 October 2020; Accepted 9 November 2020   

mailto:a.e.chatzitakis@smn.uio.no
mailto:truls.norby@kjemi.uio.no
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2020.104809
https://doi.org/10.1016/j.jece.2020.104809
https://doi.org/10.1016/j.jece.2020.104809
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2020.104809&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Environmental Chemical Engineering 9 (2021) 104809

2

other reactive oxygen species (ROS) such as superoxide anion radicals 
(O2

•− ), hydrogen peroxide (H2O2) and singlet oxygen (1O2) is chal
lenging, as delicate gas phase fluorescence experiments (e.g. laser 
induced fluorescence – LIF) are necessary. Although hydroxyl radicals 
are expected to be one of the main photocatalytic products, we will still 
refer to ROS as the product of the photocatalytic experiments in general. 
Finally, the distance that ROS can travel before they react with other gas 
molecules is also a critical parameter of the efficiency of such an air 
purifying device. Some important chemical reactions in this respect are 
listed (Eqs. (1–7)) 

OH⦁ +OH⦁→H2O2 (1)  

2OH⦁ +H2→2H2O (2)  

OH⦁ +CO+O2→HO⦁
2 +CO2 (3)  

OH⦁ +CH4 +O2→CH3O2
⦁ +H2O (4)  

OH⦁ +H2O2→HO⦁
2 +H2O (5)  

(O2)ads + e− →
(
O⋅−

2

)

ads (6)  

(
O⋅−

2

)

ads + h+→
( 1O2

)
(7) 

Our work is divided into two tasks. The first is related to the effect of 
the distance that ROS can travel and degrade pollutants. A simple 
approach is followed and is based on a model pollutant, the Methylene 
Blue (MB) dye, which is embedded in a Nafion® film. This is used as a 
colourimetric indicator for the indirect detection of ROS as well as the 
distance that they can cover. The MB indicator is placed in proximity of 
the surface of the photocatalyst, which is TiO2 in the form of nanorods. 
The efficiency of the photocatalyst for decolourisation of the MB film at 
two distances is studied. Moreover, the kinetic behaviour of the reaction 
is analysed. 

In the second task, the best performing parameters found previously 
are chosen and an attempt to estimate the ROS concentration is made. 
For this purpose, a microchip sensor based on polyaniline (PANI) is 
developed and used to monitor the real-time photo-generation of ROS 
[25,26]. It should be noted though that the specific sensor was devel
oped for the detection of hydroxyl radicals with the Fenton reaction, 
therefore in this case we are referring to hydroxyl radicals and a one 
electron oxidation reaction. By the charge integration between light-on 
and light-off periods, we were able to estimate the amount of hydroxyl 
radicals produced by the photocatalyst under certain conditions. 

2. Experimental 

2.1. Chemicals and materials 

Fluorine-doped tin oxide (FTO), titanium isopropoxide (TTIP, 97%), 
hydrochloric acid (HCl, 37%), urea (CO(NH2)2, ≥ 99.5%), isopropanol, 
acetone, methylene blue (MB, 98.5%), Nafion® perfluorinated resin 
solution 5 wt% in lower aliphatic alcohols and 15–20% water (Nafion5), 
sulphuric acid (≥ 97.5%), Aniline (ACS reagent, ≥ 99.5 wt%), iron (II) 
sulphate heptahydrate (≥ 99%), hydrogen peroxide (30% wt in H2O, 
with stabiliser) were all of analytical grade from Sigma-Aldrich. Potas
sium dihydrogen phosphate (ACS, 99%) and potassium hydrogen 
phosphate (ACS, 98%) were purchased from Alfa Aesar. All chemicals 
were used without further purification. Interdigitated gold electrodes 
(IDE) were purchased from DropSens and consisted of 500 fingers with a 
width of 5 µm, a length of 6760 µm each and 5 µm gaps. Regular com
pressed air was obtained from Praxair. All solutions were prepared using 
deionized water (DI water) with 18.2 MΩ cm resistance. 

