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A B S T R A C T   

In photoelectrocatalysis (PEC) a considerable amount of research has been focused on improving the photo-
electrode; however, cathodic reactions are essential to PEC disinfection. In this work, a TiO2 nanotube (TiNT) 
array was used as the photoanode with various cathode electrodes materials, including gas diffusion electrodes 
(GDE) modified with different Pt nanoparticle loadings. The highest rate of E.coli inactivation was achieved with 
the non-modified GDE (2.51 log) compared to Pt mesh paddle (0.79 log reduction). This was explained by the 
examining reactive oxygen species generated at the counter electrode, where the non-modified GDE had the 
highest Faradaic efficiency of 15.5% for the formation of H2O2. Modification with Pt inhibited the formation of 
H2O2 to below the detection limit. The TiNT photoanode was shown to generate hydroxyl radicals, but impor-
tantly, there was reduction of molecular oxygen to superoxide radical at the anode. A thin cell reactor was then 
constructed using the identified optimal materials and a 5.0 log reduction in E.coli was in 20 min under UVA 
irradiation.   

1. Introduction 

Photoelectrocatalysis (PEC) is commonly conducted with an n-type 
photoanode and a conducting counter electrode with an externally 
applied bias; a diagram of this process is shown in Fig. 1. The photo-
electrode (left Fig. 1) can absorb photons with energy greater than the 
bandgap (Eg) resulting in the generation of an electron (e-) and hole (h+) 
pair. Under an applied bias, conduction band electrons move via the 
external circuit to the counter electrode, thereby separating electron 
hole pairs and reducing the rate of charge carrier recombination [1]. 
Overall, this results in reduction and oxidation reactions occurring at 
spatially separated electrodes. 

Titanium dioxide nanotube (TiNT) photoanodes have been reported 
to be effective for the inactivation of microorganisms [2–4]. Recent 
research progress using TiNT has been summarised in reviews [5,6]. 
Other progress includes the design of PEC reactor with a compound 
parabolic collector, tested under real solar irradiation during winter in 
South Africa for inactivation of environmental strains of bacteria [7]. 
Other work has investigated the modification of TiNTs with γ-graphene 
[8], formation of WO3 heterostructures [9] and doping with N2 [10]. The 

latter improved the inactivation rate for E. coli, despite a lower current 
density for the doped samples, demonstrating that the rate of disinfec-
tion is not directly proportional to the photocurrent when comparing 
different photoanodes. It was suggested that the type of ROS generated 
had a greater influence on the rate of disinfection and the generation of 
superoxide (O•−

2 ) at the photoanode could be responsible for the 
improved disinfection rate, although this was not proven experimen-
tally. As such, in this paper the detection and quantification of the ROS 
species, O•−

2 & hydroxyl radical (•OH) was performed at the 
photoanode. 

In PEC less analysis has been performed on the selection of the 
counter electrode material for generating reactive oxygen species (ROS). 
The complete oxygen reduction reaction (ORR) is the 4 electrons 
reduction to water (Eq. 1 and 2) [11]. This reaction is not beneficial 
when applied to PEC for water treatment or disinfection; instead, the 
desirable ORR are one’s which produce ROS (represented in Eqs. 3–6).  

O2 + 2H2O + 4e- ⇌ 4OH- E◦ = 0.401 V (SHE, pH 14) (1) 
O2 + 4H+ + 4e- ⇌ 2H2O E◦ = 1.229 V (SHE, pH 0) (2) 
O2 + H2O + 2e- → HO−

2 + OH- E◦ = -0.065 V (SHE, pH 14) (3) 
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(continued ) 

O2 + 2H+ + 2e- ⇌ H2O2 E◦ = 0.695 V (SHE, pH 0) (4) 
O2 + e- + H+→ HO•

2 E◦ = -0.05 V (SHE, pH 0) (5) 
O2 + e- → O•−

2 E◦ = -0.33 V (SHE, pH 0) (6)     

Several different counter electrodes are reported for PEC reactors, 
such as Ti [12–14], nickel [15,16], stainless steel [17,18], carbon-based 
materials [4,19,20], and Pt which is the most commonly used owing to 
its high electrochemical stability and catalytic activity [3,10,21–25]. 
However, the suitability of Pt in PEC is limited due to cost, but also has 
implications for the desired reduction reaction, therefore an examina-
tion of Pt counter electrodes for PEC disinfection is required. The use of 
nanoparticles (NP) may offer a lower-cost method by reducing the 
amount of Pt required, as such investigations using Pt NP are also 
examined in this paper. 

It has been reported that there is a synergistic effect on the inacti-
vation of Escherichia coli (E. coli) with low levels of H2O2 and UVA 
irradiation [26,27]; therefore, the generation of H2O2 is expected to 
enhance the overall process. The generation of H2O2 with carbon-based 
electrodes has been reported by Ma et al. [28] who examined the use of 
carbon felt with 50 mM Na2SO4 adjusted to pH 3 with sulphuric acid and 
at − 0.9 V (SCE) generating the highest concentration of H2O2. 
Depending on the experimental set up the H2O2 generation efficiency 
changed over time due to further cathodic reduction (Eq. 7) and anodic 
oxidation (Eq. 4) of the generated H2O2. Optimal current density and 
applied potential, a higher cathode area than anode were shown to 
improve efficiency, as too does mixing and the type of anode used.  

H2O2 + 2 H+ + 4e- ⇌ 2 H2O E◦ = +1.176 V (SHE, pH 0) (7)     

Barros et al. [29] used an unmodified carbon gas diffusion electrode 
(GDE) in a single-cell reactor and achieved a Faradaic efficiency of 
33.3% at − 1.1 V (Ag/AgCl) though it was conducted at pH 14. Zhang 
et al. [30] modified a GDE with PTFE to produce a hydrophobic surface 
with a carbon black catalyst. The use of the GDE removes the need to 
sparge the electrolyte with air or oxygen. They reported 64.9% effi-
ciency for the formation of H2O2 in 50 mM Na2SO4 adjusted to pH 3 
(H2SO4). The electrochemical generation of H2O2 is commonly con-
ducted at pH values outside of the range of natural water sources 

(6.5–8.5 [31]). Therefore, examination of suitable counter electrodes at 
neutral pH is required. 

In this work oxygen reduction products were assessed at different 
counter electrode materials including Pt wire, carbon felt, carbon GDE 
and carbon GDE modified with Pt nanoparticles. The formation of •OH 
& O•−

2 were examined at the photoanode. The photoelectrochemical 
properties of TiNT on Ti foil and Ti mesh were also determined. The 
combination of the photoanode with different counter electrodes in a 
PEC was investigated for the inactivation of E. coli K12. The optimal 
materials were then incorporated into a custom design PEC for disin-
fection experiments using local stream water under UVA irradiation. 

