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Abstract: This paper studies the photocatalytic performance of graphene-based titanium dioxide
(TiO2) on cementitious composites for the decomposition of Escherichia coli (E. coli) under visible
light. Graphene-based TiO2 was first synthesized through a hydrothermal process. The composites
were then evaluated in terms of adsorption capability and degradation of methylene blue dyes. The
adsorption test shows a remarkable increase in the amount of dye adsorbed into the composite
surface. GO-P25 could adsorb around 60% of the initial dye, while less than 10% of the initial dye
was adsorbed by pristine TiO2-P25. The synthesized graphene-based TiO2 significantly enhanced
the dye degradation activity (94%) compared to pristine P25 (36%) and Krono (52%), even with the
longer irradiation time for P25 and Krono. This led to an increase in reaction rate that was almost
20 times that of P25. Considering the good adsorption capabilities and high photodegradation of
dye under visible light for GO-P25, cement-based surfaces containing GO-P25 are expected to be
improved for the decomposition of Escherichia coli (E. coli) under visible light. Graphene-based TiO2

on a cement-based surface showed high antibacterial activity with a 77% reduction in number of
bacteria compared to a cement-based surface containing pristine TiO2. This study confirms the
effectiveness of the composites for disinfection of E. coli under visible light.

Keywords: self-sterilization surface; cementitious composites; titanium dioxide; graphene oxide;
Escherichia coli inactivation

1. Introduction

Since Fujishima and Honda [1] introduced the scientific concept of photocatalysis, an
enormous amount of research has been carried out to understand the fundamental mecha-
nism and further improve the efficiency of various photocatalysts. In recent years, titanium
dioxide (TiO2) has been proven to be the most suitable photocatalyst for environmental
control due to its capability to completely destroy a large variety of organic pollutants [2,3].
Titanium dioxide particles are abundant, economical, relatively non-toxic, and highly pho-
toactive, yet chemically stable and resistant to photocorrosion [4–6]. However, the wide
bandgap of pristine TiO2 hinders its full potential for many applications [7,8]. The bandgap
of TiO2 lies in the UV region, which is only 3–5% of sunlight energy. Therefore, one of the
main challenges in improving the performance of TiO2 photocatalysts is to extend their
optical response from the UV to the visible region.

The optical response of TiO2 can be improved by substituting the metal (titanium)
or the non-metal (oxygen) component, which is called the doping technique [9,10]. Al-
ternatively, it can be achieved by surface modifications or photosensitization, in which
the charge injection process is induced by the match of energy difference between the
oxidation potential of the exited sensitizer and TiO2 conduction band [11–14]. Previous
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studies have reported that the improvement of TiO2 activity under visible light could be
achieved by surface modifications with carbonaceous materials such as graphene oxide
(GO) [15–22]. This composite can be synthesized via different methods, for example, the
sol–gel method, hydrothermal/solvothermal technique, or even a simple mixing process.
The sol–gel method typically starts with solutions consisting of metal compounds (sol) as
a precursor [23]. Further reaction integrates the network between particles, solidifying
the sol into a gel. Sol–gel routes afford excellent control of nanosized particles, shape
distribution, and crystallinity. However, it has a number of disadvantages, such as being
substrate dependent (its typical precursor is metal alkoxides which are high-cost materials)
and time-consuming due to the slow process of gel formation [24]. The hydrothermal
technique involves single or heterogeneous phase reactions under controlled temperature
and pressure to crystallize a substance from an aqueous solution [19,25,26]. It allows shorter
processing time and lower energy consumption, since the high calcination temperature,
mixing, and milling can be minimized. The need for expensive autoclaves is one of the
main disadvantages of these methods.

