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Abstract 

Microbial contamination is a challenging concern due to the health threat caused by infections. Therefore, the 
development of efficient antimicrobial materials and processes is a crucial need for disinfecting water and surfaces. In 
this study, electrospray was used to prepare composite photoanodes for photoelectrodisinfection. Titanium dioxide 
(TiO2) and cerium-doped titanium dioxide (Ce-TiO2) composites with Graphene Oxide (GO) were electrosprayed onto 
graphite paper to create homogeneous coatings of uniformly distributed nanoparticle aggregates with a layer thickness 
of 1.0-1.5 μm. The photoanodes were irradiated using 365 nm LED light with irradiance representing a conservative 
estimation of the solar component of UVA. The external potential for electrocatalysis (dark) and photoelectrocatalysis 
was set at +0.6 V. The disinfection performance was assessed using anodes pre-exposed for 20 h in the darkness to 
exponentially growing cultures of Staphylococcus aureus. The highest antimicrobial activity was obtained for Ce-
TiO2/GO anodes, which led to a 3-log reduction (99.9 %) in the number of culturable cells after only 24 min of 
irradiation. The highest current density was also obtained for the same material and attributed to a better separation of 
charge carriers. Cell impairment was attributed to the overproduction of intracellular reactive oxygen species (ROS), 
which was higher in photoelectrocatalysis than in photocatalysis and electrocatalysis, with anodes performing in the 
following order: Ce-TiO2/GO > Ce-TiO2 > TiO2/GO > TiO2. The photoanodes exhibited steady photocurrent response, 
good photostability, and could be kept essentially clean from biofilms and colonizing bacteria. 
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1. Introduction 

The emergence of new infectious diseases including the 
outspreading of antimicrobial resistances has become a 
global concern [1, 2]. Microbial adhesion to surfaces is 
one of the main reasons for pathogen-associated 
infections as biofilm-forming bacteria can survive and 
proliferate in the most adverse environments [3]. The 
reason is that biofilms are the evolutive defence of 
bacteria against unfavourable environmental conditions. 
Biofilms are formed by highly structured communities 
with distinct morphologies and integrated metabolic 
activities controlled by a cascade of regulatory 
molecules; in fact, they are considered only one step 
below multicellular organisms [4]. Once attached to a 
surface, biofilms are very difficult to eradicate with the 
usual disinfection treatments, causing a high cost in 
terms of chemicals and other costs to keep safe clinical 
and food processing environments as well as to 
disinfect water and wastewater. Accordingly, there is a 
need to develop efficient antimicrobial materials and 
processes for disinfecting water and surfaces at a 
reasonable cost and with limited use of dangerous 
chemicals [5]. 

Antimicrobial materials should deactivate 
microorganisms in such a way that microbial 
attachment becomes inhibited. Besides, they should be 
capable to overcome the shortfalls of other disinfection 

methods like the appearance of resistances, the low 
lifespan of their action and the problems associated to 
microbial regrowth [6, 7]. In some cases, the surface of 
interest can be chemically grafted with antimicrobial 
moieties. The covalent linkage of quaternary 
ammonium compounds and the in situ quaternization of 
tertiary amines are well-known approaches to create 
biofouling resistant surfaces [8]. With the same 
rationale, chitosan immobilized onto methacrylic acid-
grafted polyurethane has been tested to create 
antimicrobial surfaces [5]. The antibacterial action of 
positively charged polymers can be attributed to the 
interaction with the negatively charged microbial 
envelopes [9]. Non-charged moieties have also been 
explored like sophorolipids derivatives used for 
glycosylating surfaces with antimicrobial coatings [10]. 
However, surface functionalization is a passive method 
that cannot be generally applied to disinfect air or 
aqueous streams and that becomes ineffective if the 
surface is covered by dirt of by a first layer of early 
colonizers. 

The use of engineered nanoparticles to create functional 
coatings has been the subject topic of intense research. 
Metal and metal oxide nanoparticles (NPs) such as Cu, 
Ag, TiO2, ZnO, and many combined systems have been 
tested for antimicrobial applications [11]. The use of 
NPs is favoured by their large surface-to-volume ratio 
and increased reactivity compared to their bulky 
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counterparts, which result in the generation of Reactive 
Oxygen Species (ROS) including superoxide, hydrogen 
peroxide and hydroxyl radicals. ROS are known to 
impair microorganisms by damaging essential cellular 
components like membrane lipids, proteins and genetic 
materials [12]. The coating of target surfaces with 
antimicrobial photocatalytic NPs has been tested with 
semiconductor oxides like TiO2 and ZnO. Surface 
functionalization using lithography techniques allowed 
creating antibacterial micropatterned surfaces onto 
medical-grade stainless steel using TiO2 NPs, which 
significantly reduced the adhesion of Streptococcus 
mutans when activated by 350 nm (UVA) black light 
[13]. Zinc oxide–reduced graphene oxide (ZnO–rGO) 
nanocomposites were used to create photobiocidal 
surfaces by spin-coating. Such ZnO-rGO coatings 
proved high activity against Staphylococcus aureus 
with 5-log reduction of colony forming cells upon UVA 
irradiation with a conservative estimation of the UV 
component of the solar spectrum, which was attributed 
to the combination of photogenerated ROS and Zn2+ 
ions leaching [14]. 

Photoelectrocatalysis attempts to reduce charge carrier 
recombination by applying a bias potential that 
facilitates the drain of excited electrons in the correct 
direction, increasing their mobility and lifetime. The 
enhancement of photocatalytic activity also results in a 
higher antimicrobial efficiency. Photoanodes of TiO2 
including ordered TiO2 nanotubes have proved capacity 
to successfully reduce the number of colony-forming 
units of different bacteria by several orders of 
magnitude [15-17]. Some research efforts tried to 
improve the photocatalytic efficiency by selective 
doping or decorating photoanodes with different metals 
[18-20]. The creation of heterojunctions is another way 
of facilitating the separation of photo-generated charges 
and the broadening of the irradiation spectrum to visible 
wavelengths [21, 22]. A disadvantage of most of the 
proposed arrangements is the limited stability of 
electrodes [23]. In this work we created a uniform 
packing of photocatalytic particles using electrospray, a 
electrohydrodynamic technique in which a suspension 
is ejected through a capillary while keeping a constant 
external electric field usually in the tens of kV range 
and generally operating in direct current mode [24]. 
The electric field creates small droplets that, ejected 
from the positively charged capillary, impact at high 
speed against a grounded collector [25]. Using this 
technique, a uniform distribution of small particles can 
be precisely created onto a conductive substrate with 
morphology that depends on the electrohydrodynamic 
parameters and system properties [26-28]. 
Electrosprayed coatings demonstrated effectiveness to 
create antibacterial photoactive surfaces [29, 30]. 