2. Experimental section 

2.1. Materials 

The materials and chemicals used are as follows: ammonium fluoride 
(Sigma-Aldrich ≥99.99%), carbon paper (Ion-power), carbon felt (Alfa 
Aesar), chloroplatinic acid (Sigma-Aldrich ≥99.9%), conductive epoxy 
CW 2400 (Circuit works), copper sheet & wire (RS Components), 
Coumarin (Sigma-Aldrich ≥ 99%), Decon 90 (Decon Laboratories), 
ethylene glycol (Sigma-Aldrich ≥99%), hydrogen peroxide (Sigma- 
Aldrich 30%), hydroquinone (Sigma-Aldrich ≥99%), nitrogen (oxygen- 
free) (BOC ≥99.99%), palatium wire (Birmingham metal special prod-
ucts), potassium chloride (Sigma Aldrich ≥99.0%), potassium iodide 
(Sigma Aldrich ≥99.0%), ringer’s solution ¼ strength tablets (Fluka 
Analytical), sodium bicarbonate (Sigma-Aldrich ≥99.7%), sodium 
chloride (Sigma-Aldrich ≥99.8%), sodium sulphate (Sigma-Aldrich 
≥99.0%), titanium foil (Sigma-Aldrich 99.80%), titanium mesh (Ti- 
Shop Grade I), trypticase soy agar (Sigma-Aldrich), trypticase soy broth 
(Sigma-Aldrich), umbelliferone (Sigma-Aldrich 99.0%), UV grade 
acrylic (Plasticstockist.com). 

2.2. Electrodeposition of platinum nanoparticles on GDE 

Platinum nanoparticles were electrodeposited onto the GDE in a 3 
electrode electrochemical cell with the GDE as the working electrode, Pt 
mesh counter and saturated calomel reference (SCE) with 5 mM H2PtCl6 
in 0.5 M H2SO4 electrolyte [32]. The electrodeposition was conducted in 
a custom-built cell (Fig. S1). 

The electrodeposition was performed in 2 steps, first a potential of 
− 0.5 V (SCE) for 5 s was applied for all samples and second a potential 
of 0.0 V (SCE); with different applied durations of 10 s, 20 s, 40 s, & 80 s 
to vary the amount of Pt on the GDE. Accordingly, the samples are 

Fig. 1. Diagram of the PEC process and path-
ways for radical production using a photoanode 
and a non-semiconducting counter electrode. 1) 
Photon absorption, 2) photo-excitation and 
recombination, 3) electron transfer to an elec-
tron acceptor, 4) oxygen reduction to superox-
ide, 5) formation of hydrogen peroxide, 6) 
formation of hydroxyl radical, 7) oxygen and 
proton reduction to water, 8) proton reduction 
to hydrogen, 9) donor electron transfer, 10) 
oxidation of water to form a hydroxyl radical, 
11) oxygen evolution reaction. 
(Adapted with permission from [1] (MDPI 
Basel, Switzerland)).   

S. McMichael et al.                                                                                                                                                                                                                             



Applied Catalysis B: Environmental 311 (2022) 121339

3

labelled as GDE (no modification), Pt 10 s, Pt 20 s, etc. A scanning 
electron microscope (Hitachi SU5000 FE-SEM) was then used to image 
the Pt NT. The software “ImageJ” was then used to calculate the cross- 
sectional area and diameter of the nanoparticles using the built-in 
“Analyze Particles” function with a threshold image [33]. The SEM 
was equipped with an energy dispersive X-ray (EDX/EDS) analyser and 
conducted with an accelerating voltage of 7.5 kV. The images were 
recorded with a backscattered secondary electron detector and per-
formed with the Aztec software provided with the instrument, to 
confirm the nanoparticles were Pt. 

2.3. Oxygen reduction 

To assess the efficiency for oxygen reduction, linear sweep voltam-
metry (LSV) was used. A 3-electrode configuration using a custom-made 
single cell (Fig. S1), with 2 cm2 exposed for the cathode (working 
electrode) which also enabled air purging through the porous electrodes. 
The electrolyte was 0.1 M KCl, the reference electrode was a SCE and a 
platinum mesh paddle (5.9 cm2) anode. The electrodes were connected 
to an electrochemical workstation (AUTOLAB PGSTAT 30) LSV was used 
from + 0.5 V to − 1.5 V at a rate of 5 mVs− 1. To remove the oxygen from 
the electrolyte, oxygen-free nitrogen was used to purge the cell for 
10 min before running the scan and N2 blanketing during the scan. For 
oxygen reduction, air purging was performed using a peristaltic pump 
(Pharmacia LKB) for 10 min before running the scan. The materials 
examined were, platinum wire, carbon felt, GDE non-hydrophobic side, 
GDE hydrophobic side, GDE hydrophobic side with platinum deposited 
via differing cycle times Pt 10 s, Pt 20 s, Pt 40 s & Pt 80 s 

2.4. Hydrogen peroxide quantification 

To examine the amount of H2O2 generated, titanium oxysulfate was 
used as a colorimetric detection method [34] which produces a yellow 
complex in the presence of H2O2. A calibration curve was produced 
(Fig. S2) using 2 mL of 280 mM of titanium oxysulfate in dilute sul-
phuric acid and 1 mL solution. The solutions of H2O2 (1, 5, 10, 
20 mg L− 1) were prepared by serial dilutions of 30% H2O2 (Sigma-Al-
drich) using de-ionised water. The absorption was measured using a 
Jenway 6305 spectrophotometer with a fixed wavelength of 410 nm. 
The cathodes were tested with a Pt mesh paddle (5.9 cm2) counter 
electrode, a SCE reference electrode operated at − 0.75 V, in a solution 
of 0.1 M KCl. Additional experiments were conducted using the highest 
Pt loading (Pt 80 s) with different potentials/electrolytes (Table S1). 

2.5. Anodisation of titanium 

All titanium (Ti) samples were cut into segments and ultrasonically 
cleaned in a solution of 5% Decon 90 detergent, followed by washing in 
distilled water to remove any Decon 90 and finally dried in air. The Ti 
was anodised following the method reported by Yeonmi et al. [35]. In 

brief, a two-electrode cell was used with the sample (Ti) as the working 
electrode and 2 Ti mesh as the cathodes on either side of the working 
electrode. The electrolyte solution contained NH4F (0.3 wt%) in distilled 
water (3 vol%) and ethylene glycol (97 vol%). This was conducted in a 
polypropylene beaker at + 30.0 V (PLH120 DC power supply from 
Aim-TTi) for 3 h, then rinsed multiple times in distilled water. Two 
different annealing temperatures were used at 350 ◦C and 450 ◦C. 
Confirmation nanotube growth and morphological analysis was per-
formed by using SEM (Hitachi SU5000 FE-SEM). A contact area on the Ti 
was cleaned using abrasive paper and an electrical contact was made by 
attaching a copper wire to the Ti that had been cleaned using silver 
epoxy (CircuitWorks CW2400). To insulate the contact and ensure that a 
1.0 × 1.0 cm photoactive area was exposed for the photo-
electrochemical measurements, a negative SU8 photoresist (Micro-
Chem) was applied and left to dry at room temperature. Once dry, the 
coated photoelectrode was exposed to UVA (PL-S 9 W/10/2 P (UVA)) 