2.2. TiO2 nanorods preparation 

TiO2 of different morphologies were grown on FTO substrates via a 
previously reported hydrothermal method [27]. Prior to synthesis, all 
FTO were cut in pieces of 1.5 × 1.5 cm, in order to obtain the same 
nominal surface area for the different photocatalytic films, and were 
ultrasonically cleaned for 60 min in a 1:1:1 vol ratio mixture of DI water, 
acetone and isopropanol. All the experimental conditions are summar
ised in Table 1. Four morphologies of TiO2 were obtained, which are (a) 
TiO2 nanorods (TiO2 NRs), (b) dense-packed TiO2 nanorods (DP TiO2 
NRs), (c) dense-packed TiO2 nanoflowers (DP TiO2 NFs) and (d) 
dense-packed 1% N-doped TiO2 nanorods (DP 1% N-TiO2 NRs). The 
total volume of the autoclave was 30 mL and each hydrothermal reac
tion for the growth of the respective morphology was done at 150 ◦C. 
The time for each morphology is denoted in Table 1. After completion of 
the reaction, the autoclave was cooled down under flowing water for 
15 min 

It was suggested that the growth of TiO2 NRs on FTO substrate was 
favoured when equal amounts of DI water and HCl were used. Moreover, 
the placement of the FTO in the autoclave has an influence on the 
morphology of the nanorods film. When the FTO is placed horizontally 
with respect to the base of the autoclave and the conducting side facing 
down, the nanoflowers morphology is obtained. Accordingly, when the 
FTO is placed vertically with the conducting side facing towards the wall 
of the autoclave, the aligned nanorods morphology is obtained. The 
experimental setup is schematically depicted in Fig. S1. 

2.3. Preparation of the colourimetric indicator 

0.3 g MB was dissolved in 0.5 L of DI water to get a MB solution with 
concentration of 0.6 g L− 1. Afterwards, 2 mL of the MB solution were 
mixed with 1 mL of the Nafion5 solution. The colourimetric MB indi
cator is prepared by evenly spreading the mixture on a masked glass 
substrate, which is then dried in air. Finally, the masking tape was 
removed and a rectangular MB film was obtained (see Fig. S2). 

2.4. Preparation of the PANI sensor 

The PANI film was electrodeposited by potentiostatic pulse electro
deposition in a three-electrode setup, which consists of the IDE as the 
working electrode, a platinum foil as the counter electrode and a satu
rated calomel electrode (SCE) as the reference electrode. The IDE had 
two connection tracks, made of Au with 20 at% Ti alloy, on a glass 
substrate, as illustrated in Fig. S3. According to previous studies, the 
electrodeposition was carried out in an aqueous solution prepared by 
carefully mixing 0.2 M aniline monomer precursor in 0.5 M H2SO4 
aqueous solution as the electrolyte [28,29]. Before electrodeposition, 
the IDE was ultrasonically cleaned in a mixture of acetone and iso
propanol for 5 min and then rinsed with DI water, followed by 20 CV 
cycles (1 V s− 1) between − 1 V and 2.4 V vs. SCE in 0.5 M H2SO4. The 
PANI films were produced by a pulse potentiostatic method (PPM) with 
an anodic potential of 0.806 V vs. SCE and a cathodic potential of 
0.256 V vs. SCE. The duration at each potential was 0.5 s, while the total 
electrodeposition time was 500 s. When the deposition process was 
completed, a few drops of HCl of pH 2 were added on the active sensing 

Table 1 
Summary of experimental conditions and results at 150 ◦C on FTO substrate.  