Early works of TiO2 application focused on water remediation, in which the separation
process became the main drawback for widespread application [3,27]. The use of TiO2
heterogeneous photocatalysis on cementitious composites highly elevates its utilization
from a practical point of view. The introduction of a suitable amount of TiO2 into cementi-
tious composites could result in the surface of composites becoming photo-catalytically
active [28,29]. Cementitious composite in building façades or paving blocks in pedestrian
walkways could be utilized as catalyst-supporting media to provide a huge amount of
surface area available for photocatalytic processes during the day when exposed to the
sunlight. The shift of TiO2 optical response from the UV to the visible light region could
greatly improve the efficiency of the photocatalysis process. Cementitious composites could
be tailored to have beneficial unique features, such as self-cleaning surfaces, air-purification
functions, and antibacterial effects [30–37].

Compared with air purification and self-cleaning applications [30,32,38,39], little re-
search has been carried out to investigate the antibacterial effect of photocatalytic cemen-
titious materials. This work will evaluate the application of a GO-TiO2 composite in a
cement-based surface for an antibacterial test. It starts with the preparation of graphene-
based TiO2 nanocomposites via a one-step hydrothermal process. An adsorption test and
methylene blue degradation test were conducted to evaluate the photocatalytic perfor-
mance under visible light illumination. An antibacterial surface test was also conducted to
examine the cement-based surface containing GO-TiO2 nanocomposite for decomposition
of Escherichia coli (E. coli).

2. Results
2.1. TiO2 Characterization

Two commercial TiO2 samples and a synthesized graphene-based TiO2 were evaluated
in this characterization test. Surface morphologies and the particle size of nanoparticles
used in this work were examined using field emission scanning electron microscopy (FE-
SEM). Figure 1 shows the FESEM image for P25, Krono, and GO-P25. The primary particle
size of P25, Krono, and GO-P25 was approximately 20–40 nm in diameter. However,
the primary particles of the Krono samples showed a strong tendency to agglomerate to
form larger secondary particles with a diameter of more than 500 nm, contributing to the
porous structure. On the other hand, no significant difference was observed between the
morphology of P25 and the morphology of synthesized GO-P25. This result was consistent
with past studies [33,40,41], indicating the low ratio of GO did not create a significant
change to the appearance of pristine TiO2 nanoparticles.

The crystal structure of TiO2 nanomaterials was analysed using an X-ray diffractometer
technique. Figure 2 presents the XRD patterns of P25, GO-P25, and Krono. The P25 sample
consists of anatase and rutile phase while the Krono sample only consists of the anatase
phase. Identical crystal structures were observed between pristine P25 and graphene-
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modified P25. In line with the morphology test, a low amount of GO resulted in the absence
of diffraction peaks for carbon species. This finding was supported by a previous study
indicating that modification of TiO2 with a graphene layer did not change the crystal
structure of TiO2 [20,21].
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Ultraviolet–visible diffuse reflectance Spectrophotometer (UV-vis DRS) was utilized to
evaluate the optical properties of TiO2 photocatalysts used in this study. Figure 3 presents
the optical absorption spectrum of P25, Krono, and GO-P25. Their corresponding (αhv)1/2

versus photon energy are presented as well. Figure 3a showed that P25 and Krono had no
absorption in the visible light range. Using the Kubelka–Munk model, the bandgap energy
could be determined from the absorption spectra and plotted using Tauc’s relation:

αhv = const
(
hv− Eg

)2

where α is the absorption coefficient; hv is the energy of the incident photon; Eg is the
optical bandgap of materials. Tauc’s plot displays the quantity of photon energy (hv) on
the x-coordinate and the quantity of (αhv)1/2 on the y-coordinate. As shown in Figure 3,
the results indicated that the GO-P25 composite showed strong absorption in the visible
light range and a narrower bandgap compared to P25 and Krono. The estimated bandgap
values for P25, Krono, and GO-P25 are 3.21, 3.24, and 3.09, respectively, as presented in
Figure 3b.
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Nitrogen adsorption technique was conducted to determine the specific surface area
and pore structure of the nanoparticles. Figure 4 shows the nitrogen adsorption/desorption
isotherm according to the Brunauer–Emmett–Teller (BET) method and pore size distri-
bution according to the Barrett–Joyner–Halenda (BJH) method. According to the Inter-
national Union of Pure and Applied Chemistry (IUPAC) classification, the N2 adsorp-
tion/desorption isotherm of Krono showed the characteristic of mesoporous materials, a
typical type IV isotherm. The result was in line with the FE-SEM image showing the porous
structure of Krono samples. The BET specific surface area (SSA) and pore volume of Krono
were 252.1 m2/g and 0.09 cm3/g, respectively, while the SSA and pore volume of P25 were
46.9 m2/g and 0.01 cm3/g, respectively. The observed high SSA and high pore volume of
Krono could facilitate the diffusion of contaminants or other microbial organisms through
the pores to access the active site. The BJH pore size distribution study indicates that Krono
had a very small pore diameter around 2–3 nm.