for 5 min on both sides to enable the cross-linking of the epoxy groups, 
followed by curing in an oven at 160 ◦C for 30 min. Titanium mesh was 
also used as an anode material. The wire mesh had a 0.2 mm diameter 
with an open area of 52.48%. As the open area of the mesh limits the 
absorption area, multiple meshes were layered on top of one another 
(Fig. S3). The opening area can be calculated using Eq. 8, where Ao is the 
open area (%), w is the depth (mm), m is the number of meshes, η 
(between 0 and 1) can be used to account for miss alignment and d is the 
diameter of the mesh wire (mm). Consequently, 3 meshes were layered 
on top of each other to form a photoelectrode, resulting in an open area 
of 2% (provided 100% alignment i.e. η = 1). By using multiple meshes 
there is an increase in the geometric surface area (Table S2), as such 
photoelectrochemical measurements of the meshes are defined as, 
“normalised current density” to signify that area irradiated is 
1.0 × 1.0 cm. 

Ao =

(
w − ((m − 1)ηd)

w + d

)2

w ≥ ((m − 1)ηd ) ≥ 0 (8)  

2.6. Photoelectrochemical analyses of photoelectrodes 

To examine the photoelectrochemical properties of the photo-
electrode, a three-electrode single cell compartment (Fig. S4) was used. 
The working photoelectrode (1 ×1 cm exposed segment), a platinum 
mesh paddle (5.9 cm2) counter electrode and a SCE as the reference 
electrode. The irradiance source was a 450 W Xe lamp (Horiba Jobin 
Yvon FL-1039/40) which had an intensity of 343.2 Wm− 2 between 270 
and 800 nm and 21.3 Wm− 2 between 270 and 400 nm; it was also 
equipped with a monochromator (Horiba Jobin Yvon MicroHR) spec-
trum shown in Figs. S5 and S6. The incident photon conversion effi-
ciency (IPEC) was calculated using Eq. 9, where I is the current (A), t is 
the time (s), e is the number of electrons in a coulomb (6.24 ×1018), A is 
the area of the photoelectrode (cm2) and Pλ is photon desnity per second 
(photons cm− 2 s− 1) for a set wavelength. The electrodes were connected 
to an electrochemical workstation (AUTOLAB PGSTAT 30) and 
controlled by a PC using General Purpose Electrochemical Software 
(GPES). All photoelectrochemical analyses experiments were carried out 
in 0.1 M KCl to be consistent with the oxygen reduction experiments. To 
examine the change in photocurrent for different UV intensity, a 1000 W 
Xe lamp was used with the reactor positioned at various positions from 
the lamp to vary the UV intensity. 

IPCE =
number of charge carriers generated

number of incident photons
=

Ite
t A

∫
Pλ dλ

(9)  

2.7. Hydroxyl radical detection 

To detect and quantify the amount of hydroxyl radicals (•OH) 

Fig. 2. Two-compartment reactor for radical detection at the photoanode.  
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generated, a two-compartment cell (Fig. 2) with magnetic stirring was 
used. The compartments were separated by a cation membrane (Nafion) 
to prevent interference with the working electrode. The cell was oper-
ated as a 3-electrode set-up in 0.1 M KCl electrolyte, the working elec-
trode was the photoelectrode being examined, the counter electrode was 
a carbon paper counter electrode, and the reference was SCE. 

Coumarin (0.4 mM) was used as the probe to detect •OH as reported 
by [36]. Due to the low solubility and dissolution speed of coumarin, it 
was dissolved at elevated temperatures [37]. The reaction of coumarin 
and •OH (Fig. S7) results in the formation of 7-hydroxycoumarin (also 
known as Umbelliferone), the latter can be detected by fluorescence’s i. 
e. a rise in the fluorescence indicates the generation of •OH. 

The quantification of 7-hydroxycoumarin was performed using an 
Agilent Cary Eclipse fluorescence spectrophotometer with a quartz 
cuvette and 2 mL of sample. A calibration curve (Fig. S8) was produced 
by using a known concentration of 7-hydroxycoumarin dissolved under 
magnetic stirring at elevated temperatures in 0.1 M KCl. Serial dilutions 
were performed to adjust the concentration. The excitation wavelength 
used was λex = 332 nm and the peak emission wavelength λem = 456 
± 3 nm. 

2.8. Superoxide detection 

To detect and quantify superoxide ion radicals (O•−
2 ) at the photo-

anode, the two-compartment cell (Fig. 2) as previously described was 
used. The solution was 0.1 M KCl, the O•−

2 savaging probe was 0.2 mM 
1,4-hydroquinone reported by Fónagy et al. [38] which was reported to 
be more selective towards O•−

2 than benzoquinone. Potassium iodide 
(5 mM) was used as a hole and •OH scavenger to prevent possible 
oxidation of hydroquinone [39,40]. N2 purging was used to remove 
oxygen from the solution for control experiments. The reaction of O•−

2 
and hydroquinone (H2Q) forms benzosemiquinone radical (BQH•) and 
hydrogen peroxide (Eq. 10) [41]. 

HQ + O•-
2 + H+→BQH• + H2O2 (10) 

The detection and qualification of hydroquinone were performed by 
using a fluorescence spectrophotometer (Agilent Cary Eclipse) with a 
quartz cuvette and 2 mL of sample. A calibration curve (Fig. S9) was 
produced by using a known concentration of hydroquinone, serial di-
lutions were performed to adjust the concentration. The excitation 
wavelength was λex = 288 nm and the peak emission wavelength λem 
= 330 nm. 

2.9. E. coli K12 inactivation experiments 

The inactivation of E. coli K12 was conducted in a custom-made cell 
(Fig. S10), with a 2 cm2 GDE counter electrode and 1.0 × 1.0 cm2 

photoanode, with a working volume of 15 mL giving a surface to volume 
ratio of 0.067 cm2cm− 3. A UVA lamp was used for the inactivation ex-
periments (365 nm with 30.9 Wm− 2) and a cell potential used (PLH120 
DC power supply from Aim-TTi) as both can be easily developed into a 
working reactor design in the future. Between each run, the reactor was 
cleaned with 3% vol H2O2 and rinsed with deionised water 4 times to 
remove any residual H2O2. The use of a chloride electrolyte (60 mM 
NaCl) was firstly examined for the inactivation of E. coli but to remove 
the complication of chlorine species[42], 60 mM Na2SO4 was used as the 
aim of this work was to investigate the formation of ROS. The different 
experiments conducted are stated in Table S3. 