TiO2 nanoparticulate electrodes (generally prepared by 
physical deposition methods such as spin-coating, dip-
coating or spray-coating) have been reported not to 
exhibit an efficient charge carrier separation and thus 
not to enhance photocatalytic performance when 

applying an anodic bias potential as compared with 
nanostructured electrodes like vertically aligned TiO2 
nanotube array films fabricated by electrochemical 
anodization [31-33]. This hindered charge carrier 
separation has been attributed to the partial sintering of 
the particles that hampers the diffusion of photoexcited 
electrons from the photocatalyst surface to the 
conductive substrate preventing the development of a 
potential gradient [34]. During electrospray, the 
deposited particles keep an electric charge that 
influences the assembly of subsequent particles, thereby 
creating a nanostructure with specific morphology and 
high roughness [35]. Therefore, as in electrochemical 
anodization, structures with electron transport 
capability and good connection throughout the substrate 
allowing charge carrier separation are expected to be 
formed by electrospray [36]. Moreover, electrospray 
has advantages over anodization since it offers the 
possibility of using any electrically conducting 
substrate and easily obtaining nanocomposite films with 
intimate interfacial contact between their constitutive 
active phases. 

In this work, we demonstrated the capacity of 
electrosprayed TiO2/Ce-TiO2/Graphene Oxide anodes 
in a photoelectrocatalytic arrangement to inhibit 
bacterial growth even under the very unfavourable 
conditions created by previous exposure to 
exponentially growing cultures of S. aureus. The 
irradiation used was a conservative estimation of the 
UVA component of solar light. Cell damage was 
evaluated by viable colony counting, by measuring the 
metabolic activity of cells, and by tracking the 
overproduction of ROS. 

2. Experimental 

2.1. Chemicals and materials 

Titanium tetraisopropoxide (TTIP, ≥97%) and cerium 
(III) nitrate hexahydrate (≥99%) were purchased form 
Sigma-Aldrich. Graphene Oxide (GO) water dispersion 
(0.4 wt% concentration) was acquired from Graphenea 
(Spain). SIGRACELL® PV15 bipolar plates were 
obtained from SGL Carbon (Germany). Fluorescein 
diacetate (used as cell viability stain) and 2′,7′-
dichlorodihydrofluorescein diacetate (≥97%) were also 
procured from Sigma-Aldrich. The reagents of 
biological media and buffers were purchased from 
Conda lab (Madrid). Ultrapure water (Millipore Milli-Q 
System, >18 mΩ cm) was used in all experiments. 

2.2. Synthesis and characterization of photocatalytic 
materials 

TiO2 nanoparticles were prepared by sol-gel method, 
typically 8.25 mL of titanium tetraisopropoxide were 
added dropwise to 100 mL acidified water (140:1 water 
to nitric acid) under vigorous stirring [37]. After ageing 
for three days, a stable sol was obtained with 20 wt% 
TiO2. Cerium suspension was prepared according to a 
procedure previously described [38]. Briefly, 13 mM 
cerium (III) nitrate hexahydrate was dissolved in 20 mL 
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of water, absolute ethanol, and nitric acid (5:5:1 in 
volume). In order to obtain the 1.5 wt% Ce and/or 2 
wt% GO nanocomposites, corresponding amounts of 
cerium sol or/and GO water dispersion (0.4 wt% 
concentration) were added prior to the incorporation of 
the titanium precursor and the resultant suspensions 
allowed to age until complete peptization (3 days for 
TiO2 and Ce-TiO2 sols and 50 days for suspensions 
containing GO). Therefore, the nucleation and growth 
of TiO2 could occur on the graphene sheets due to the 
interaction between Ti4+ and the oxygen-containing 
functional groups of GO, resulting in higher 
photocatalytic efficiency [39]. 

Dynamic particle size and surface charge (ζ-potential) 
were measured by Dynamic Light Scattering (DLS) at 
25 °C using a Zetasizer Nano ZS Instrument. pH and 
electrical conductivity were measured using a MM 40+ 
multimeter (Crison). Surface tension was determined 
through the pendant drop technique by means of a Drop 
Shape Analyzer (DSA25, Krüss) using ImageJ software 
to process images. UV-vis Diffuse Reflectance Spectra 
(DRS) of the solid samples were recorded on an Agilent 
Cary 5000 equipment. X-ray Diffraction (XRD, 
PANalytical X’Pert Pro) analyses were performed to 
assess the crystal structure of the nanoparticle powders 
and crystallite size by means of the Scherrer’s equation. 
Raman spectra were collected using a Renishaw InVia 
Raman microscope (532 nm, 10 s exposure, 10% of 
laser power). TEM images were acquired in a JEOL 
2100F. The elemental composition of the samples was 
confirmed by Energy Dispersive X-ray Spectroscopy 
(SEM-EDX, Hitachi TM-1000, and TEM-EDX, JEOL 
2100F) and Inductively Coupled Plasma Atomic 
Emission Spectroscopy (ICP-AES, PlasmaQuant® PQ 
9000, Analytik Jena) after acidic digestion in 
microwave oven for 2 hours. 

2.3. Fabrication and characterization of 
electrosprayed anodes 

The photocatalytic particles were electrosprayed onto 
sanded and prewashed 2.5 cm x 2.5 cm graphite paper 
(GP) substrates. The electrospraying parameters were 
adjusted in order to operate in a stable cone-jet mode, 
which is known to strongly depend on the physical 
properties of the suspensions and the liquid flow rate 
[40-42]. Briefly, the suspensions of photocatalytic 
particles were ejected through a stainless-steel blunt-tip 
capillary needle (0.337 mm inner diameter) at a 
constant flow rate of 0.05 mL h-1 by means of a 
Harvard PHD 22/2000 syringe pump. An aerosol of 
positively charged drops was generated from the 
positively charged needle tip and driven towards a 
grounded collector by supplying a high voltage of 22 
kV (DC, Heinzinger LNC 30000). The needle to 
collector distance was 20 cm and the relative humidity 
was kept in the 50-60% range. A deposition time of 180 
min was used to fabricate the photocatalytic films, 
which were characterized by Scanning Electron 
Microscopy (SEM, Zeiss DSM 950) at an accelerating 