DI 
water 
(mL) 

HCl 
(37%) 
(mL) 

TTIP 
(97%) 
(mL) 

Urea from a 
0.03 g L− 1 

solution (mL) 

Time 
(h) 

Morphology  

10  10  0.5  0  2.5 TiO2 NRs  
10  10  0.5  0  4 DP TiO2 NRs  
10  10  0.5  0  4 DP TiO2 NFs  
9.65  10  0.5  0.35  4 DP 1% N- 

TiO2 NRs  
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area on the IDE, and then dried in ambient air. The pulsed electrode
position steps are schematically depicted in Fig. S4. Two Pt wires served 
as contacts to the PANI sensor. 

2.5. Photocatalytic reaction cell setup 

In order to generate and indirectly detect ROS in the gas phase, a 
custom-made photocatalytic reaction cell with dimensions of L 
7.0 cm × B 7.0 cm × H 4.0 cm was designed. A circular stage was 
mounted to a screw in the centre of the photocatalytic cell for height 
adjustment. All sidewalls of the cell are made of Plexiglas, while the cell 
lid is made of quartz glass for transmittance of UV light. The experi
mental setup is shown in Fig. 1. 

The photocatalytic cell is directly connected to an in-house built gas 
mixer comprised of a series of flowmeters (Sho-Rate, Brooks Instrument) 
connected by copper tubes, a wetting stage and a drying stage with 
possibility to control the relative humidity of the compressed air. The 
different photocatalysts were placed on the circular stage, while two 
pieces of MB film were attached on the inner side of the quartz lid and 
work as ROS colourimetric indicators. The distance between the pho
tocatalyst and the MB film could be adjusted in the range of 0.5–3 cm. A 
UV-LED light source with illumination intensity of 16 mW cm− 2 and 
main peak at 365 nm (corresponds to a UV content of four suns illumi
nation) was used to illuminate the photocatalyst from the top of the cell. 
By introducing a constant flow of air (14 mL min− 1) with 80%, 40% and 
0% relative humidity (RH) into the reaction cell, hydroxyl radicals and 
other ROS are expected to be produced by the photocatalyst. It is also 
expected that the flow of air and convection will bring the photo
generated molecules towards the MB indicator. The UV–Vis spectra of 
the MB film were measured at several time intervals and the decolour
isation percentage of MB film was calculated using Eq. (8). 

% decolourization of MB film =

(

1 −
At

A0

)

∗ 100 (8)  

where At is the absorbance after t min; A0 is the absorbance at initial 
stage, i.e. t = 0 min. All experiments were conducted at room 
temperature. 

2.6. Characterisation 

The microstructures of the different TiO2 NRs were investigated 
using an FEI Quanta 200 Field Emission Gun – Environmental SEM 

(FEG-ESEM). The crystal structure of the prepared TiO2 NRs was char
acterised by X-ray diffraction (XRD). The XRD patterns were recorded in 
a DIFF5 instrument using CuKα-filtered radiation (λ = 1.5406 Å), where 
the diffractometer uses the Bragg-Brentano geometry in the range 
2◦ ≤ 2θ ≤ 70◦. The XRD diffraction data were analysed using DIFFRAC. 
EVA from Bruker, and the phase identification of crystalline materials 
was carried out by using the Crystallography Open Database (COD). The 
absorption spectrum of the MB dye embedded in Nafion® film was 
monitored with a UV–Vis spectrophotometer (SPECORD® 200 PLUS) 
over the wavelength range from 300 to 800 nm. Data analysis was 
carried out using the spectroanalytical software WinASPECT PLUS. 

3. Results and discussion 

3.1. Morphology, crystal structure and optical properties 

SEM images of the four different samples used in this study are 
presented in Fig. 2. 

It can be seen that after 2.5 h of hydrothermal process, the TiO2 NRs 
are approx. 0.5 µm long with a diameter of 110 nm. When the hydro
thermal process is extended to 4 h, the length and the diameter of both 
DP TiO2 NRs and DP 1% N-TiO2 NRs become approx. 2.3 µm and 
270 nm, respectively. The nanoflower morphology shows somewhat 
larger nanorod diameter of around 400 nm. A summary of the obtained 
geometrical parameters is given in Table S1. Moreover, XRD confirmed 
the expected rutile crystal structure for all the prepared films (Fig. S5) 
[30]. 