2.10. Thin cell reactor 

To examine the influence of the surface area to volume ratio, a thin 
cell reactor was tested (Fig. S11) which had a surface-to-volume ratio of 
2.01 cm2cm− 3 and tested under the same parameters as before, i.e. 
60 mM of Na2SO4, GDE (non-modified), TiNT mesh annealed at 350 ◦C, 

operated at + 1.0 V though with at a slightly lower intensity of 24.7 
Wm− 2 (365 nm peak) due to the positioning. The effect of a higher 
irradiance (45.6 Wm− 2) was subsequently examined, as too was the 
disinfection using natural autoclaved stream water. 

Stream water was collected from a local source using a washed and 
autoclaved glass bottle (Schott). The stream water was then autoclaved 
to inactivate any naturally present microorganisms. Selected parameters 
of the stream water before and after autoclaving are stated in Table 1. 
The stream water was then stored in a fridge (2–8 ◦C) until testing and 
spiked with E. coli K12 as previously described and plated following the 
same procedure. 

2.11. Microbially culture & analyses 

A stock plate of E. coli K12 (NCTC 12486) was prepared using 
lyophilised strains. The lyophilised sample was taken from a freezer and 
a fresh culture was prepared using tryptic soy broth (TSB) inoculated 
with 2 lyophilised bacteria spheres and incubated at 37 ◦C for 21 h 
under constant agitation of 120 rpm in an orbital rotary shaker; pro-
ducing a concentration of > 109 colony-forming units (CFU) mL− 1. Se-
rial dilutions were performed using ¼ strength Ringers solutions and 
100 µL spread plated on tryptic soy agar (TSA) and incubated 37 ◦C for 
24 h. The plate with a suitable number of colonies (75− 200) was used as 
the stock plate. 

The electrolyte solution to be used in the reactor was spiked with the 
required volume of stock to ensure a bacterial concentration of ~106 

CFU mL− 1. During the experiments, samples were taken at set-times, 
serial 10-fold dilutions were performed using ¼ strength Ringers solu-
tions and six drops of 10 µL were plated on tryptic soy agar (TSA). For 
samples where low counts were expected, 100 µL-samples with no 
dilution were plated resulting in a detection limit of 10 CFU mL− 1 and 
incubated at 37 ◦C for > 18 h. After which the average and associated 
deviation for the number of colonies was calculated. 

3. Results and discussion 

3.1. Cathode characterisation: Platinum nanoparticles deposited on GDE 

The confirmation of Pt nanoparticles deposited on the GDE was 
performed by using SEM/EDX on all samples as shown in Fig. 3a- 
d where the red dots are the mapping of Pt by EDX. The EDX spectra 
showed a strong peak at ~2.04 keV correlating to the Mα x-ray emission 
energy of platinum (Fig. S11). The diameter of the nanoparticles 
(Fig. S12) followed a gamma distribution pattern with a peak diameter 
at 60–65 nm. Increasing the deposition time increased the total coverage 
of Pt NP on the electrode, as well as the number of NP greater than 
100 nm; the results are comparable those published previously [43]. 

3.2. Cathode characterisation: oxygen reduction reaction 

LSV scans were performed first with nitrogen purging to remove 
oxygen for a baseline. Air was then purged prior to LSV for oxygen 
reduction. The results with N2 and air purging for each material are 

Table 1 
Water parameters of 60 mM Na2SO4 compared to stream water before and after 
autoclaving.  

Parameter 60 mM 
Na2SO4 

Untreated stream 
water 

Autoclaved stream 
water 

pH  7  8.06  8.36 
Dissolved oxygen / 

mgL− 1  
8.8  8.5  7.7 

Electrical conductivity / 
mScm− 1  

10.75  0.675  0.739 

Absorption coefficient 
ε365 / cm− 1  

0.046  0.115  0.117  
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displayed in Fig. S13 and results in the presence of oxygen (air sparging) 
are shown in Fig. 4. From the LSV data, the onset potential for the ORR 
and the current density was determined. The reported definitions for the 
ORR onset potential vary; these can be either, the point at which current 
for oxygen reduction is first observed [44], the potential at which 
− 0.1 mA cm− 2 is reached [45] or by using a line of best fit [46]. Sub-
sequently, there can be 3 different values for the same material and for 
the latter method depending on how the line is fitted there can be var-
iations in values obtained. All three methods were examined and the 
values for each material are stated in Table 2. In all instances the 
magnitude of the values was in the following order; first observed ORR 
< − 0.1 mA cm− 2 < line of best fit. When comparing the onset potential 

of two different materials the magnitude is approximately the same for 
each method; though, the use of − 0.1 mA cm− 2 provides a direct 
comparison with less error than the other methods. 

From the materials examined, carbon felt had the most negative ORR 
onset potential (− 0.458 V (SCE) at − 0.1 mA cm− 2), the GDE had a 
more positive onset potential than the carbon felt, for both the non- 
hydrophobic side and the hydrophobic side (coated with PTFE). The 
Pt wire had a more positive onset potential (− 0.234 V (SCE)) than the 
GDE but the Pt modified GDE had the most positive onset potential for 
oxygen reduction. The addition of platinum NP to GDE (Pt 20 s, 40 s & 
80 s) moved the onset potential more positive than the Pt wire, to 
− 0.095 V (SCE) for the highest Pt loading (Pt 80 s). This can be 
attributed to improved oxygen adsorption on the Pt NP surface which is 
believed to be a rate-limiting step in the ORR process [47]. 

In terms of current density, the GDE Pt 40 s performed the best until 
− 1.15 V (SCE) after which Pt had a higher current density, this can be 
attributed to a change in the reaction from oxygen reduction to water 
reduction (Eq. 11 [48] N.B. − 0.244 V to convert NHE to SCE) as shown 
in Fig. S14a at potentials greater than − 1.0 V (SCE), Pt shows cathodic 
current in absence of oxygen, probably hydrogen evolution.  

2 H2O + 2e- → H2 + 2OH- E◦ = − 0.8277 V (NHE) (11)     

Factors influencing choice of cathodic material is to be combined 
with PEC include; a material with a low onset potential for ORR and 
current density matching of the counter electrode as to not limit the 
overall photocurrent. 

3.3. Cathode characterisation: ROS (Hydrogen peroxide) generation 

Several studies have shown that not only can H2O2 inactivate 

Fig. 3. a-d) EDX maps of Pt nanoparticles (red pixels) for different loadings, a) Pt 10 s, b) Pt 20 s, c) Pt 40 s, d) Pt 80 s.  

