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Antimicrobial enhancement via Cerium (II)/Lanthanum
(III)‐doped TiO2 for emergency leak sealing polyurea coating
system
Yuanzhe Li 1, Cong Fang2, Wei-Qin Zhuang3, Haojing Wang4 and Xueli Wang5,6✉

Industrial piping structures often suffer from corrosion caused by biofouling or chemical etching, which can cause immediate
structural failure. Polyurea coatings, which are fabricated for emergency leak sealing, are able to form high mechanical strength
coating surfaces within seconds. After its further modification via Ce/La-doped TiO2, the polyurea coating will indicate an increment
in mechanical strength, chemical durability, and reduction of microbial attachment. Due to the adsorption by the Ce/La-doped TiO2

and generation of reactive oxygen species (ROS), E. coli and Pseudomonas may lose their living conditions during the progress, and
planktonic bacteria cells are prevented from enriching on the surface. The Ce/La‐dopants can also improve the original
photocatalytic response of nano-TiO2 to UV light and environmental temperature. These Ce/La-doped TiO2 polyurea coatings
illustrate an immediate application for emergency leak sealing purposes without any production interruption and it may prolong
the time intervals for the maintenance service as well.
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INTRODUCTION
The semiconductor manufacturing process constantly generates
harmful gases, and it is requested to be properly treated before
ventilated into the exhaust pipes or released into the air1,2. These
piping systems are often suffered from biological and chemical
corrosions, which can increase the flow resistance in the associated
units such as scrubbers and exhaust systems3. Severe biological or
chemical corrosions can even cause structural failure and skyrocket
the cost of maintenance. Therefore, the semiconductor industry
needs a rapid surface coating technology that can prevent the
development of corrosions on the original surfaces without
alternating the surface properties or interrupting the manufacturing
process. Thus, a durable and stretchable emergency leak sealing
coating system is developed in this study. Additional properties,
such as antibiofouling, self-healing, drag reduction, chemical
durability, and fire retardancy, of this coating system make it very
appealing to the semiconductor industry4.
Polymer composite materials with multi functionalities have

been increasingly used in different fields such as aerospace,
automotive, sports, and healthcare with enhanced performance5.
With the advances in chemistry and materials, multifunctional
materials will provide a sustainable, environmentally friendly, and
pervasive solution to manufacturing industry6. There are numer-
ous biological mechanisms for those polymer materials that can
inhibit or prevent bacteria colonization on solid surfaces, including
non-specific inhibition (e.g., anti-adhesive polymers) and specific
inhibition via disrupting signalling pathways, enzymatic action on
EPS matrix, and destruction of bacteria persisters7. In contrast,
chemical durable coatings are often made up of hydrophobic
nanofillers or functional monomers to enhance water resistance8,
e.g., inorganic nanomaterials silica sol composite blending
copolymerization modification method, etc.

Two components of elastomeric polyurea coating have recently
received attentions as emergency leak sealants due to their
unique characteristics such as fast curing, chemical resistance to a
broad range of corrosives and solvents, oustanding thermome-
chanical properties, and anti-abrasive properties. In previous
research, titania-polyurea (TiO2-SPUA) coatings were reported to
reduce the biofilm attachment in the marine field test8. Moreover,
such TiO2-SPUA coating system is fire-resistant, thus, can be long-
term used under 393 K. Through our preliminary studies, it is
believed that the introduction of limited amount of rare-earth (RE)
elements to nano-TiO2 is able to further improve its original
photocatalytic activity by prolonging the recombination time in
between electron and hole7,8. The RE-elements may absorb and
emit electromagnetic wave radiation of a wider wavelength range
than the ultraviolet region9–11.
In this paper, the Cerium (II)/Lanthanum (III) (Ce/La)-doped

anatase nano-TiO2 polyurea coatings with enhanced antimicrobial
performance is obtained via blending preparation. The antibacter-
ial activities with different environmental temperature and light
exposure, and chemical durability and robustness are also
investigated in the study. The results indicate its great potential
in the emergency leak sealing coating system for industrial piping
response and protective actions12,13.