3.2. Optical properties 

It should be noted that the purpose of N-doping was to induce 
acceptor states near the valence band (VB) of TiO2, therefore induce 
more holes [31]. It is expected that an isolated N 2p energy level above 
the O 2p VB will be formed, resulting in narrowed band gap, as well as 
an increased holes concentration (Fig. S6) [32,33]. As explained earlier, 
the main purpose is to design a device for the generation of ROS. This 
means that the photocatalyst can be confined inside the device and UVA 
radiation can be used to activate it. The use of diffuse reflectance 
spectroscopy (DRS) was mainly to indirectly confirm the content of N, 
which is expected to red shift the absorption edge of TiO2 [33]. The 
diffuse reflectance spectra of the different TiO2 NRs were fitted to an 
indirect band gap transition, and the results are displayed in Fig. 3. 

Assuming that TiO2 possesses an indirect transition and according to 

Fig. 1. Remote decolourisation of the MB film by UV/TiO2 in the gas phase. (a) Shows a schematic of the photocatalytic cell with inlet and outlet for the supply 
humidified/dry air. The positioning of the MB colourimetric indicator at a distance from the photocatalyst is given. (b) Photographs of the gas phase photo
catalytic reactor. 
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Fig. 2. Top view SEM images of the four different photocatalysts (left column) and their corresponding cross section view (right column). TiO2 NRs on FTO at 150 ◦C 
after 2.5 h (a) and (b), DP TiO2 NRs grown on FTO at 150 ◦C for 4 h (c) and (d), DP 1% N-TiO2 NRs grown on FTO at 150 ◦C for 4 h (e) and (f), DP TiO2 NFs on FTO at 
150 ◦C for 4 h (g) and (h). The insets show photographs of the prepared films. 
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the Tauc plot in Fig. 3c, the samples DP TiO2 NRs, TiO2 NRs and DP TiO2 
NFs show corresponding band gaps of 2.93, 3.02 and 2.99 eV, respec
tively, which correspond well with the established bulk rutile TiO2 band 
gap of 3.02 eV [34]. After the introduction of 1% N, the absorption edge 
shifted towards the lower energy region as expected, with a corre
spondingly narrower band gap of 2.88 eV, which implies the successful 
introduction of N in the lattice of TiO2. 

3.3. Photocatalytic remote decolourisation of the MB indicator film 

Experiments were performed with only UVA illumination (blank 
experiments) and UVA plus the four photocatalysts. The distance be
tween the surface of the photocatalyst and the MB film on the lid of the 
reaction cell was firstly set to 0.5 cm. The results of the remote photo
catalytic decolourisation of the MB film are plotted as a function of the 
illumination time, as shown in Fig. 4a, c, e. 

In most of the cases, the film decolourisation in the presence of the 
different TiO2 NRs under UV illumination was enhanced compared to 
the blank experiments (purple line), except for the TiO2 NRs sample, 
which has the shortest nanorods showing poor photocatalytic activity. 
The results indicate that both UVA illumination and an optimised pho
tocatalyst were necessary for effective decomposition of the MB film. It 
is evident that the DP 1% N-TiO2 NRs have the best photocatalytic ac
tivity under all RH conditions, further implying that the additional holes 
formed due to the introduction of N enhanced the performance of the 
material, therefore it can be assumed that more ROS were photo
generated. In all cases, the performance of the 1% N-doped sample is 
followed by the undoped DP TiO2 NRs and then by the nanoflower 
morphology, while the TiO2 NRs perform close to the background level, 
i.e. as with only UVA. It can be concluded that the aligned morphology 
outperforms the nanoflower morphology. Furthermore, the perfor
mance of the aligned morphology is increased by N-doping. It can also 
be seen that the 2 µm long nanorods perform better that the 0.5 µm ones, 
encouraging a future systematic study for the optimum length and 
packing density of the nanorods. The background decolourisation of the 
MB film is mostly related to the generation of ROS through the direct 
photolysis of water by the UVA illumination [35]. In addition, the re
flected light reaching the MB indicator may also excite the dye, which is 
then oxidised in the absence of any reducing agent. The corresponding 
decolourisation efficiencies after 6 h of UV illumination are summarised 
in Table 2. 