voltage of 25 kV after gold coating. AFM images of 
electrosprayed specimens were obtained using atomic 
force microscopy (AFM) in an Agilent 5500 AFM/SPM 
apparatus operating in noncontact mode. AFM images 
were processed using WSxM 5.0 software. In order to 
evaluate the photoelectrochemical properties of the 
electrosprayed anodes, linear sweep voltammetry 
(LSV) and cyclic voltammetry (CV) were performed in 
a three-electrode cell configuration (working volume: 
20 mL), employing graphite paper and Ag/AgCl as 
counter and reference electrodes, respectively. Both 
electrodes were placed horizontally 0.5 cm separated, 
while the tip of reference electrode was positioned close 
to the anode. A Metrohm Autolab PGSTAT101 was 
used for LSV and CV with a scan rate of 5 mV s-1. Ten 
consecutive LSV and CV scans were conducted with 
the same electrode, five in the dark and five in the 
presence of light irradiation.  

2.4. Disinfection experiments and bioanalytical 
procedures 

Disinfection studies were carried out using the biofilm-
forming gram-positive bacterium Staphylococcus 
aureus (CECT 240). S. aureus was grown in Nutrient 
Broth (NB, 5 g L-1 beef extract, 10 g L-1 peptone, 5 g L-

1 NaCl, pH 7.0 ± 0.2) while shaking at 37 °C. Then, the 
electrochemical cell was inoculated to reach 106 cell 
mL-1 using 1/10 NB as electrolyte (electrical 
conductivity: 1209 ± 26 µS cm-1) and incubated for 20 
h at 37 °C in the dark. This procedure yielded 
colonization of electrodes with extensive biofilm 
formation. Disinfection runs were conducted while 
operating in three-electrode configuration starting from 
electrodes colonized by bacteria.  

Three different disinfection treatments were performed: 
(i) electrocatalytic (EC, bias potential only), (ii) 
photocatalytic (PC, UV-irradiation only), and (iii) 
photoelectrocatalytic (PEC, bias potential + irradiation). 
For comparison, control tests (without any treatment) 
were carried out under the same experimental 
conditions. Chronoamperometry (CA) curves were 
recorded during EC and PEC disinfection treatments. 
The external potential was set at +0.6 V vs. the 
reference electrode and the cell was irradiated using a 
365 nm UV light source (LED BLS 13000-1, Mightex). 
The irradiance for PC and PEC assays was selected at 
3.0 kW-h m−2 day-1, chosen as a conservative estimation 
representing 1/2 of the 25th percentile of the solar 
irradiance in the 280-400 nm wavelength range (5.2% 
of the total solar irradiance) as calculated for the 
latitude of Madrid (40.42 °N) using NASA’s POWER 
project data (https://power.larc.nasa.gov/). This daylight 
exposure condition was simulated by adjusting 
exposure time and spot diameter of the UV lamp. For 
100 mm diameter spot (i. e., the minimum spot required 
for a correct illumination of the experimental system 
used), the estimated exposure time was 24 minutes (24 
min = 1 day). For this reason, 24 minutes were selected 
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as the duration for all the disinfection treatments carried 
out in the exposed study.  

The number of viable bacteria both in the liquid and 
attached to the surface of the electrodes was determined 
by plate counting according to the standard ISO 22196. 
To remove non-adhered bacteria and recover those 
attached to the surfaces, the electrodes were transferred 
to 6-well plates first containing PBS (phosphate 
buffered saline) for 15 min and treated subsequently 
with SCDLP broth (Soybean casein digest broth with 
lecithin and polyoxyethylene sorbitan monooleate) for 
30 min. 10 μL spots of 10-fold serial dilutions were 
placed on agar plates (2.5 g L−1 yeast extract, 5 g L−1 
tryptone, 1 g L−1 glucose, 15 g L−1 agar powder) and 
incubated at 37 °C for 24 h. The number of colony-
forming units (CFU) was calculated using at least three 
replicates of at least two serial dilutions. 

Bacterial viability was also assessed using fluorescein 
diacetate (FDA), a non-fluorescent compound which is 
hydrolysed by intracellular esterases in functional cells 
yielding the green fluorescent fluorescein. Upon 
disinfection treatment, 5 μL of FDA (0.02 wt% in 
dimethyl sulfoxide) were added to 195 μL of bacterial 
suspension in black 96-well microplates and incubated 
at 25 °C for 25 min. Additionally, intracellular 
oxidative stress was tested using dichlorofluorescein 
(DCF) as an indicator. Briefly, 150 μL of culture 
medium after disinfection treatment were transferred to 
black 96-well plates with 50 μL of a 10 mM 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) 
solution and subsequently incubated at 25 °C for 30 
minutes. H2DCFDA penetrates into the cytoplasm and 
is hydrolysed to dichlorodihydrofluorescein carboxylate 
anion, which is further oxidized to the fluorescent DCF 
in the presence of ROS [43, 44]. To perform both 
fluorescence-based assays, a fluorometer (Fluoroskan 
Ascent FL, Thermo Scientific) was used with 
excitation/emission wavelengths of 485 and 528 nm, 
respectively. 

2.5. Statistical analysis 

Statgraphics Centurion XVII software was used to 
perform a one- or two-way analysis of variance 
(ANOVA). Mean comparison was performed using 
Tukey’s test (p < 0.05), while Grubbs’ test was used to 

find the outliers following the ASTM E178-00 
standard. Results are provided as average plus/minus 
standard deviation. 