RESULTS AND DISCUSSION
X-ray diffraction analysis
X-ray diffraction (XRD) graphs, as shown in Fig. 1, removed the
specific absorption bands of Pure_polyurea to indicate the
undoped nano-TiO2 and Ce/La-dopants, and the diffraction peaks
of Ce/La-doped nano-TiO2 polyurea coating samples were the
standard values of tetragonal nano-TiO2 obtained from the
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literature. Refined structural parameters of tetragonal nano-TiO2 at
300 K are as follows: the lattice constants and unit cell volume are
a= b= 3.78 Å, c= 9.49 Å and V= 136.43 Å3, respectively14. The
XRD patterns of the undoped nano-TiO2 and Ce/La-doped nano-
TiO2 revealed the presence of nano-TiO2 exclusively in an anatase
phase after thermal annealing. No impurity peaks of La (La3+)
cluster or La2O3, Ce (Ce3+) cluster, or Ce2O3 were observed15.
However, the intensity of the original diffraction peaks decreased
with the introduction of Ce/La-dopants, indicating a loss of
crystallinity due to lattice distortion. The diffraction peaks of those
Ce/La-doped nano-TiO2 at 2θ has shifted towards lower angles
compared to the nano-TiO2 (1 0 1) at 2θ= 36.28°, which was due
to the larger radius of Ce/La-dopants (Ce3+= 1.02 Å and La3+=
0.96 Å) than that of Ti (0.60 Å)16. The peaks for polyurea coating
with nano-TiO2 and Ce/La-doped nano-TiO2 groups had slight
differences, indicating that the crystallographic positions of Ce/La-
dopant ions were successfully occupied in the TiO2 host lattice
and strain developed in the lattice. Besides, the alignment of the
polyurea chain remained regular and uniform even after the
introduction of the undoped TiO2 and Ce/La-doped TiO2

17, which
could guarantee the good adhesion force between those
nanoparticles and the polyurea coating systems.
In general, when Ce/La-dopants were incorporated into the

periodic crystal lattice of nano-TiO2, a strain might also be
inducted into the system, resulting in the alteration of the lattice
periodicity and a decrease in crystal symmetry18. It was also noted
that polyurea coating with Ce/La-doped TiO2 indicated a shift
towards lower the value compared to the coating with un-doped
TiO2 due to the incorporation of Ce/La-oxides into nano-TiO2.
Futhermore, there were no other peaks of impurities detected in
the XRD patterns of these coating samples.

SEM and TEM characterizations
Figure 2a, d showed the surface morphology of polyurea coatings
with (a) Pure_polyurea, with (b) un_TiO2, (c) 3% Ce-doped TiO2,
and (d) 3% La-doped TiO2 polyurea coatings respectively. Most of
the coating samples would exhibit similarly flat surface morphol-
ogy. After the introduction of undoped nano-TiO2 and Ce/La-
doped nano-TiO2 into the polyurea coating sample, the coatings
indicated micro-scale convex structures with 1.5–5.8 µm of

diameters randomly oriented and aggregated on their surfaces,
which might be the platelets of the nano-TiO2 or Ce/La-doped
nano-TiO2

8. And the rare elements were able to be observed in
energy dispersive spectrometer (EDS) mappings in Fig. 2 as well.
Moreover, the samples with Ce/La-doped nano-TiO2 as shown in
Fig. 2c, d would exhibit even clearer surface textures and relatively
deeper surface roughness, which might also influence the
wettability performance, would be discussed in detail in the
following chapters.
Figure 3a, d indicated the correspondent transmission

electron microscopy (TEM) imaging of polyurea coatings using
LaB6 electron source. High resolution spectra were collected
using 25 eV at 0.1 eV steps with a chamber pressure below 7.5 ×
10−9 mbar18. Images were taken at a working distance of 7 mm
and a potential of 5 kV. Ce/La-doped nano-TiO2 polyurea coating
was observed with a tetragonal crystal shape as shown in Fig. 3c,
d. This observation was in agreement with the TEM imaging of
Cerium and Lanthanum oxides (CeO2 and La2O3) during the
synthesis process of Ce/La-doped nano-TiO2

19,20. And all TEM
micrographs for these polyurea coatings with Ce/La-doped
nano-TiO2 still revealed similar micro-structures as those with
undoped TiO2

21.

Physico-mechanical properties of Ce/La-doped TiO2-polyurea
coating
The physico-mechanical properties of polyurea coatings are
important parameters that determine their applications as
emergency leak sealing coating. Lower mechanical properties
mean the materials are prone to be destructed by internal and
external forces. The dimensions of the length and width of
specimens were 9.53 mm and 3.18 mm respectively. The tensile
and flexural properties of the nanocomposites were measured by
AGS-J (SHIMADZU/SSL, Shanghai, China). The tests were per-
formed as per ASTM: D638 and ASTM: D790-10 methods,
respectively22,23. A cylindrical cutter with inner diameter of
6 mm compressed with a hydronic compressor via the same
equipment was used to prepare specimens for compression tests.
ASTM-D-2240-00 Type A Teclock durometer (Shenzhen, China)
was used to test the hardness and its impact resistance and
durability24. The tensile, compression, flexural strength and
surface hardness test results are listed in Table 1. The loading of
undoped and Ce/La-doped nano-TiO2 significantly increased the
strain performance. The higher the failure strain, the better the
crack resistance of the coating when the coating sample was bent.
The tensile test results showed that the tested specimens did