Similar experiments were carried out where the distance between the 
photocatalyst and the MB film on the lid of the reaction cell was 
increased to 3 cm. The results are presented in Fig. 4b, d, f. The decol
ourisation trend is similar to the previous case, but the efficiency was 
reduced significantly over the increased distance to the MB film. This is 
expected as the lifetimes of ROS range from microseconds to several 
seconds and even several minutes depending on the environment [36], 

with the lifetime of hydroxyl radicals being between tens and hundreds 
of milliseconds [37,38]. It is also interesting to note that the lifetime of 
singlet oxygen 1O2 can be several tens of milliseconds in air [36,39], but 
their quantum yield and release in the air from a pure TiO2 surface under 
UV illumination and an N-doped TiO2 one under visible is 10− 8 and 
10− 9, respectively [40]. Hydroxyl radicals have a quantum yield of 
5⋅10− 5 and a diffusion coefficient similar to that of water in air equal to 
0.22⋅10− 4 m2 s− 1 [40,41]. This puts it within the studied distances of 0.5 
and 3 cm and the efficiency drop with increasing distance is reasonable. 
Therefore, we expect that the contribution of hydroxyl radicals is larger 
than that of singlet oxygen in the remote photodegradation of MB. On 
the other hand, it is well known that the superoxide anion radical and 
hydrogen peroxide have the longest lifetimes among the four major ROS 
so their contribution should be the largest. All in all, we believe that our 
approach to treat our data in terms of overall ROS activity for the remote 
degradation of MB is well justified. 

The decolourisation percentages over the different photocatalysts of 
the MB film are summarised in Table 2. In general, a linear-dependent 
decolourisation was observed in most of the cases for all photo
catalysts during the first measuring hour, when the degradation was 
measured every 10 min. An apparent lower degradation rate is observed 
when the measurements were taken only hourly. 

Under the given experimental conditions, the best photocatalytic 
efficiency after 6 h of UV illumination was achieved with the 1% N-TiO2 
NRs at 80% RH at a distance of 0.5 cm, obtaining approx. 28% MB 
decolourisation. This is compared to the approx. 19% when the photo
catalyst was placed farther (3 cm) from the indicator, also at 80% RH. 
Furthermore, approx. 6% decolourisation was achieved under UV illu
mination alone, 4% when the photocatalytic reaction occurred in the 
presence of the photocatalyst but in the dark, and 1.5% in the absence of 
both UV and the photocatalyst, i.e. only ambient illumination. These 
results are presented in Fig. 5. 

Since 1% N-TiO2 NRs showed the best photocatalytic efficiency, 
experiments in the presence of 1% N-TiO2 NRs under the three relative 
humidity conditions were repeated five times for each condition, in 
order to check the reproducibility of the experimental results, and also 
to determine the standard deviation of the measurements. The results 
are given in Fig. S7 and summarised in Table S2. 

Several observations may be rationalised by considering the role and 
properties of adsorbed water on the photocatalyst surface, as reactant 
for the formation of photogenerated OH⦁ radicals and by increased 
mobility in its liquid-like state at sufficient thickness appearing typically 
above 60% RH [42–44]. Firstly, one would expect that the lower RH 
conditions would eventually reach the level of decolourisation of the 
80% RH, but this is not the case, showing the benefit of sufficient and 
liquid-like adsorbed water. Secondly, the lower efficiency with longer 
illumination intervals can be understood by heating of the catalyst and 
evaporation of the adsorbed water. In fact, the results can be best 