3. Results and discussion 

3.1. Photocatalysts properties and electrospray 
parameters 

During the electrospray deposition process, charged 
droplets loose solvent during their path from the 
capillary exit to grounded collector. Consequently, 
charge density increases, until reaching the Rayleigh 
limit for which electrostatic repulsion overcomes 
surface tension and causes the fission of droplets into a 
multiplicity of smaller ones [25]. The breaking up into 
small droplets is favoured if surface tension is low, 
which limits the applicability of electrospray to aqueous 
solutions or suspensions due to the relatively high 
surface tension of water [45-47]. Therefore, the 
electrospray suspensions were prepared in 50% v/v 
ethanol-water mixture, which resulted in surface 
tension to about 30 mN m-1 (from values > 50 mN m-1 
before dilution with ethanol), low enough to produce 
adequate electrospraying without the addition of 
surfactants (Table 1). As shown in Figure S1 
(Supplementary Material, SM), DLS particle size 
measurements displayed a well-defined single peak at 
103.4 ± 2.2 nm for TiO2 and 337.1 ± 12.9 nm for Ce-
TiO2 suspensions, respectively. The higher particle size 
of the Ce-TiO2 photocatalyst could be attributed to 
cerium acting as nucleation site in the sol-gel synthesis 
as it was added prior to TTIP in the sol-gel synthesis 
method used (see Experimental section). It has been 
previously described that Ce can inhibit crystal growth 
of anatase TiO2 to decrease crystal size but favour 
colloids aggregation to increase particle size [48]. 
However, the suspensions of nanocomposites 
containing GO, TiO2/GO and Ce-TiO2/GO, exhibited 
bimodal size distribution, with dominant sizes of 
aggregates/agglomerates of 1339 ± 67 nm and 1798 ± 
134 nm and secondary peaks at 101.8 ± 5.2 nm and 
302.5 ± 52.7 nm, which could be attributed to decorated 
GO sheets and bare TiO2 and Ce-TiO2 nanoparticles, 
respectively (Figure S1, SM). Figure S2 (SM) shows, 
for reference, an image of Ce-TiO2 particles bound to 
GO sheets. TiO2 nanoparticles in the sol were

 

Table 1. Physicochemical properties of photocatalysts. 

 
 

TiO2 TiO2/GO Ce-TiO2 Ce-TiO2/GO 

DLS Particle size (nm) 103.4 ± 2.2 
1339 ± 67 (83%) 

337.1 ± 12.9 
1798 ± 134 (93%) 

101.8 ± 5.2 (17%) 302.5 ± 52.7 (7%) 
ζ-Potential (mV) +11.6 ± 1.8 +10.4 ± 1.0 +8.9 ± 0.5 +9.4 ± 0.8 
pH 1.85 ± 0.02 1.69 ± 0.04 1.30 ± 0.02 1.13 ± 0.03 
Electrical conductivity (mS cm-1) 5.08 ± 0.92 5.16 ± 0.01 11.45 ± 0.41 17.34 ± 0.82 
Surface tension (mN m-1) 33.1 ± 0.5 32.7 ± 0.6 33.4 ± 0.1 30.7 ± 0.2 
Band-gap (eV) 3.08 3.17 3.09 3.18 
XRD anatase crystallite size (nm) 5.3 5.7 5.5 5.9 
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positively charged at the acidic pH of the 
electrospraying suspensions, displaying a ζ-potential of 
+11.6 ± 1.8 mV, which barely changed after the 
incorporation of Ce and GO. Interestingly, the electrical 
conductivity increased from 5.08 ± 0.92 and 5.16 ± 
0.01 mS cm-1 for TiO2 and TiO2/GO to 11.45 ± 0.41 and 
17.34 ± 0.82 mS cm-1 for Ce-TiO2 and Ce-TiO2/GO, 
probably due to the presence of electroactive cerium 
species [49, 50]. 

The optical properties of TiO2 nanocomposites were 
evaluated by DRS, as shown in Figure S3a (SM). The 
characteristic absorption edge of TiO2 was observed at 
about 398 nm, corresponding to the promotion of 
electrons from valence to conduction band. After 
coupling to Ce or GO sheets, the absorption edge 
redshifted and visible light absorption enhanced as 
compared to pristine TiO2. The corresponding indirect 
band-gaps were calculated through Kubelka-Munk 
function combined with Tauc’s relation and baseline 
method (Figure S3b, SM) [51, 52]. The estimated band-
gap energies were 3.08, 3.09, 3.17 and 3.18 for TiO2, 
Ce-TiO2, TiO2/GO and Ce-TiO2/GO, respectively. The 
presence of Ce and/or GO hardly modified the band-
gap energies of the semiconductor as all the 
photocatalysts exhibited similar values to bare TiO2. 

The crystal structure of the photocatalytic materials was 
investigated by XRD (Figure 1). All the composites 
displayed similar diffraction patterns, which can be 
ascribed to the anatase structure of TiO2 (JCPDS 00-
021-1272). Moreover, TiO2 nanoparticles exhibited 
peaks at 30.8°, corresponding to (121) plane of TiO2 
brookite phase (JCPDS 00-016-0617), and 35.5°, 
attributed to (101) plane of rutile TiO2 (JCPDS 01-076-
0325). No diffraction peaks related to Ce and GO were 
detected in the composites probably because of their 
low loading and the strong diffraction intensity from 
anatase TiO2 [53-55]. Nevertheless, the presence of 
both Ce and GO favoured rutile TiO2 formation with the 
appearance of two additional diffraction peaks located 
at 27.1° and 40.6°, which can be indexed to the (110) 
and (111) planes, respectively (JCPDS 01-076-0325). 
Regarding the Ce-TiO2 photocatalyst, the promotion of 
rutile TiO2 phase formation could be explained by Ce 
ions introducing substitutionally in the network, which 
is known to create oxygen vacancies thus promoting 
anatase to rutile transition due to some extra space 
available [56]. However, despite multi-technique 
characterization analysis, it could not be verified how 
the Ce-doping interacts within the TiO2 network. 
Referring to GO, it has been reported to inhibit anatase 
to rutile phase transition due to its high surface area and 
the interaction between Ti4+ and the oxygen-containing 
functional groups of GO [57]. Nevertheless, the much 
longer peptization time required for suspensions 
containing GO could have resulted in some rutile phase 
formation [58]. Interestingly, the more noticeable 
anatase to rutile TiO2 phase transition in Ce-TiO2 was 
dampened by GO incorporation probably due to 
physical interactions occurring between Ce and GO 

components prior to TTIP addition [59], which could 
lead to an enhanced photocatalytic performance of Ce-
TiO2/GO composite compared to the two-component 
photocatalyst since anatase is more active in this 
process than rutile [60]. The calculated crystallite sizes 
using the Debye-Scherrer equation were 5.3, 5.7, 5.5 
and 5.9 nm for anatase TiO2 in the TiO2, TiO2/GO, Ce-
TiO2 and Ce-TiO2/GO photocatalytic materials, 
respectively, barely changing after Ce and/or GO 
incorporation to TiO2. 