not exhibit obvious fracture at a high strain rate, which was set as
high as 500%. With continuously increasing strain rate, the coating
samples went on initial microcracks and then fractured into two
pieces. It indicated that the 3%La_TiO2 had a slightly higher
tensile strength than 3%Ce_TiO2 or un_TiO2, which might be
attributed to the well-structured La-dopants and flexural tests. The
proper amount of the undoped and Ce/La-doped TiO2 within the
polyurea coating exhibited binding characters bridging the crack
surfaces and retained the integrity of coatings, which underwent
considerable deformation when the tensile stress acted. The
increase of the tensile strength might also align with flexural
strength for all the coating samples with nano-TiO2.
The hardness results revealed that the introduction of the TiO2

nanoparticles had significantly increased the shore hardness from
39 A to 71 A. Moreover, the compression behaviour was consistent
with the hardness test. The 3%La_TiO2 took the lead in the shore
hardness test at 72 A, and the compression test at 29.7 MPa7. One
more thing that needed to be noted was that there was no
significant yield failure in the compression and flexural test for all
groups of polyurea coating specimens, which indicated the high
mechanical performance for the polyurea itself. In addition, the
less touch-dry curing time of un_TiO2, 3% Ce_TiO2, and 3%

Fig. 1 XRD patterns of un_TiO2, 3%Ce_doped TiO2, and 3%
La_doped TiO2 polyurea coatings. The diffraction peaks of Ce/La-
doped nano-TiO2 at 2θ has shifted towards lower angles compared
to the nano-TiO2 (1 0 1) at 2θ = 36.28°, which was due to the larger
radius of Ce/La-dopants (Ce3+ = 1.02 Å and La3+ =0.96 Å) than that
of Ti (0.60 Å).
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Fig. 3 TEM micrographs. a Pure_polyurea, with b un_TiO2, c 3%Ce-doped TiO2, and d 3%La-doped TiO2 polyurea coatings. Ce/La-doped
nano-TiO2 polyurea coating was observed with a tetragonal crystal shape.

Fig. 2 SEM micrographs. a Pure_polyurea, with b undoped TiO2, c 3%Ce-doped TiO2, and d 3%La-doped TiO2 polyurea coatings. After the
introduction of undoped nano-TiO2 and Ce/La-doped nano-TiO2 into the polyurea coating sample, the coatings indicated micro-scale convex
structures with 1.5–5.8 μm of diameters randomly oriented and aggregated on their surfaces.
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La_TiO2 proved their great potentials for the application as an
emergency leak seal coating compared to Pure-polyurea. These
physico-mechanical properties might also become a great
reference for the optimization works for the formula design.

Surface wettability and chemical durability
Surface wettability and surface energy. The test results of surface
roughness (Ra), contact angle (CA), and surface energy (SFE) were
summarized in Table 2. The Pure_polyurea coatings indicated a
relatively flat surface character with 0.19 ± 0.04 μm with CA=
40.5 deg and SFE= 52.3 mJ m−2. However, after introducing
undoped nano-TiO2 or Ce/La doped TiO2, the surface roughness
became higher and for both 3%Ce-doped TiO2 and 3%La-doped
TiO2 coatings. This microstructure could be observed in the
morphology analysis as listed in the second column of Table 2,
which might also change the polar component of the coating
surface since the dispersive part remained constant. And such Ra
increment caused by the regular distribution of Ce/La doped
TiO2 might also contribute to the increase of contact angle and
the reduction of the surface energy. Besides, both pure undoped
TiO2 and Ce/La dopants would normally perform as super
hydrophilic wettability according to the literature citations, while
the actual contact angle results for all three doped polyurea
coatings were opposed the conclusion. This was due to the small
amount of defoamer agent, polydimethylsiloxane (PDMS), during
the polyurea preparation7. Recently, other groups of other rare-
earth (RE) additives underwent the biofilm assays and CA & SFE
characterization test, and the range of optimized mass weight of
dopants was suggested to be within 2.5~4.0 wt.% of the total
prescription. Furthermore, as the weight percentage of these
nanoparticles continuously went higher, the nano-surface
texture would gradually disappear, and hydrophilic character
would take the lead in the series experiments.