Fig. 4. Compilation of LSV graphs for oxygen reduction, nitrogen plots 
removed for clarity. Electrolyte 0.1 M KCl, pH 7 and a sweep rate of 5 mV s− 1. 
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microorganism but there is an associated synergistic effect with UVA 
irradiation [49–51]. It would therefore be expected that producing H2O2 
at the counter electrode would enhance the rate of disinfection. The 
cathode materials were examined for H2O2 generation with a fixed po-
tential of − 0.75 V (SCE) as all materials exhibited oxygen reduction at 
this potential (Fig. 4) in an air saturated solution. The average current 
density for each material at − 0.75 V is shown in Fig. 5a. The addition of 
Pt NP increased the current density of the GDE, with Pt 40 s giving the 
highest current density (− 2.46 mA cm− 2) x1.9 times that of the un-
modified GDE. However, the addition of Pt NP at all loadings inhibited 
the generation of H2O2 and this can be attributed to “side-on” adsorption 
of O2 on the Pt NP surface which weakens the O–O bond, leading to 
dissociation of O–O to H2O and any H2O2 generated can be subsequently 
reduced to H2O on the Pt cluster (Eq. 7) [52]. To examine if the oper-
ating parameters affecting the generation of H2O2 when using the Pt 
GDE, the Pt 80 s sample was further assessed with different potentials 
and electrolytes, the average current density for each experiment is 
presented in Fig. S15; however, no H2O2 was detected above the 
detection limit (1 mg L− 1) in any of the experiments and no significant 
drop in the current density was observed. 

The unmodified GDE was the only material that showed H2O2 gen-
eration above the detection limit. When flowing air flow though the non- 
hydrophobic GDE there was a lower current density when using a higher 
airflow (14.6 mL s− 1) compared to the lower airflow (0.4 mL s− 1), due 
to air bubbles forming on the electrode. The higher airflow also reduced 
the Faradaic efficiency. The hydrophobic side had a higher current 
density and marginally higher Faradaic efficiency (8.4%) than the non- 
hydrophobic side (Fig. 5b). Operating at a fixed current of 0.2 mA cm− 2 

the efficiency increased to 15.5%. The other potential reactions at the 
cathode are the reduction of H2O2 to water (Eq. 7), (Faradic efficiency 

for H2O2 is lower at higher current densities) and/or the direct 4-elec-
tron reduction of O2 to water (Eq. 2) [22]. Compared to literature, the 
efficiency values obtained in this work are lower, for example, Mudde-
mann et al. [53] tested a GDE (Vulcan XC72 carbon black and PTFE on 
gold-plated nickel wire cloth) at 0.2 mA cm− 2 which displayed a posi-
tive linear relationship with pH, though no efficiencies were reported 
between pH 4–9, if the trend continues in this region an estimated ~50% 
efficiency would be achieved at pH 7. Their study however used Vulcan 
XC72 catalyst with a Ag-Ni wire cloth and a cation membrane to prevent 
oxidation of the H2O2 at the anode. In an undivided cell, the concen-
tration of H2O2 is also dependent on the material of the anode and size 
ratio compared to the cathode where the larger cathode is preferred 
[28]. Barros et al. [29] used unmodified GDE and achieved an efficiency 
of 33.3% though the experiment was conducted at a higher and more 
efficient pH (14) and an applied bias of − 1.1 V (Ag/AgCl). Although 
research has examined the effect of pH on H2O2 generation [22,28,53], 
less research has been preferred on the effect (if any) on the type of 
supporting electrolyte for the ORR to H2O2, although the type of elec-
trolyte has been shown to affect the oxidation of H2O to yield H2O2 (Eq. 
7) for metal oxides [54]. 

The key findings that from the cathode material testing was the non- 
modified GDE was the only material to produce detectable amounts of 
H2O2 at pH 7 in 0.1 M KCl with the reactor set-up. The GDE with PTFE 
(hydrophobic side) produced a marginally higher current density & 
higher Faradaic efficiency. High airflow rate through the GDE not only 
affects the current density but also the efficiency, with low flow rates 
and low current density being the optimal mode of operation. Whether 
the generation of H2O2 at the cathode improves the rate of inactivation 
of E. coli when combined with PEC is further disused in Section 3.8. 

Table 2 
Onset ORR potential for different materials (V (SCE) pH= 7).  

Material Carbon felt Pt wire GDE – non-Hydro GDE -Hydro GDE Pt 10 s GDE Pt 20 s GDE Pt 40 s GDE Pt 80 s 

First observed ORR  -0.374  -0.174  -0.257  -0.257  -0.257  -0.139  -0.056  -0.047 
-0.1 mA cm− 2  -0.458  -0.234  -0.378  -0.330  -0.315  -0.145  -0.105  -0.095 
Line of best fit  -0.500  -0.250  -0.388  -0.357  -0.351  -0.254  -0.150  -0.194  

Fig. 5. a) average current density when operating at − 0.75 V (SCE) in 0.1 M KCl, b) the resulting Faradaic efficiency for electrochemical H2O2 generation, c) 
Faradaic efficiency for the hydrophobic GDE when using a fixed current of 0.2 mA cm2. 
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3.4. Photoanode characterisation: nanotube growth 

Aligned titania nanotube formation was confirmed via the SEM for 
all samples. The foil sample is shown in Fig. 6a at 40k magnification and 
the mesh sample is shown in at 90 magnification and 40k magnification 
(Fig. 6b-c). The foil NTs had a mean diameter of 102.91 nm with a 
standard deviation of 15.96 nm, the mesh NTs has a mean diameter of 
95.58 nm and a standard deviation of 16.79 nm (n = 100). Given the 
deviation and small sample area for the foil and mesh samples, it is 
evident that both materials produce comparable nanotubes and similar 
to those reported in literature for the same conditions [55,56]. 

3.5. Photoanode characterisation: electrochemical characterisation 

The LSV graph for each photoanode is shown in Fig. S16, in all in-
stances, the photocurrent is plateauing at + 1.0 V (SCE). The photo-
current vs time response was examined at a fixed potential of + 1.0 V 
(SCE) (Fig. S17) the highest photocurrent was achieved when the TiNT 
array was annealed at 350 ◦C as compared to 450 ◦C for both the foil and 
mesh samples. Previous reports have suggested 450 ◦C is optimal 
annealing temperature for TiO2 [57,58]. In this work, the highest 
photocurrent was achieved with the mesh photoanode annealed at 350 
◦C (144 μA cm− 2). Although a 1 × 1 cm segment of mesh (x3) was 
irradiated, the true geometric surface area is higher than 1 cm2 and as 
such it has been termed normalised photocurrent. The photocurrent is 
lower than other reports [10] this can be explained due to the prepa-
ration route. The concentration of water in the anodising solution has 
been reported to modify the resultant tubes electrochemical properties. 
Zhao et al. [59] demonstrated that 2% vol of water in ethylene glycol has 
a higher photocurrent than 5% vol and at 3% vol (which was used in this 
study). Water content used in the preparation influence defects at the 
edge of the tube, however, in literature different sources of irradiation 
are used (intensity and spectral emission) and different electrolytes are 
used. The comparison of photoanodes is subsequently difficult; there-
fore, assessing the IPCE can be a fairer assessment (Fig. 7). 