Raman spectroscopy was performed on TiO2, TiO2/GO, 
Ce-TiO2 and Ce-TiO2/GO photocatalysts to confirm 
phase composition (Figure 2). Raman bands at 155, 
410, 515 and 636 cm-1 corresponded to the Eg1, B1g, A1g 
and Eg2 modes of anatase TiO2 (space group of 
I41/amd) [61, 62]. Mixed phases of anatase and rutile 
Raman modes were only observed for Ce-TiO2 with the 
emergence of two additional bands at 445 and 610 cm-1, 
which were assigned to the Eg and A1g modes of rutile 
TiO2 (space group of P42/mnm) [63]. TiO2/GO and Ce-
TiO2/GO spectra exhibited the characteristic D 
(disordered carbon) and G bands (graphitic sp2 carbon) 
of graphitized structures at 1344 and 1606 cm-1, 
respectively, and smaller bands at 2714 (2D band) and 
2962 cm-1 (D+G band) [64].  

 

Figure 1. X-ray diffraction patterns of TiO2 ■, TiO2/GO 
■, Ce-TiO2 ■ and Ce-TiO2/GO ■. 

The elemental composition of the photocatalytic 
materials was determined by EDX (Figure S4 and 
Figure S5, SM) and ICP-AES. Ce-TiO2 and Ce-
TiO2/GO EDX spectra displayed peaks corresponding 
to Ti and Ce, confirming the incorporation of Ce into 
the TiO2 photocatalyst. Moreover, TEM images show 
crystalline domains of anatase with lattice spacing of 
3.52 Å, calculated using Fast Fourier Transform (FFT) 
and consistent with the (101) lattice plane of anatase 
phase, and aggregates of crystallites typically with size 
< 10 nm (Figure S5, SM). These results are consistent 
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Figure 2. Raman spectra of TiO2 ■, TiO2/GO ■, Ce-TiO2 
■ and Ce-TiO2/GO ■. 

with the anatase crystallite size calculated from XRD 
peak width (FWMH) and confirms the small size of 
peptized TiO2 nanoparticles. In this regard, DLS size 
(Table 1 and Figure S1) corresponds to aggregates of 
these crystalline nanoparticles originated by interaction 
among TiO2 crystallites to minimize surface energy and 
form a stable suspension. The interplanar spacing of 
GO was calculated from the diffraction peak at 11.06º 
as 8.00 Å, corresponding to the (001) reflection plane 
of graphene oxide (Figure S6, SM). 

The electron diffraction (SAED) analysis only exhibited 
the majority anatase phase, which could be ascribed to 
the high dispersion and low concentration of Ce. The 
concentration of Ce in the Ce-TiO2 and Ce-TiO2/GO 
photocatalysts quantified by ICP-AES was 1.27 ± 0.01 
and 0.92 ± 0.01 wt% (95% confidence level), 
respectively. Due to the low Ce concentration used in 
this work, no XPS evidence could be obtained on the 
presence of Ce (III) and Ce (IV) oxidation sates, but a 
number of previous works obtained clear proofs about 
their simultaneous presence in Ce-TiO2 photocatalysts 
[38, 65-67]. 

3.2. Characteristics of electrosprayed anodes 

Surface morphology and cross-sectional views of 
electrosprayed anodes were obtained from SEM images 
as shown in Figure 3. Top views displayed a uniformly 
distributed pattern of nanoparticle aggregates onto 
graphite paper (a SEM image of sanded graphite paper 
is presented in Figure S7, SM) with a diameter in the 
submicron range. The morphology, grain size and 
agglomeration state of the nanoparticles were 
influenced by the incorporation of GO sheets, which 
resulted in TiO2/GO and Ce-TiO2/GO composites with 
considerably higher surface roughness. The thickness of 
the photocatalytic surfaces was estimated to be about 
1.0-1.5 μm as determined from cross-sectional images 
with negligible differences between nanomaterials. 
AFM allowed some calculation related to the 

morphology of the electrode surface. An image 
corresponding to the Ce-TiO2/GO electrode is shown in 
Figure S8 (SM). Rounded particles of 300-500 nm 
diameter were compatible with the grain size shown in 
Figure 3 and the DLS particle size measurements 
described in Section 3.1. Flat areas were most probably 
due to GO sheets also visible in Figure S2 (SM). 
Roughness, calculated as RMS (Root Mean Square) 
roughness, was 45.7 nm with many irregularities 
displaying heights of 100 nm or higher as shown in the 
profile displayed in Figure S8 B (SM). Overall, the 
surface was considerably rougher that similar coatings 
prepared by other techniques like sol–gel spin-coating 
[68, 69].  
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Figure 3. Top and cross-sectional SEM images of TiO2, 
TiO2/GO, Ce-TiO2, Ce-TiO2/GO electrosprayed anodes.  

The photoelectrochemical response of TiO2, TiO2/GO, 
Ce-TiO2 and Ce-TiO2/GO electrosprayed anodes was 
investigated by recording LSV and CV curves in 1/10 
NB at 5 mV s-1 under abiotic and biotic conditions and 
in the absence and presence of UV light irradiation. The 
results of LSV are shown in Figure 4, while CV curves 
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are displayed in Figure S9 (SM). Compared with 
uncoated graphite paper electrodes, lower current 
densities were obtained for functionalized anodes due 
to the presence of a semiconductor layer providing 
electron transfer resistance. A similar behaviour was 
observed in tests carried out under biotic conditions, 
suggesting that biofilm acted as a barrier not only to 
light harvesting but also to electron transfer [70, 71]. 
LSV and CV curves displayed increased current density 
under UV irradiation for all electrosprayed electrodes, 
demonstrating their photoelectrochemical activity. For 
all the photoanode materials tested, the onset of the 
process was observed at the same potential (~+0.7 V 
vs. Ag/AgCl) irrespective of the presence/absence of 
bacteria, UV light irradiation and photocatalytic 
coating, suggesting that it should be attributed to the 
beginning of oxygen evolution reaction (OER). As the 
indirect oxidation by ROS is based on oxygen evolution 
intermediates, OER is an unwanted side reaction that 
may take also place at the anode causing a decrease in 
overall current efficiency. Carbon-based electrodes (e. 
g., graphite paper) are characterized by a low oxygen 
evolution overpotential, which favours the 
transformation of physically adsorbed hydroxyl radicals 
into the much weaker oxidant chemisorbed “active 
oxygen” or superoxide. Therefore, in these cases, 
effective oxidation occurs at low current densities [72]. 
Moreover, in the case of TiO2 and TiO2/GO 
photocatalytic anodes, photocurrent increased up to 
+0.6 V vs. Ag/AgCl, to decrease thereafter. 
Accordingly, +0.6 V was selected as operating potential 
for disinfection experiments. Upon addition of 2 wt% 
GO, photocurrent slightly increased compared with 
pristine TiO2 (especially at E > +0.6 V vs. Ag/AgCl), 
which could be attributed to the improved electron 
mobility [73, 74]. In order to obtain a better observation 
of these differences, Figure S10 (SM) presents current 
density values at +0.6 V vs. Ag/AgCl obtained from 
LSV curves. Interestingly, Ce-TiO2 and Ce-TiO2/GO 
nanocomposite electrodes displayed higher capacitive 
current (dark) around +0.6 V vs. Ag/AgCl and 
photocurrent density steadily increased with increasing 
anodic potential from 0 to +0.8 V. It has been 
previously shown that the incorporation of Ce enhances 
visible light absorption and supresses charge 
recombination of TiO2 [49, 50, 75]. However, in this 
work, the obtained photocurrent was lower for Ce-TiO2 
functionalized anodes, which could be attributed to a 
lower photoresponse in the near-UV region. In PEC, 
also known as electrochemically assisted 
photocatalysis, the applied potential promotes 
photoexcited electrons from the conduction band of the 
semiconductor to the counter electrode or cathode 
through the external circuit while holes accumulate on 
the photoanode surface. Consequently, an anodic 
photocurrent is generated, and oxidation and reduction 
reactions are spatially separated leading to higher 
quantum yields and faradaic efficiencies. The highest 
current density value under UV illumination at E ≥ 
+0.6 V vs. Ag/AgCl was obtained for the three- 