Fig. 3. Diffuse reflectance spectra without considering electronic transitions (a), Kubelka–Munk function (b), Tauc plot assuming indirect (allowed) transitions (c).  
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understood by a finite amount of ROS generation for each dose of illu
mination between the interruption for MB decolouration measurements. 
After this dose, the water is desorbed and the catalyst is inactive. To 
validate this explanation, we repeated an experiment where we 
continued the sampling with a 10 min interval time beyond the 1 h mark 
(black, hollow squares in Fig. 5). In this case, it can be seen that the 
efficiency of the photocatalyst remains beyond 1 h mark and a 22% 
remote photocatalytic degradation of the film was achieved already 

after approx. 2 h at 10 min interval sampling time. This demonstrates 
the importance of the presence of a sufficiently thick layer of adsorbed 
water and hence the detrimental effect of the heat of the UV illumination 
source on the performance and efficacy of photocatalytic air cleaning 
devices. 

Fig. 4. Photocatalytic remote decolourisation of the MB film under 6 h UV illumination over the four morphologies of TiO2 photocatalysts at (a) 80%, (b) 40% and 
(c) 0% RH. Distance between the NRs and the MB is 0.5 cm (left column) and 3 cm (right column). The y-axes are kept the same in order to highlight the differences. 
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3.4. Photodecomposition kinetics of the MB colorimetric indicator 

The influence of the RH level in the air stream on the remote pho
tocatalytic decolourisation of the MB film was examined using the 
pseudo-first-order kinetics, which is usually applied to describe the 
degradation of most organic compounds [45,46]. The peculiarity of the 
present system is that the organic compound is not absorbed on the 
surface of the photocatalyst but is degraded at a distance. For these 
reasons, the MB film decolourisation rate was calculated using Eq. (9), 

where k is first-order of the decolourisation rate [47]. 

r0 = −
dC
dt

= kC (9) 

It should be mentioned that we did not perform a calibration curve of 
dried MB films in Nafion® as we wanted to look into the absolute 
degradation efficiency of our system. The concentration of such dyes is 
directly proportional to the absorption intensity (ABS), therefore and in 
order to find the absolute degradation rate, C is replaced by ABS. 
Therefore, by integrating the input (ABS0) and output (ABS) concen
tration limits, the equation can be simplified to Eq. (10): 

ln
(

ABS0

ABS

)

= kt (10) 

The experimental data obtained during the first hour were used for 
the calculations of the reaction rate, in order to avoid variation due to 
the competitive effects of the intermediate products [48]. 

The concentration of MB as a function of illumination time under 
various RH is shown in Fig. 6a. The highest decolourisation rate was 
obtained at 80% RH, and the corresponding first order kinetic curves, 
which show a linear relationship, are presented in Fig. 6b. The decol
ourisation rate was estimated from the slope of each straight line. The R2 

shows that the first-order kinetic model represents well the system of 
photodecomposition reaction of the MB film at a proximity from the 
illuminated TiO2 surface [47,49]. A more extended comparison of the 
kinetics and their corresponding decolourisation rates for the four 
photocatalysts at the three RH are provided in Table S3. The obtained 
decolourisation rates of the DP 1% N-TiO2 NRs, DP TiO2 NRs, DP TiO2 
NFs and TiO2 NRs were 3.2, 1.9, 0.9 and 0.6 10− 3 min− 1 (Fig. S8), 
respectively, which clearly show that the fastest decolourisation rate 
was obtained with the N-doped sample. 

3.5. Polyaniline (PANI) sensor on interdigitated electrode (IDE) for 
hydroxyl radicals detection 

The PANI film was electrodeposited on the IDE using the pulse 
electrodeposition described in the experimental section. The surface 
morphology of PANI prepared on IDEs is displayed in Fig. S9, where it 
can be seen that the IDEs is completely covered by the PANI film. In this 
setup, the PANI sensor [25,26] was placed in the same position as the 
MB film, as depicted in Fig. 1, and the active sensing area was 0.38 cm2. 