Surface chemical durability. Chemical durability was also an
important characteristic performance for emergency leak sealing
coatings. Due to the high concentration of chemicals, electroche-
mical corrosion, and air-oxidation reaction inside the wet scrubber
system, many traditional emergency leak sealing coatings might
lose their hydrophobicity or texture structures. The peeling-off of

those coatings and the corrosion of the original metal-based pipe
might seriously affect their applications and even the production3,4,8.
Hence, a long-period immersion in acid, alkaline and saline solution
to test the chemical durability is also important for the characteristic
performance of polyurea coatings.
As shown in Fig. 4, after continuous immersion for 50 days and

measuring the contact angle every 5 days, all polyurea coatings
indicated outstanding chemical durability in 8.0% hydrochloric acid
(Fig. 4a), sodium hydroxide (Fig. 4b), and saline water (Fig. 4c)
respectively. The contact angle and hydrophilic wettability of all
polyurea groups indicated a slight reduction within the range of
±8.0 deg even after 50-day exposure. In other words, this coating
platform could maintain relatively long-term stability in different
chemical environments. In addition, the results for un_TiO2, 3%Ce-
doped TiO2, and 3%La-doped TiO2 polyurea coatings indicated a bit
different after 20 days of chemical immersions. The un_TiO2

polyurea coating demonstrated a continuous decrease in alkaline
and saline water solutions, whereas the 3%Ce-doped TiO2, and 3%
La-doped TiO2 polyurea coatings remained stable at around 68 ±
3.0 deg. The mechanism of the chemical durability was mostly due
to the material characteristics and micro-nano roughness of the Ce/
La-doped TiO2 surface of the polyurea coating. If the surface
structure is not changed, it will not affect the hydrophilicity of the
polyurea coating itself at all.

UV-Vis diffuse reflectance spectra analysis
The introduction of undoped nano-TiO2 and Ce/La-doped nano-
TiO2 in polyurea coatings played an important role in optical and
photocatalytic activities18. The absorption spectra of nano-TiO2

and Ce/La-doped nano-TiO2 was indicated in Fig. 5. The spectra of
the nano-TiO2 only exhibited a strong absorption band at about
242 nm25. Due to the band-gap transition from the valence band
(VB) to the conduction band (CB) of the pure nano-TiO2, the
samples with nano-TiO2 had the same band-gap transition at
about 421 nm (3.2 eV). However, the use of different Ce/La-doped
nano-TiO2 dopants did not change the absorption band of the
polyurea coatings. The trend for all Ce/La-doped nano-TiO2

samples closely approximated the undoped nano-TiO2 coating
group, indicating that the Ce/La-dopants in the nano-TiO2 matrix
did not affect its original transition directly21.

Table 2. Values (Mean ± SD) of Surface Roughness (Ra), Contact Angle (CA) and Surface Energy (SFE).

Surface roughness (Ra mean)/μm Contact angle (CA)/deg Surface Energy (SFE)/mJ/m2 Contact angle image

Pure_polyurea 0.19 ± 0.04 40.5 ± 1.7 52.3

un_TiO2 0.36 ± 0.07 64.4 ± 1.9 37.2

3%Ce-doped TiO2 0.45 ± 0.10 68.4 ± 2.4 32.5

3%La-doped TiO2 0.47 ± 0.09 71.0 ± 2.1 32.5

Table 1. Effect of Ce/La-doped TiO2 on physico-mechanical properties of polyurea.

Formula No. Curing Time/min Tensile Strength/MPa Compression Stress/MPa Flexural strength/MPa Shore Hardness/A

Pure_polyurea 2.0 ± 0.5 12.5 ± 1.2 16.5 ± 0.2 23.4 ± 1.5 39 ± 2.1

un_TiO2 1.5 ± 0.8 17.9 ± 0.9 18.6 ± 0.7 23.7 ± 1.7 71 ± 1.9

3% Ce_TiO2 1.0 ± 0.4 18.3 ± 0.4 28.6 ± 1.0 24.1 ± 1.2 70 ± 2.2

3% La_TiO2 1.2 ± 0.3 18.4 ± 1.1 29.7 ± 0.8 23.8 ± 1.5 72 ± 1.7
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In the case of coating with 3%La-doped TiO2, a slightly wider
wavelength range and higher absorbance were detected even at
the same wavelength after comparing with other dopant groups,
demonstrating its outstanding photocatalytic properties20.
Lanthanum (La) has a complex energy level structure, and the
doping of La dopants into nano-TiO2 would introduce new
impurity energy levels in its forbidden band, lower the bandgap
energy, and expand the response range of the TiO2 absorption
spectrum. Other than 3%La-doped TiO2, the presence of 3%Ce-
doped TiO2 could also promote interfacial charge transfer and
inhibit the complexation of photogenerated electron-hole pairs.
When nano-TiO2 was photoexcited and generated electrons, the
Ce-dopants at the interstitial position could effectively trap them
and make them react with the O2 molecules to generate
superoxide ion radicals (⋅O−2).
Thus, both Ce/La-dopants might improve the photon utilization