 
Abiotic Biotic 

G
P

 
T

iO
2 

T
iO

2/
G

O
 

C
e-

T
iO

2 
C

e-
T

iO
2/

G
O

 

Figure 4. Linear sweep voltammetry (LSV) curves of GP 
■, TiO2 ■, TiO2/GO ■, Ce-TiO2 ■ and Ce-TiO2/GO ■ 
anodes in 1/10 NB at 5 mV s-1 under abiotic and biotic 
conditions in the absence (−) and presence (⋯) of UV 
light irradiation. The fifth LSV scan is displayed. 

component Ce-TiO2/GO photocatalytic anodes, 
meaning an improved charge carrier separation [49, 
50]. Furthermore, electrospray has been demonstrated 
to produce stable binder-free catalytic electrodes [36]. 
Figure S11 (SM) displays the overlay CV curves for the 
ten cycles performed with Ce-TiO2/GO anode under 
abiotic conditions. As can be observed, after the two 
previous conditioning cycles, no noticeable differences 
were found between successive cycles both in darkness 
and in the presence of UV light, proving the good 
photoelectrochemical stability of the as-prepared 
anodes under the used experimental conditions. 



Electrochimica Acta, 395, 139203, 2021 

3.3. Disinfection performance 

The photoelectrochemical disinfection performance of 
TiO2, TiO2/GO, Ce-TiO2 and Ce-TiO2/GO anodes was 
evaluated against S. aureus by quantifying CFU 
reduction in the liquid medium and on the electrodes 
surface (Figure 5 and Figure S12, SM). Negligible 
bactericidal activity was obtained for all the 
photocatalysts tested without performing any treatment 
(controls), proving their high stability in aqueous media 
and thus excellent film durability. TiO2-based 
photocatalysts are known not to exhibit leaching 
problems resulting more appropriate for the safe water 
disinfection than other photocatalysts such as ZnO [76, 
77]. For PC and PEC treatments with TiO2 and 
TiO2/GO photocatalytic anodes, > 88% inhibition (~1-
log reduction) was achieved in the liquid electrolyte 
(Figure 5a) compared to controls. Higher CFU 
reduction (⁓2-log) was obtained for anodes including 
Ce. Despite its lower photocurrent obtained under 365 
nm wavelength irradiation, Ce-TiO2 electrosprayed 
anodes exhibited higher disinfection performance than 
pristine TiO2 and TiO2/GO composite. The effect, also 
observed for EC runs, could be attributed to the cycling 
between Ce4+ and Ce3+ oxidation states, which favours 
the mobility of electrons [38, 78]. The best results (⁓3-
log or 99.8% reduction) were obtained for Ce-TiO2/GO 
anodes. The better EC performance obtained for Ce-
TiO2 as compared to Ce-TiO2/GO might be related to 
the larger rutile/anatase ratio in the Ce-TiO2 catalyst, as 
observed in XRD and Raman spectroscopy results 
(Figure 1 and Figure 2). Although anatase is more 
active in photocatalytic processes than rutile, it has 
been previously reported that mixed phases of anatase 
and rutile TiO2 exhibited higher electrochemical 
activity than pure anatase [79]. Appropriate proportions 
of anatase and rutile have shown to improve the 
dispersion rate of electrons due to the crystal interface 
effect and decrease charge transfer limitations owing to 
the conversion of Ti4+ into Ti3+ through the formation of 
the rutile phase [79, 80]. For cells attached to surface of 
the anodes (Figure 5b), PEC process led to > 95% CFU 
reduction, significantly outperforming PC and EC 
disinfection treatments for the same reactor 
configuration (p < 0.05), which suggested that charge 
carrier recombination could be effectively suppressed 
by applying an anodic bias potential to the irradiated 
photocatalysts [81, 82]. In the case of bacteria adhered 
to the GP cathodes (Figure S12, SM), the differences 
between treatments and photocatalytic materials were 
limited and, in fact, not significant for p-values ≤ 0.05. 

The higher performance of PEC disinfection process as 
compared to PC treatment using TiO2 anodes has been 
previously reported. Salmerón et al. employed TiO2 
nanotubes on Ti mesh and carbon felt as photoanode 
and cathode, respectively, for the simultaneous 
degradation of microcontaminants and E. coli 
inactivation, achieving 2.7 and 0.8-log reduction in 90 
minutes for PEC and PC treatments [83]. Although  

(a) [liquid medium] 

 
(b) [detached from surface: anode] 

 

Figure 5. Colony-forming units (CFU) of S. aureus 
measured in the liquid medium (a) and detached from the 
anode surface (b) after no-treatment (Control, ■) and 
electrocatalytic (EC, ■), photocatalytic (PC, ■) and 
photoelectrocatalytic (PEC, ■) disinfection treatments 
using GP, TiO2, TiO2/GO, Ce-TiO2 and Ce-TiO2/GO 
anodes.  