Initially, we tested the PANI sensor with the Fenton reaction as 
described by Fang et al. [26] and we found their results reproducible. 
The change in the conductivity of the sensor over time is presented in 
Fig. S10. After testing with the Fenton reaction, the film was destroyed 

Table 2 
Decolourisation percentage of the MB film under UVA illumination for 6 h over 
the different morphologies of TiO2 photocatalysts. Distance from the MB col
ourimetric indicator: 0.5 cm and 3 cm.   

Relative 
humidity 
(%) 

DP 
1% N- 
TiO2 

NRs 
(%) 

DP 
TiO2 

NRs 
(%) 

TiO2 

NRs 
(%) 

DP 
TiO2 

NFs 
(%) 

UVA alone (no 
photocatalyst) 
(%) 

Distance 
0.5 cm  

80  28.3  15.0  7.4  7.0  6.3  
40  13.6  10.0  3.6  6.8  4.8  
0  8.9  6.5  3.5  5.1  3.8 

Distance 
3 cm  

80  19.3  9.3  4.5  6.2  6.3  
40  7.8  5.9  3.3  3.5  4.8  
0  7.6  5.7  1.7  2.9  3.8  

Fig. 5. Effect of UV light, photocatalyst and its placement on the photocatalytic 
decolourisation of MB film at 80% RH. 

Fig. 6. ABS/ABS0 ratio at 0%, 40% and 80% RH (a), first order kinetics plot for the photocatalytic decolourisation of MB film over 1% N-TiO2 NRs under UV 
illumination with the relative humidity. R2 at 80%, 40%, 0% RH were 0.975, 0.984 and 0.992 respectively (b). 
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as the concentration of hydroxyl radicals is expected to be of the order of 
mM (see photograph in Fig. S11). Subsequently, conductivity mea
surements were performed using PANI coated on IDEs as hydroxyl 
radicals sensor in the same photocatalytic reactor as with the MB film 
under the best conditions, i.e. DP 1% N-TiO2 NRs as the photocatalyst at 
80% RH. In this case, we assume that the selectivity towards hydroxyl 
radicals is greater than in the photodegradation of MB, therefore our 
analysis refers explicitly to them. Blank experiments in the presence of 
the photocatalyst alone, and in the presence of UVA alone, were 
included as the background signal of the sensor. All conductivity mea
surements were performed using the same PANI sensor, so that the 
initial current was the same. The results are presented in Fig. 7, where 
the change in current of the PANI sensor was plotted as arbitrary unit for 
better visualisation. 

In the presence of photocatalyst alone (blue curve), the baseline 
current of the PANI sensor did not change during 2 h of operation 
(198.4–198.5 μA). This result excludes the possibility that the photo
catalyst alone could interact with PANI. In the presence of UVA alone 
(red curve), some current decrease (0.3 μA) was observed when light 
was switched on and off (198.4–198.1 μA). This can be attributed to the 
radicals produced by the direct photolysis of water vapour, a finding 
that correlates well with the remote degradation of the MB film in the 
presence of UVA alone (Fig. 5). In the presence of both photocatalyst and 
UVA illumination, the current of the PANI decreased further 
(198.4–197.7 μA) compared to the blank ones during the first 15 min of 
UV light on (from 1400 to 2300 s), which then remained constant 
throughout the rest of the experiment, suggesting the background OH⦁ 

generation rate due to the UVA illumination alone. This correlates well 
with the depletion of the water layer on the surface of the oxide due to 
the heat from the constant illumination. After the critical dose of illu
mination is reached the photocatalyst is inactive and the background 
generation of OH⦁ stabilises the current of the sensor at its lowest point. 
When the UVA was switched off, the catalyst surface cool down again, 
and the liquid-like water layer is regenerated. Consequently, the current 
increased again close to its initial value (black curve). This behaviour 
was further confirmed by extending the reaction time to 5 h, as seen in 
Fig. S12, emphasising the major role of sufficient thickness of the 
adsorbed water layer. All in all, the PANI sensor coated on IDEs showed 
good response and reproducibility during the process. As also expected, 
the concentration of OH⦁ generated from the gas-phase photocatalytic 
reaction was much lower than that of the liquid-phase Fenton reaction. 
Consequently, the PANI sensor was not damaged. The results demon
strated great potential of the PANI sensor for application in real-time 