The current at fixed wavelengths is shown in Fig. 7a and the corre-
sponding photon to current conversion efficiency is shown in Fig. 7b. 
The photoanode is only effective in the UVA range with peak efficiency 
at 350 nm. The mesh had the highest efficiency of ~60% at 320–350 nm. 
Comparing to literature, Krbal et al. [60] reported 60% efficiency for a 
crystalline TiNT array but the peak was 320 nm, the IPCE reduced with 
lower-energy photons, though the applied potential was lower (+0.4 V 
(Ag/AgCl)), Gao et al. [61] report ~35% efficiency at 350 nm but also a 
low potential (+0.5 V (Ag/AgCl)) and Sayantan et al. [62] reported 60% 
at 350 nm at (+0.4 V (Ag/AgCl)). 

The use of artificial irradiance can facilitate the use of a constant and 
fixed photonic flux. For real world applications where light intensity 
varies, it is of interest to examine how the UV intensity correlates to the 
current density. In these results, a linear correlation is observed 
(Fig. S18) with intensities less than 100 Wm− 2 (UV). Therefore, the 
photocurrent doesn’t become saturated by increasing photonic flux in 

this range and a high photon flux density can be used. This linear cor-
relation has also been reported by Burns et al. [63] when using TiNb2O7 
photoanode at + 1.0 V (RHE) in 0.5 M NaOH (pH 13.4), with a 
maximum intensity of 2.5 suns (estimated 114 Wm− 2 of UV). 

The IPCE data shows that the most efficient wavelength range for 
operation is 320–360 nm. If powered by fluorescent UVA lamps their 
peak output at 365 nm does overlap within this range. The spectrum of a 
UVA lamp was overlaid on the IPCE results (Fig. S19a), to estimate the 
efficiency of this irradiation source in generating photocurrent with this 
photoelectrode. Analysis, using the IPCE and lamp data (Fig. S19b), 
shows an IPCE of around 30% in the spectral emission range of the lamp. 
Ideally it is best to match the IPCE to the irradiance source, though it is 
very common for fluorescent UVA lamps (peak 365 nm) to be with used 
PEC [4,15,17,20,22,24,64,65] due to cost and availability. The use of an 
artificial source also enables an anytime method of treatment with a 
fixed photonic flux enabling a simpler control of the treatment system, 
although at an additional cost as compared to real sun. 

3.6. Photoanode characterisation: ROS (Hydroxyl radical) detection 

An increasing fluorescence signal (Fig. S20) indicates the hydroxyl-
ation of coumarin to form 7-hydroxycoumarin. The standard curve 
(Fig. S8) was used to convert the peak intensity to concentration. As the 
untreated coumarin solution (T = 0 min) shows a small fluorescence, 
subsequent measurements were subtracted using the original signal to 
be able to use the standard curve. 

The Faradaic efficiency for •OH generation for the different photo-
anodes is shown in Table 3. The highest Faradaic efficiency was ach-
ieved with the mesh 350 ◦C photoanode. When using coumarin as a 
probe it has been reported that it only detects free •OH in the bulk so-
lution as the probe doesn’t absorb onto the surface of TiO2 and only 
6.1% of the •OH generated can be detected has 7-hydroxycoumarin 
[66]. Therefore, the total •OH can be estimated by dividing the 
measured 7-hydroxycoumarin by 0.061 (Eq. 12). Though, it has been 
highlighted that in some instances it is appropriate to apply the same 
conversion factor to all advanced oxidation processes [67]; thus the 
original and conversion factor is stated in Table 3. 

Faradaic efficiency =
7-hydroxycoumarin molecules

No. electrons ∙ 0.061
(12) 

A Faradaic efficiency of 1.31% and the generation of 4.43 × 1016 

molecules of •OH was obtained for the mesh 350 ◦C photoanode. The 
remaining current may be attributed to oxygen evolution (Eq. 1–2). 
Nakabayashi et al. [68] reported a high faradaic efficiency (93–105 
± 5%) for oxygen evolution using a rutile single crystal photoanode with 
(100) facets and a faradaic efficiency of 0.59% for •OH generation when 
using coumarin as a probe (0.1 mM) in 0.1 M Na2SO4 with a fixed po-
tential of + 1.3 V (Ag/AgCl) and irradiated with an LED array (365 nm 
& 70 Wm− 2). 

Fig. 6. a) TiNT on foil at 40k magnification, b) TiNT mesh at 90 times magnification, c) TiNT Mesh at 40k magnification.  
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3.7. Photoanode characterisation: superoxide detection 

The use of the two-compartment cell ensured that only the TiNT 
electrode was being examined for O•−

2 generation. To confirm that any 
decrease in hydroquinone concentration is due to reaction with O•−

2 , 
control experiments were conducted (Fig. 9a). The photolysis control 
experiment with no scavengers showed a small decrease in the quantity 

of hydroquinone, which may be attributed to thermal oxidation of hy-
droquinone to form benzoquinone, autoxidation by molecular oxygen 
(O2) is also possible but the reaction rate is pH depended as the depro-
tonated form of hydroquinone increases (pKa 9.9); as the solution is 
neutral, autoxidation shouldn’t have a noticeable effect on the hydro-
quinone concentration [69]. 

To ensure that hydroquinone wasn’t oxidised by holes or •OH, KI 
was used as it’s been reported as a hole / •OH scavenger [39,40] and 
doesn’t interfere with the fluorescence signal when 5 mM was used. The 
photoanode was tested at + 1.0 V (SCE) with the KI scavenger and N2 to 
remove oxygen, the reaction rate was slightly less than that of the light 
control; this demonstrates; firstly, oxidation of hydroquinone is not 
taking place due to the KI and secondly, any autoxidation of hydroqui-
none is minimal. When the photoanode was tested with only KI there 
was a significantly larger decrease in the HQ concentration than with the 
light control or deoxygenated control. This demonstrates that 
photo-excited conduction band electrons at the anode can reduce oxy-
gen to O•−

2 . This mechanism for oxygen reduction on a photoanode has 
been suggested by others [10,70] but not experimentally proven until 
now although oxygen is well known as a photocurrent scavenger for 
nanoparticulate electrodes. 

Additional experiments were conducted using a TiNT electrode foil 
annealed at 450 

◦

C and a mesh electrode annealed at 350 
◦

C (Fig. 9b). As 
the generation of O•−

2 is a one-electron reaction and the degradation of 
1,4-hydroquinone requires a single O•−

2 the efficiency can be calculated 
using Eq. 13. 