and enhance the photocatalytic activity of nano-TiO2. However,
once the doping of Ce/La-dopants became too much, it would
again become the compound centre of the electron-hole pair,
accelerating the electron-hole compound, but inhibiting the
photocatalytic performance of nano-TiO2. Finally, for all the RE-
doped nano-TiO2 coatings, they all contained a small overlap of
absorption extending with the visible region, which provided
indirect evidence for the Ce/La-doped nano-TiO2 polyurea coating
sample obtaining the outstanding bactericidal activities in the
following sections even under poor light exposure level8,19.

Antibacterial activity analysis
LIVE/DEAD biofilm imaging. Figure 6 and 7 indicated 20min
treatment for the four polyurea coating coupons under 308 K.
Both LIVE and DEAD imaging of bacteria cells were captured from
these groups. DEAD or dying cells with compromised membranes
would be stained brightly red, whereas the LIVE cells with an
intact membrane would be stained brightly green. However, as
the coupons with Pseudomonas attachment had a strong
autofluorescence signal from the Syto9 wavelength, LIVE and
Dead cells of Pseudomonas were captured separately. Whereas the
LIVE and Dead E. coli could be captured within the same image.
In Fig. 6a, h, significant LIVE Pseudomonas could be observed at

Pure_polyurea coating samples with obvious green signage. The
undoped nano-TiO2, 3%Ce-doped TiO2, and 3%La-doped TiO2

remained clear after the long-time exposure of Pseudomonas,
which proved their antibacterial effect for cells. The DEAD biofilm
imaging of Pseudomonas demonstrated a slight autofluorescence
effect. However, it could be still observed that the cell structures of
Pseudomonas were already broken, as the leaking DNA was clearly
stained, after it was exposed to the undoped nano-TiO2, 3% Ce-
doped TiO2, and 3%La-doped TiO2 samples. Compared with the
undoped TiO2 samples, the Ce/La-doped TiO2 samples demon-
strated clearer signage of the broken cells, which might be due to
its potential thermal catalytic character under high temperatures.
Moreover, the surface textures might also contribute to the less
attachment of both bacteria, which was discussed in the following
chapter regarding their surface wettability. Zeta Potential test was
also conducted for the leaching test of particles every time the
coupons taken out and withdrawn from the CDC reactor26,27. The
result was that there was no obvious reading within both fresh
and waste carboy, which could be considered as a limited impact
of Ce/La-doped TiO2 on the environment.
In Fig. 7, DEAD E. coli cells could be more obviously

characterized for all the coating coupons. The Pure_polyurea
coating illustrated fewer dead or dying cells than any other
polyurea coating samples with nano-TiO2 or Ce/La-doped TiO2.
One more thing that might be needed to note was that the flat
Pure_polyurea coating surface might reduce the possibility of the
initial adhesion of the planktonic E. coli cells as in Fig. 7a. At the
same time, undoped un_TiO2, 3% Ce-doped TiO2, and 3%La-
doped TiO2 coupons indicated more stained red dye, due to their
higher surface roughness and surface fluid convection factors,
which indicated more the dead cells accumulated on the concave
portion of the coating surface as shown in Fig. 7b, c, d. Moreover,
the elimination of the E. coli cells would highly depend on the
near-wall photocatalytic effect/photodegradation for the nano-
TiO2 group, and there might be a higher concentration of near-
wall reactive oxygen species (ROS) for Ce/La-doped TiO2 groups
than with simple nano-TiO2 groups27. Hence more small pieces of
E. coli broken cell structures enriching on the surface could be

Fig. 5 UV–Vis absorption spectra of un_TiO2, 3%Ce-doped TiO2,
and 3%La-doped TiO2. Ce/La-dopants may improve the photon
utilization and enhance the photocatalytic activity of nano-TiO2.

Fig. 4 Surface wettability variability for continuous 50 days in three different chemicals. a Hydrochloric acid (acid), b sodium hydroxide
(alkaline), and c sodium chloride (saline) solution.