mean log removal was negligible for EC treatment, 3-
log inactivation efficiency for E. coli and MS2 
coliphage were obtained in a conventional three-
electrode system within 10 min, employing TiO2 
nanotubes on Ti foil photoanode [81]. Similarly, 
complete inactivation of ARB E. coli S1-23 (⁓8-log 
reduction) was achieved in 10 hours by using TNTs in a 
flow-through thin layer photoreactor for PEC treatment 
while no obvious effect was observed for PC and EC 
processes [84]. TiO2/ITO photoanode fabricated by dip-
coating was used for E. coli inactivation in simulated 
wastewater treatment plant effluents (SWTPE), 
obtaining for PEC an increased bacterial inactivation 
kinetic constants in comparison to PC from 1.73 up to 
2.23 × 104 CFU L-1 min-1 (⁓3-log reduction in 150 
minutes) [34]. Ag-decorated TiO2 films on ITO 
obtained by electrochemical deposition and subsequent 
impregnation reached a total inactivation of P. 
aeruginosa (6-log) in 5 and 40 min for PEC and PC 
treatments, respectively [85]. It is worth mentioning 
that in all these works the applied potential was ≥+1.0 
V, considerably higher than that used in the present 
study (+0.6 V vs. Ag/AgCl). Furthermore, these 
inactivation studies have been performed in planktonic 
cells, whereas here exponentially growing cultures of S. 
aureus were allowed colonizing electrode surfaces and 
forming biofilms for 20 h in the dark. R. H. Pires et al. 
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applied Ti/TiO2-Ag photoanodes to inactivate Candida 
parapsilosis stricto sensu in planktonic and biofilm 
cells [86]. While inactivation of 106 CFU mL-1 was 
achieved in 3 min for planktonic cells, treatments of 60, 
10 and 60 min were required for biofilm cells formed 
on polyvinyl chloride (PVC), silicone, and 
polytetrafluoroethylene (PTFE), respectively [86]. In 
the current study, ⁓3-log reduction of S. aureus was 
obtained for pre-colonized Ce-TiO2/GO anodes after 24 
min PEC treatment. 

Figure 6 shows CA curves for the electrosprayed 
anodes operating at +0.6 V vs. Ag/AgCl as recorded 
during EC and PEC disinfection treatments. The results 
of Figure 6a shows that the incorporation of Ce and GO 
sheets to TiO2 increased current density under dark 
conditions especially for Ce-TiO2 photocatalyst, 
meaning enhanced electron transfer through the 
composite anode. In PEC processes, functionalized 
anodes exhibited steady photocurrent response, thereby 
demonstrating good photostability. As displayed in the 
inset of Figure 6b, the photocurrent generated increased 
suddenly at the onset of irradiation. A slightly slower 
increase was observed for TiO2/GO photoanodes as 
compared to pristine TiO2, becoming even slower with 
the incorporation of Ce to the composites. This result 
could be attributed to multi-step charge transportation 
that retarded charge carrier recombination in TiO2-
based nanocomposites [73, 87]. Regarding TiO2/GO 
nanocomposite, the multi-step charge transportation 
consists of photoexcited electrons being transferred 
from the conduction band of TiO2 to the GO sheets and, 
then, to the counter electrode through the external 
circuit [88]. For Ce-TiO2 photocatalyst, photoexcited 
electrons in TiO2 are promoted to the Ce4+, which is 
converted to Ce3+ transferring the electrons to the 
counter electrode [49]. In the three-component Ce-
TiO2/GO catalyst, these stages would converge, 
following the mechanism proposed at the end of this 
section. Ce-TiO2/GO presented significantly higher 
photocurrent response, which could be due to the 
increase in the number of photogenerated electron-hole 
pairs and the suppression of their recombination [53, 
89, 90]. 

Bacterial viability was measured by tracking FDA 
fluorescence for microorganisms in the liquid medium 
after the different disinfection treatments using GP, 
TiO2, TiO2/GO, Ce-TiO2 and Ce-TiO2/GO anodes. The 
results are shown in Figure 7a and followed the same 
trend as CFU quantification. After PEC process using 
all TiO2-based photocatalytic anodes, a significant 
decrease of 25-58% and 21-47% in the intensity of the 
FDA signal was obtained compared to EC and PC 
treatments, respectively (p < 0.05). By applying an 
anodic bias potential, the photogenerated electrons 
migrate to the external counter electrode, thus 
facilitating the production of a larger amount of HO• 
radicals and other ROS due to the inhibition of charge 
carrier recombination [82, 85]. In addition to HO• 
reaction to H2O2 and other oxidant species [91, 92]. 

(a) [Electrocatalytic treatment; EC] 

 
(b) [Photoelectrocatalytic treatment; PEC] 

 
Figure 6. Chronoamperometry (CA) curves obtained at 
+0.6 V vs. Ag/AgCl for GP ■, TiO2 ■, TiO2/GO ■, Ce-
TiO2 ■ and Ce-TiO2/GO ■ anodes in 1/10 NB during 
electrocatalytic (a) and photoelectrocatalytic (b) 
disinfection treatments. 

 ROS are able to interact with cell membrane 
components causing the death of bacteria through 
oxidative stress [85, 93]. Although ROS are the main 
radicals responsible for electrodisinfection, reactive 
chlorine species could be formed from chloride ions in 
the water, contributing to the inactivation of 
microorganisms [94, 95]. However, under the 
experimental conditions employed in this work (+0.6 V 
vs. Ag/AgCl), reactive chlorine species could not be 
produced and the main responsible for bacterial 
impairment is the enhanced production of ROS. DCF 
fluorescence intensity was measured to check the 
presence of ROS in the liquid medium during 
disinfection treatments. The results are shown in Figure 
7b and demonstrated that all treatments led to 
significant ROS overproduction, which was particularly 
high for PEC > PC > EC following the same trend 
observed for CFU and FDA results. The overproduction 
of intracellular ROS was 28-42% and 16-27% higher in 
PEC in comparison with EC and PC, respectively (p < 
0.05). Clearly, photogenerated ROS were promoted by 
the presence of Ce in both Ce-TiO2 and Ce-TiO2/GO 
anodes with respect to bare TiO2 (p < 0.05). 