ηλ =
Reduction in 1, 4-hydroquinone (molecules)

Total number of photons
(13) 

The photonic efficiency in the UV range (<400 nm) was then 
calculated for each electrode (Table 4) under the assumption that one 
mole of O•−

2 results in the transformation of one mole of hydroquinone. 
As the light only experiment resulted in a decrease in the HQ concen-
tration, that decrease was considered in the photonic efficiency calcu-
lation. These results indicate that more O•−

2 (9.7 ×1017 molecules) was 
generated compared to •OH (4.43 ×1016 molecules using convention 
factor) for the mesh 350 ◦C photoanode. Comparing the concentration of 
ROS •OH and O•−

2 for a TiO2 photoanode the reductive of O2 to O•−
2 is an 

order of magnitude more efficient than for the formation of OH radical. 

Fig. 7. a) Spectral response for each photoelectrode at different wavelengths from 270 to 430 nm with 10 nm peak-to-peak intervals and 10 s exposure, conducted in 
0.1 M KCl at + 1.0 V (SCE) and 450 W Xe Lamp, b) the resulting IPCE for each electrode. 

Fig. 8. Generation of 7-hydroxycoumarin for different photoanodes in 
0.1 M KCl. 

Table 3 
Charge, 7-hydroxycoumarin concentration and efficiency for different photo-
anodes. ηe – Faradaic efficiency; ηne – normalised Faradaic efficiency; ηλ – 
photonic efficiency in UV range< 400 nm.  

Photoanode Total 
charge / 
mC 

Concentration of 7- 
hydroxycoumarin 

ηe 

(%) 
ηne 

(%)/0.061 
ηλ 

(%) 

Mesh 
350 ◦C  

522.99 149 nM / 2.7 × 1015 

molecules  
0.08  1.31  0.013 

Foil 350 ◦C  284.63 71 nM / 1.3 × 1015 

molecules  
0.07  1.15  0.006 

Foil 450 ◦C  335.67 62 nM / 1.1 × 1015 

molecules  
0.05  0.82  0.005  
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3.8. Electrode combination (photoanodes and counter electrodes) impact 
on E. coli removal 

Two different electrolytes i.e., NaCl and Na2SO4 (60 mM) were used 
in the experiments for the inactivation of E. coli using a TiNT photo-
anode (1.0 × 1.0 cm) annealed at 350 ◦C with non-modified GDE 
(2 cm2) with an applied cell bias of + 1.0 V (Fig. 10). 

When irradiating with only UVA (peak intensity at 365 nm) as a light 
control, there was no significant reduction in E. coli concentration 
observed (0.06 ± 0.09 log). This can be attributed to the low UVA dose 
of 22.2 J cm− 2. Song et al. reported a 0.2 log reduction in E. coli with 
52 J cm− 2 (UVA)[71]. The inactivation of E. coli is both dose and 
wavelength dependent [72]. When testing with the photoanode biased 

at + 1.0 V there was a major difference in the E. coli inactivation rates. 
For NaCl electrolyte the E.coli concentration reached the detection limit 
after 30 min (5.06 log reduction). In Na2SO4 electrolyte the E. coli 
inactivation efficiency was much lower where after 180 min a 2.51 log 
reduction was observed. The increased rate when using NaCl can be 
attributed to the generation of reactive chlorine species which are highly 
effective for the inactivation of E.coli [42]. Therefore, to avoid chlorine 
radicals, Na2SO4 can be used to better examine the inactivation of mi-
croorganisms attributed to ROS produced by the electrodes. 

The I-V curves for different counter electrodes and a Foil TiNT 
(350 ◦C) with the UVA lamp are displayed in Fig. S21. The different 
counter electrodes displayed showed a small deviation from one another 
at + 1.0 V. The non-modified GDE did display marginally higher 
photocurrent (129 μA cm− 2) at + 1.0 V though the lowest (Pt 40 s) was 
119 μA cm− 2; subsequently, the counter electrode wasn’t limiting the 
current significantly due to the low photocurrent produced by the TiNT 
photoanodes. 

The inactivation of E. coli when using foil TiNT annealed at 350 ◦C 
with the different counter electrodes (Fig. 11a) demonstrates the se-
lection of counter electrode can have a considerable effect on the 
disinfection rate. The effectiveness of each counter electrode was in the 
following order GDE > Pt 10 s > Pt 20/40 s > Pt > Pt 80 s. The results 
show that even a small amount of Pt can negatively impact the rate of 
disinfection. This can be attributed the complete reduction of O2 to H2O 
on Pt [11]. It was shown that while that only the non-modified GDE 
generated H2O2 above the detection limit (Fig. 5) and it is known that 
H2O2 in combination with UVA irradiation has a synergetic effect on the 
inactivation of E. coli [26]. There is also the possibility of further 
reduction of H2O2 to •OH (Eq. 14) or generation of O•−

2 . Conversely, 
there is also the potential for cathodic reduction of H2O2 to water (Eq. 7) 
which may be occurring with Pt NT GDE, leading to reduced disinfection 
rates.  

H2O2 + e- → •OH + -OH + 0.73 V (SCE, pH 7) (14)     

Examination of different photoanodes (Fig. 11b) was conducted with 
a non-modified GDE as it was the most effective counter electrode. The 
results display that the foil sample annealed at 350 ◦C had a higher 
reduction (2.51 log) compared to the 450 ◦C (1.39 log); when operated 
at + 1.0 V. This can be attuited to the higher photocurrent, •OH gen-
eration (Fig. 8), and higher O•−

2 generation for the 350 ◦C sample 
(Fig. 9). When the foil sample (350 ◦C) was tested at higher potentials of 
+ 1.5 V & + 2.0 V it resulted in reductions of 1.89 & 2.17 log 

Fig. 9. a) Hydroquinone reduction with a foil TiNT photoanode annealed at 350 ◦C with control experiments in 0.1 M KCl, b) Hydroquinone concentration vs time 
for different photoanodes; Foil 450 ◦C, Foil 350 ◦C & mesh Foil 450 ◦C. The applied bias was + 1.0 V (SCE) in 0.1 KCl. 

Table 4 
Reduction in hydroquinone and efficiency for different photoanodes.  

Photoanode Reduction in hydroquinone ηλ (%) 

Mesh 350 ◦C 53.8 μM / 9.7 × 1017 molecules  4.6 
Foil 350 ◦C 37.0 μM / 6.7 × 1017 molecules  3.2 
Foil 450 ◦C 4.9 μM / 1.5 × 1016 molecules  0.42  

Fig. 10. Inactivation of E. coli K12 with a TiNT foil photoanode annealed at 
350 ◦C and operated at + 1.0 V cell potential, comparing 60 mM NaCl vs 
60 mM Na2SO4. 
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respectively, which is lower than what was achieved at + 1.0 V even 
though there was higher photocurrent. This can be attributed to electro- 
osmotic repulsion as higher potentials and the high ionic strength so-
lution produces a high ionic concentration gradient at the electrode 
surface [73]. The mesh photoanode resulted in the highest E. coli 
reduction of 3.89 log, this can be attuited to the larger geometric surface 
area, higher photocurrent, •OH generation (Fig. 8) and O•−

2 generated 
(Fig. 9). None of the photoanodes reached the detection limit in the 3 h 
of the experiments due to the low surface to volume ratio (0.067 cm2 

cm− 3) characterised by a long lag time before any E. coli inactivation 
was observed. 