Y. Li et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2022)    41 



observed within the same images, and their unique bactericidal,
as well as potentially thermal photocatalytic effects, could be
proved. However, how much the nanoparticles, nano-TiO2 or Ce/
La-doped nano-TiO2, would contribute to the antibacterial effect
was under further investigation. And compiling the surface
wettability results in Chapter 3.4, it was not difficult to find out
the antibiofouling mechanisms for these hydrophilic polyurea
coatings: the attachment of microbial cells was raised due to the
certain surface roughness caused by the nanoparticles, while the
existence of enhanced ROS effect of these Ce/La-doped TiO2 was
the key factor for the antibiofouling performance9,27,28.

Environmental temperature effect on antibacterial activity. Reac-
tive oxygen species (ROS) would be generated by the nano-TiO2

under the irradiation of the ultraviolet (UV) light, which could
damage the cell membrane as well as internal DNA of the biofilm
cells, oxidize the fatty acids in lipid, and result in irreversible
damage to the cells16,28. With a slight increment of the
environment temperature, a slight increase of the colony-
forming unit (CFU) within the bioreactor was obtained for the
Pure_polyurea group, as high temperature might increase the
growing and dispersal speed for both E. coli and Pseudomonas.
While for the undoped TiO2, 3%Ce-doped TiO2, and 3%La-doped
TiO2 coatings, both CFUs significantly decreased as indicated in
Fig. 8a, b. The undoped nano-TiO2 polyurea indicates low CFU
amounts for both cells, i.e., the amount of viable Pseudomonas cell
(Fig. 8a) decreased from 6.49 logmL−1 at to 5.04 logmL−1 at

20min for, while the E. coli cell (Fig. 8b) reduced from 6.28 log
mL−1 to 5.32 logmL−1.
After introducing Ce/La-doped TiO2 into the polyurea coatings,

the bactericidal effects increased greatly with the irradiation time.
Compared with the undoped TiO2 polyurea, it was believed that a
more significant bactericidal effect of Ce/La-doped TiO2 might be
obtained as more ROS would generate via the thermal catalytic
effect of Ce/La-dopants within the coatings29. For Ce/La-doped
TiO2 polyurea, 3%La-doped TiO2 indicated an even higher removal
efficiency. The viable Pseudomonas cell decreased from 6.43 log
mL−1 to 4.96 log mL−1, whereas the E. coli cell reduced from
6.35 log mL−1 to 4.90 log mL−1. To conclude, the high temperature
might contribute to the catalytic effect, caused by the Ce/La-
dopants and ended up with the higher degradation of the biofilm
compared with Pure-polyurea with the absence of nano-TiO2.
Quorum sensing (QS) is normally used to describe the ability of

bacteria to sense and respond to changes in cell density via
various regulations30,31. It is believed that the bacteria transport
and cell communications would significantly increase at high
temperatures and more planktonic Pseudomonas and E. coli cells
might have a reversible and irreversible attachment on the
polyurea coating surface. Other than Pseudomonas, which can
produce AHLs (gram negative QS signalling molecule) for cell
communication, bacteria such as E.coli and Salmonella that do not
produce AHLs it still possesses AHL response regulator protein,
enabling it to respond to AHLs made by other bacteria. However,
the reduction of CFU amounts for both cells as well as the leaking

Fig. 7 LIVE/DEAD Biofilm imaging of polyurea coatings. a Pure_polyurea, with b un_TiO2, c 3%Ce-doped TiO2, and d 3%La-doped TiO2 in E.
coli CDC-reactor.

Fig. 6 LIVE/DEAD Biofilm imaging of polyurea coatings. a, e Pure_polyurea, with b, f un_TiO2, c, g 3%Ce-doped TiO2, and d, h 3%La-doped
TiO2 in Pseudomonas CDC-reactor.
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signal molecules which was stained in brightly red or green
demonstrated that the introduction of undoped nano-TiO2 and
Ce/La-doped TiO2 in the polyurea coating would influence the
quorum sensing/quench among these cells. Such quorum
quenching effect might also disturb the communication, cause
signal molecule degradation and signal reception disruption, and
regulate the production of virulence factors, including extracel-
lular enzymes and cellular lysins28,31.