When a semiconductor is irradiated with an energy 
equivalent to or greater than band-gap, electrons in the 
valence band (VB) are excited to the conduction band 
(CB), therefore leaving holes in the VB [96, 97]. 
Eventually, photogenerated holes can oxidize the water  
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(a) [FDA] 

 
(b) [ROS] 

 
Figure 7. Relative fluorescence units (RFU) of FDA as cell 
viability indicator (a) and intracellular DCF due to ROS 
production (b) in the liquid medium after no-treatment 
(Control, ■), electrocatalytic (EC, ■), photocatalytic (PC, ■) 
and photoelectrocatalytic (PEC, ■) disinfection treatments 
using GP, TiO2, TiO2/GO, Ce-TiO2 and Ce-TiO2/GO anodes. 

molecule and electrons reduce oxygen, resulting in 
oxidizing species such as O2

•-, HO• and H2O2 [85]. 

Nevertheless, TiO2 and other semiconductors show fast 
recombination of electron-hole pairs with a reduced 
efficiency in ROS production, which can be solved by 
applying an anodic potential allowing electron 
extraction through the external circuit [82, 85]. In this 
work, it has been demonstrated that disinfection 
performance was significantly enhanced in PEC 
processes, which can be explained by a more efficient 
separation of photoinduced charge carriers leading to a 
higher production of ROS. Ce-TiO2/GO photoactive 
anodes exhibited better disinfection performance and 
higher ROS production than TiO2, which was attributed 
to lower electron-hole pairs recombination due to the 
redox couple Ce3+/Ce4+ [90, 98]. The possible 
mechanism consists in the transfer of photoexcited 
electrons from TiO2 to the Ce4+ located on the catalytic 
surface and its subsequent conversion to Ce3+, thus 
serving as an electron scavenger [49, 50, 99]. Then, the 
electrons from Ce3+ are transferred to the counter 
electrode through the GO sheets with the help of the 
outer circuit bias, additionally enhancing charge 
separation [53, 100, 101]. Moreover, the 
interchangeable oxidation states of cerium between 
Ce3+ and Ce4+ can lead to further production of O2

•- 

radicals formation by reacting with molecular oxygen 

[90]. Although it has been reported the effect of 

electrolyte, photocatalyst and their interactions on the 
shape of band bending generated to mitigate the space 
charge [102], Figure S13 (SM) displays a tentative 
energy band diagram supporting the proposed 
mechanism. 

4. Conclusions 

A sol-gel method was used to synthesize TiO2 
nanoparticles and its composites with Ce (1.5 wt%) 
and/or GO (2 wt%), obtaining a stable suspension of 
photoactive particles. The photocatalytic particles were 
deposited onto graphite paper by electrospray, which 
allowed creating homogeneous coatings of uniformly 
distributed aggregates with 1.0-1.5 μm thickness. 

LSV and CV showed that photocurrent increased up to 
about +0.6V for TiO2 and TiO2/GO anodes and further 
increased for photocatalysts containing Ce. The highest 
current density was obtained for Ce-TiO2/GO 
composite anodes, attributed to improved charge carrier 
separation. All functionalized anodes exhibited steady 
photocurrent response during PEC runs. 

Coated anodes were pre-exposed for 20 h to growing 
cultures of S. aureus and further treated for 24 min to 
evaluate the disinfection capacity of EC, PC and PEC. 
PEC led to anode surfaces essentially clean from 
colonizing bacteria outperforming EC and PC. The best 
results corresponded to Ce-TiO2/GO anodes with a 3-
log reduction in the number of colony-forming cells. A 
high reduction of the metabolic activity of bacteria in 
PEC runs, also highest for Ce-TiO2/GO, confirmed the 
antimicrobial action of the tested photoanodes.  

The impairment of bacterial viability was attributed to 
the generation of ROS. The highest production of 
intracellular ROS corresponded to PEC treatments with 
anodes in the following order: Ce-TiO2/GO > Ce-TiO2 
> TiO2/GO > TiO2. Therefore, the high efficiency of 
TiO2-based electrosprayed photoanodes for 
photoelectrodisinfection in short times (24 min) and 
under limited irradiance has been demonstrated. 
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Figure S2. TEM image showing Ce-TiO2 particles (white arrows) and GO sheets (yellow arrows) in a 
Ce-TiO2/GO photocatalyst. 
 
 

(a) 

 
(b) 

 
Figure S3. UV-vis diffuse reflectance (a) and Tauc plots combined with baseline method of 
Kubelka-Munk function (b) for TiO2 ■, TiO2/GO ■, Ce-TiO2 ■ and Ce-TiO2/GO ■. 
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Figure S4. EDX spectra of TiO2, TiO2/GO, Ce-TiO2 and Ce-TiO2/GO photocatalytic materials. 
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Figure S5. TEM images showing lattice spacing of anatase crystalline phase (A), crystallite size (B), 
and the EDX spectrum of Ce-TiO2 photocatalyst (C). (Cu is from grid). 
 
 
 

 
 
Figure S6. X-ray diffraction pattern of GO (Graphenea, Spain). 
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Figure S7. SEM image of sanded graphite paper (GP). 
 
 
 

 
 
Figure S8. AFM image (A), profile along the trajectory shown in the figure (B), and 3D view of a 
specimen from Ce-TiO2/GO photocatalytic anode (C). 
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Figure S9. Cyclic voltammetry (CV) curves of GP ■, TiO2 ■, TiO2/GO ■, Ce-TiO2 ■ and Ce-
TiO2/GO ■ anodes in 1/10 NB at 5 mV s-1 under abiotic and biotic conditions in the absence (−) 
and presence (⋯) of UV light irradiation. The fifth CV scan is displayed. 
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Figure S11. Overlay Cyclic Voltammetry (CV) curves for the ten cycles performed with Ce-TiO2/GO 
anode under abiotic conditions in the absence (-) and presence (⋯) of UV light irradiation (a), overlay 
CV curves for 1st-5th cycle conducted in the dark (b), and overlay CV curves for 6th-10th cycle carried 
out under UV light irradiation. 
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Figure S12. Colony-forming units (CFU) of S. aureus measured from the cathode surface after 
no-treatment (Control, ■) and electrocatalytic (EC, ■), photocatalytic (PC, ■) and 
photoelectrocatalytic (PEC, ■) disinfection treatments using GP, TiO2, TiO2/GO, Ce-TiO2 and 
Ce-TiO2/GO anodes. 
 
 
 
 

 
 
 
Figure S13. Proposed energy band diagram representing the electron transfer mechanism in the Ce-
TiO2/GO photocatalyst. 
 
 

0

1

2

3

4

GP TiO₂ TiO₂/GO Ce-TiO₂ Ce-TiO₂/GO

lo
g

10
(C

F
U

 c
m
⁻²

)