detection of photogenerated OH⦁. 
Furthermore, we attempted a rough calculation of the amount of OH⦁ 

radicals produced by the TiO2 NRs based on the results of Fig. 7. From 
the integration between a light on/off cycle the electric charge can be 
found, and assuming a one electron reaction, the amount of OH⦁ 

reaching the surface of the PANI sensor was estimated to be approx. 
3 ⋅ 1015 molecules after 2700 s. The corresponding production rate was 
approx. 1.2 ⋅ 1012 molecules s− 1 per 0.38 cm2 sensing area (calculations 
are provided in the SI and Fig. S13). The distance of the photocatalyst 
from the PANI sensor was 0.5 cm, therefore the amount can be rear
ranged to 1.2 ⋅ 1012 molecules s− 1 per 0.19 cm3. This amount of hy
droxyl radicals correlates very well with the findings of Murakami et al., 
where they reported 5.0 ⋅ 1012 molecules cm− 3 [41]. 

4. Conclusions 

In this work, a gas-phase custom-designed photocatalytic reactor was 
built in order to probe the photogeneration of ROS, and determine the 
effect of RH, light and distance in the remote decolourisation of a col
ourimetric indicator. Four different morphologies of TiO2 nanorods 
were assessed as potential photocatalysts, and our results indicate that 
the N-doped TiO2 nanorods showed the best performance in the remote 
photocatalytic degradation of the MB dye embedded in Nafion®. The 
main reason is related to the higher concentration of holes as a result of 
N doping. The doped material exhibited a 26% decolourisation of the 
indicator and a pseudo first-order decolourisation rate of 3.2 ⋅ 10− 3 

min− 1 at a distance of 0.5 cm, under air stream of 80% RH and 
16 mW cm− 2 UVA illumination. At a distance of 3 cm from the indica
tor, the efficiency was reduced to 19%, which nevertheless demonstrates 
the ability of ROS to survive a considerable distance from the photo
catalyst surface. 

A principal finding from this work is the major role adsorbed water in 
sufficient thickness plays as reactant for generation of hydroxyl radicals. 
This means that the photocatalyst has to be kept cold permanently or 
cooled intermittently. This can be done by moderating the illumination 
by power regulation or chopping or by longer on/off cycles – in our case 
through intervention for external analysis of MB decolourisation. 
Operando techniques, such as FT-IR could further elucidate the changes 
in the adsorbed water layers while the temperature on the surface of the 
oxide varies under certain light/dark cycles. Probing the temperature of 
the oxide surface is also of great value. 

Finally, we were able to estimate in-situ the amount of hydroxyl 
radicals produced by a simple electrochemical sensor based on PANI. 
Our results suggest that approx. 1.2 ⋅ 1012 molecules s− 1 per 0.38 cm2 

sensing area were photocatalytically produced. Laser-induced fluores
cence (LIF) spectroscopy has a detection limit of 106 molecules [37,50] 
and our results suggest that LIF could be a suitable and direct hydroxyl 
radicals detection method in the gas phase that could be combined with 
the present photocatalytic reactor. Nevertheless, previously reported 
amounts of hydroxyl radicals measured by LIF show excellent correla
tion with the ones reported by the PANI sensor, making the latter a good, 
inexpensive and simple detection alternative. 

The proposed gas-phase photocatalytic ROS generation-detection 
system demonstrates a promising route for fundamental understanding 
and development of efficient and controllable air cleaning/purification/ 
disinfection devices. 
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