Light exposure effect on antibacterial activity. In Fig. 9a, b, the
effect of different light exposure levels and comparisons on their
antibacterial activity could also be exhibited in the bar charts. All
doped polyurea coatings could have greater Pseudomonas and
E. coli removal effects at insufficient light exposure levels. The
sufficient light exposure result remained the same as 298 K and
20min exposure as shown in Fig. 8, while the insufficient

condition was also included in Fig. 9 to demonstratie the effect
of Ce/La-dopants on antibacterial activities. In the Pseudomonas
and E. coli CDC-reactor, the CFU amount for undoped-TiO2

polyurea became as low as 6.76 logmL−1 and 6.71 log mL−1,
respectively, while the control group Pure_polyurea coating raised
as high at 8.05 logmL−1 and 8.48 logmL−1 after 20 min insuffi-
cient light exposure at 293 K. The 3%Ce-doped TiO2 and 3%La-
doped TiO2 coatings almost remained the same level of CFU
amounts at 6.75 log mL−1 and 6.36 logmL−1 for Pseudomonas and
E. coli respectively. Both Ce/La-doped nano-TiO2 coating groups
illustrated a greater bactericidal effect than the undoped TiO2

under insufficient light conditions. These results might also be
supported for the hypothesis that, other than the photocatalytic
activity generated by nano-TiO2 via UV excitation, the thermal
catalytic effect of the Ce/La-dopants would also help for the
generation of a higher concentration of ROS than the original

Fig. 9 Increment of antibacterial effect with different light exposure within different biofilm reactors. a E. coli CDC-reactor and
b Pseudomonas CDC-reactor & Increment of antibacterial effect with higher environmental temperatures within E. coli CDC-reactor and
Pseudomonas CDC-reactor.

Fig. 8 Increment of antibacterial effect with different temperature within different biofilm reactors. a E. coli CDC-reactor and
b Pseudomonas CDC-reactor & Increment of antibacterial effect with higher environmental temperatures within E. coli CDC-reactor and
Pseudomonas CDC-reactor.
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undoped TiO2 coatings and the less attachment of both E. coli and
Pseudomonas28. Moreover, it was believed that, under such
insufficient light conditions, there would be a more significant
decrease of biofilm if the environmental temperature continuously
was raised30,31.
The Ce/La doped TiO2 polyurea coating might be used as the

next generation of the antibacterial agent after silver nanopar-
ticles. These rapidly prepared polyurea coatings might also be
suited in many other surface areas to improve their antibacterial
and anti-viral capabilities (e.g., medical context, frequently
touched the surface, and food industry). The antibacterial
mechanism of such nano antibacterial material may be related
to the immobilization of proteins and enzymes, especially
polysaccharides, with the help of Ce/La-doped TiO2

26,31.
Although the detachment of both E. coli and Pseudomonas
could prove its feasibility for the practical usage for such
polyurea coatings, more bacteria or even viruses were supposed
to be tested and studied soon.

METHODS
Synthesis of Ce/La-doped nano-TiO2

The nano-TiO2 was prepared by liquid-phase method described in the
literature10,11. The solution was centrifuged, and the pellet was washed
with deionized water and absolute ethanol 5–6 times. Then Cerium (II)
nitrate hexahydrate (Ce(NO3)3 · 6H2O) and Lanthanum (III) oxide (La2O3)
(Sigma Aldrich,Bangkok, Thailand) were dissolved together using the
appropriate 15 wt.% nitric acid with the precipitate at solution pH 7.2.
Finally, the mixture solution was stirred at 85 °C for 0.5 h at 1200 rpm
and sonicated using a KQ-400DB CNC ultrasonic cleaning machine
(Orioner, KL, Malaysia). After dehydrating under 45 degrees Celsius for
1.5 h, rare-earth-doped nano-TiO2 was obtained12. The doping amount
of rare-earth element was 3.0 wt.% of the mass weight of TiO2.
Diethanolamine purity (purity 99%), glacial acetic acid (purity 99.5%),
other chemicals were at least analytical reagent grade and were
purchased from Sigma Aldrich.

Preparation of polyurea coatings with Ce/La-doped nano-TiO2

50–80 wt.% isocyanates (TDI) and 50–90 wt.% polyether amines
(Polyoxypropylenediamine)7,13 of Brand Dragonshield-BCTM (Washington,
DC, USA) were used to fabricate polyurea coating system. 3.0 wt.% of Ce/
La-doped nano-TiO2 within the coating system was proposed for the ideal
preparations. The coating group with and without Ce/La-doped nano-TiO2

were named un_TiO2, 3%Ce_TiO2, and 3%La_TiO2 respectively. Another
control group of pure polyurea coating was also fabricated, which was
named after Pure_Polyurea. Still, 1.5 wt.% of polydimethylsiloxane (PDMS)
was selected for all formula groups as the deforming agent. Polyurea
coating was mixed, with a vacuum level of 0.5 kPa, by Kakuhunter SK-
300TVSII mixer (Shashin Kagaku Pte Ltd, Japan) at 70 °C for 160 s8. The
revolution and rotation speed were set at 580 rpm and 1700 rpm,
respectively. After mixing, the polyurea was poured into Teflon modes
and put into an oven under 70 °C for a curing of 48 h for the following
materials characterizations.