3.9. Scaling up: inactivation using a thin cell reactor 

As the mesh photoanode showed a high disinfection efficiency it 
enables the construction of a thin one-compartment cell reactor, to in-
crease the surface area to volume ratio to 2.01 cm2 cm− 3, 30 times 
higher than the previous set-up. This results in a considerable change in 
the disinfection rate (Fig. 12), as previously the detection limit wasn’t 
reached, but with the thin cell, the detection limit was reached in 90 min 
(5.17 log reduction,) under the same conditions but with marginally less 
UV intensity. High surface-to-volume ratios have been shown to 
improved reaction efficiencies Wang et al. [74] for the degradation of 
methylene blue and Bai et al. [3] for the degradation of tetracycline. The 
lag time has also been reduced from 60 min to 5 min, therefore PEC 
reactors with a long lag time may be an indication of a defect in one of 
the design or operational parameters. 

Increasing the UV intensity in our thin cell reactor to 45.6 Wm− 2 

resulted in an even faster E. coli inactivation rate and no observed lag 
period, reaching the detection limit in 20 min. Due to a lower initial 
concentration complete inactivation was a 4.56 log reduction. To 
further test the reactor, a natural water source (local stream water) was 
used, with no added electrolytes and autoclaved before use to inactivate 
any naturally present microorganisms. The photocurrent response for 
the thin cell reactor with Na2SO4 and with stream water is shown in 
Fig. S22. Although the conductivity of the two solutions are markedly 

different, 10.75 mS cm− 1 (Na2SO4) & 0.739 mS cm− 1 (stream water), 
and stream water has a higher absorption coefficient at 365 nm, there is 
only a 25% reduction in the observed photocurrent (4.8 mA – stream 
water). This is due to the small distance separating the electrodes, 
limiting the IR drop; subsequently the conductivity of the solution is of 
less importance in a thin cell reactor. The most distinguishable 

Fig. 11. Inactivation of E. coli K12 with a TiNT foil photoanode annealed at 350 ◦C and operated at + 1.0 V cell potential with different counter electrode materials 
in 60 mM Na2SO4. a) measured CFU.mL− 1, b) Inactivation of E. coli K12 for different TiNT annealing times, bias and mesh. 

Fig. 12. The effect different surface to volume ratio and UV intensity for the 
inactivation of E. coli K12 in 60 mM of Na2SO4 using mesh TiNT electrode 
annealed at 350 ◦C with a non-modified GDE with + 1.0 V cell bias. 
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difference between the two electrolytes is the point of photocurrent 
saturation with Na2SO4 the photocurrent starts to saturate at + 1.0 V 
while with the stream water the saturation begins at around + 1.5 V due 
to the difference in electrolyte conductivity. With only UVA there was a 
larger reduction in the E. coli (2.13 log) show in Fig. 13 compared to 
previous experiments (0.06 log). This can be attributed to the higher UV 
intensity, smaller optical pathlength of the solution and the presence of 
dissolved organic matter (DOM); as Zhang et al. [75] demonstrated, the 
presence of 10–50 mg L− 1 (DOM), there was an increase in the photo-
generation of •OH & 1O2 leading to an increase in the photodegradation 
of free nucleic acids base pairs by a factor of 1.85–14.6 times compared 
to without DOM. 

When applying + 1.0 V it takes 90 min to reach the detection limit 
while with Na2SO4 the time was only 20 min. The increased time to 
reach the detection limit with the stream water can be explained by the 
25% reduction in the photocurrent (4.8 mA) and because of the presence 
of DOM; although beneficial in UV inactivation, when applied with PEC 
the DOM can absorb UV photons and compete for h+ and •OH [76,77]. 
As shown in Fig. S22 the photocurrent continues to rise linearly with the 
stream water up to + 1.5 V. At + 1.5 V it took 20 min to reach the 
detection limit (5.0 log). At the higher potential (+1.5 V), the photo-
current increased to 6.7 mA higher than Na2SO4 at + 1.0 V (6.0 mA). 
The higher bias and low ionic strength of the stream water improves the 
electrophoretic mobility [78] and because of the low ionic strength the 
effect of electrostatic repulsion at the electrode is reduced [73]. The 
higher photocurrent at + 1.5 V and the small gap between the elec-
trodes, overcome the adverse effects of the low conductivity and DOM, 
reporting similar results when using 60 mM Na2SO4 at + 1.0 V. The 
results obtained in this study have been compared to several other re-
actors for inactivation of E. coli K12 from literature, complied into 
Table S4. It would appear that the thin cell reactor in this work is an 
improvement on existing designs; however, direct comparison of re-
actors from literature can difficult due to the number variables involved, 
e.g. volume treated, electrodes used, electrolyte solution and irradiation 
profile. 

4. Conclusions 

For cathode materials, the use of Pt NT on GDE results in a lower 
onset potential for ORR compared to the Pt wire. However, the inclusion 
of Pt on the GDE inhibits the generation of H2O2 to below the detection 
limit. When using the GDE there was marginally higher current and 
Faradaic efficiency with the PTFE coated side, a high airflow rate 
through the electrode can impact on current and the Faradaic efficiency, 
and a lower current density results in higher Faradaic efficiency. When 
examining the counter electrodes for the inactivation of E. coli the non- 
modified GDE has the highest disinfection rate and with increasing Pt NP 
loadings a lower rate of inactivation was observed; subsequently, we can 
extract from the results that the generation of H2O2 at the counter 
electrode is beneficial with PEC for disinfection. 

The use of artificial irradiance can enable on-demand water treat-
ment, with a fixed flux and as photocurrent scales linear response with 
UV intensity (till at least 100 Wm− 2) high intensities can be used without 
saturating the photocurrent. There is also an opportunity to explore the 
use of solar concentrating systems. The TiNT electrode was experi-
mentally proven to produce superoxide radical. The generation of 
reductive reaction at the photoanode suggests that photocurrent alone is 
an inappropriate method to measure activity and the measurement of 
ROS concentration a potentially better measure of the activity of a 
system. 

A reactor with a high surface to volume ratio is required to increase 
the rate of the inactivation of microorganisms and overcome the adverse 
effects of low conductivity and the presence of DOM. The thin cell 
reactor using materials optimised for ROS production (a non-modified 
GDE and a combined TiNT mesh photoanode) with an applied bias of 
+ 1.5 V was tested using stream water resulted in a 5.0 log reduction of 

E. coli, reaching the detection limit in 20 min with 45.6 Wm− 2 

(5.4 J cm− 2). Further development of the reactor is required, such as 
introducing a flow system, increasing the irradiance intensity, assessing 
improvements to the photoanode and counter electrode to improve the 
selectivity of the ORR to yield ROS. 
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