Characterization and properties of polyurea coatings
The X-ray diffraction (XRD) measurements were performed by XRD-600
(Shimadzu, Tokyo, Japan). The morphology of the materials was studied by
scanning electron microscopy (SEM) using a JEOL microscope (JSM-6510-
LV, JEOL, Tokyo, Japan) and by a transmission electron microscopy (TEM)
using a JEOL JEM 3010 (300 kV) microscope (JEOL, Massachusetts, USA)14.
The tensile and flexural properties of the nanocomposites were measured
using a AGS-J (SHIMADZU/SSL, Shanghai, China). The tests were performed
as per ASTM: D638 and ASTM: D790-10 methods, respectively. A cylindrical
cutter with 6mm inner diameter compressed with a hydronic compressor
via the same equipment was used to prepare specimens for compression
tests. ASTM-D-2240-00 Type A Teclock durometer (Shenzhen, China) was
used to test the hardness and its impact resistance and durability. High
resolution spectra were collected using 25 eV at 0.1 eV steps with a
chamber pressure below 7.5 × 10−9 mbar. Five images were taken for each
surface at a working distance of 7 mm and a potential of 5 kV. Moreover,
the surface profiling for the surface roughness (Ra) was measured by

Alpha-Step D-500 stylus profiler (KLA-Tencor, Milpitas, California, CA, US).
Besides, static water contact angles (CA) were measured with distilled
water using the sessile drop method by Contact Angle System OCA15 plus
(Data physics, Germany). Surface energy (SFE) measurements were made
in triplicate for three groups of samples in each series at room
temperature, followed the standard operating procedure as documen-
ted16,17. Surface energy was measured using three different liquids,
diiodomethane, ethylene glycol, and distilled water with a volume of 0.7 μL
and a dose rate of 0.1 μL/min (diiodomethane) and volume of 2.0 μL and a
dose rate of 0.1 μL/min (ethylene glycol) at room temperature, respectively.
Data were analyzed by SCA 20 software (Data physics, Germany) from its
regression line. The UV-Vis absorption and reflectance spectrums of the
various coatings were investigated with diffuse reflectance (DR) UV-visible
(UV-Vis) spectroscopy using an Agilent Cary 5000 spectrophotometer
(Cary, California, USA), coupled with an integration sphere for diffuse
reflectance studies (DRS), using a Carywin-UV/scan software15,16. And this
spectra was also served as a pre-validation work regarding the mechanism
of the antibacterial activity due to the photocatalyic factor for the
bioassays sector as below.

Experimental measurement of antibacterial activities
For the antimicrobial evaluations, colonies of Escherichia coli (E. coli,
gram-negative, 8099) and Pseudomonas aeruginosa isolated from the
local drinking water distribution system were used for antibacterial
activity assessment by CDC biofilm reactor (BioSurface Technologies
Corp., Bozeman, Montana, USA). The bacterium was cultured in a
nutrient-rich distilled water medium under the ambient temperature of
an average 25 degrees Celsius, 105 kPa for 20 min. Cultures in the
nutrient media was diluted to 0.05 OD600 in distilled water, then
cultured for 24 h under ambient temperature, at 150 rpm stirring speed,
with a batch reactor setup. The source of UV-irradiation remained the
same as previous bioassays15,16. Coupons were collected after 5, 10, 15,
20, and 25 min of exposure, and comparison in between different
environmental temperature (20, 25, 30, and 35 degrees Celsius) and
different light exposure conditions with one half-shaded from UV
irradiation (Insufficient condition) and another exposed to ambient light
(Sufficient condition) were performed. The biofilms on the smooth side
of the coating were stained with the FilmTracer LIVE/DEAD Biofilm
Viability Kit (Thermo Fisher Scientific, Waltham, MA, US). Imaging was
performed using the Carl Zeiss LSM 780 laser scanning confocal
microscope (Zeiss, Jena, Germany)16. The error bar in Fig. 8 and Fig. 9
is based on the value of mean ± standard deviation (Mean ± SD). Besides,
all the p-value as summarized from both figures for the bacterial strains
statistical significances were also confirmed to be less than 5% for all the
bioassays results.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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