2.2. Adsorption Capability

The adsorption capability is one of the important factors that influences the overall
photocatalytic efficiencies [5,10,20,21]. Therefore, an investigation of adsorption capability
was carried out before starting the irradiation. The purpose of the adsorption test was to
study the effect of the combination of GO and TiO2 on the adsorption of contaminants.
Methylene blue dye was used in this test as the target contaminant. Methylene blue was a



Catalysts 2023, 13, 1313 5 of 14

popular cationic dye that was commonly used as a synthetic dye in textile industries. In a
typical procedure, the photocatalyst powder was dispersed in a methylene blue solution.
The solution was then kept in the dark with incessant stirring for 30 min to reach the
adsorption equilibrium. The UV absorption spectra of methylene blue after the adsorption
test are shown in Figure 5. The peak intensity at 664 nm shows the concentration of dye.
The decrease in such a peak indicated the amount of dye adsorbed by composite materials.
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As shown in Figure 5, approximately 60% of the initial dye was adsorbed by graphene-
based titanium dioxide while only less than 10% of the initial dye was adsorbed by com-
mercially available TiO2, P25, and Krono. The enhancement of adsorption capability was
generally attributed to the increase in specific surface area [42,43]. However, higher SSA
from Krono (SSAKrono = 252.1 m2/g) was not followed by a significant increase in its ad-
sorption capability. One of the main reasons was the contaminant (MB in this case) had a
bigger size (MB size > 71 µm) compared to the pore diameter of mesoporous Krono samples
(pore diameter of Krono = 2 nm), which resulted in low adsorption capability.

On the other hand, according to BET result, the specific surface areas for GO-P25 in-
creased only around 17% (SAP25 = 46.89 m2/g and SSAGO-P25 = 54.92 m2/g) but adsorption
capability greatly increased from 10% to 60%. This finding was consistent with earlier
studies, which suggested that the reason for the enhanced adsorption capability was not
only due to the increase in specific surface area but also due to the non-covalent interactions
(π-π interaction) between graphene layer and methylene blue dye [21,35]. The electro-
static interaction between methylene blue dye (+11.3 mV, cationic dye) and the surface
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of graphene oxide (−7.87 mV, negatively charged) had a significant effect on increasing
adsorption capacity.

2.3. Photodegradation of Dye

Figure 6 presents the photodegradation of methylene blue over P25, Krono, and
GO-P25 under visible light irradiation. It showed that the combination of GO and TiO2
significantly enhanced the photodegradation of the dye compared to pristine P25 and Krono
(Figure 6). For the GO-P25 composite materials, 94% of the initial dye was degraded after
1 h irradiation; on the contrary, only 36% of the initial dye was decomposed by P25 even
with a longer irradiation time of 4 h. Photocatalytic activity of Krono in visible light was
better than that of P25 where 51% of the initial dye was degraded after 4 h irradiation. In the
absence of a photocatalyst, approximately only 3% of the methylene blue was decomposed
due to direct photolysis of the dye. As a control, the degradation performance of GO was
also observed to exclude the impact of GO during the photodegradation process. In the
presence of GO, the concentration of dye remained unchanged after achieving adsorption
equilibrium (Figure 6), suggesting that the GO alone did not show photocatalytic activity.
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The modified Langmuir–Hinshelwood (L-W) equation was utilized to evaluate the
reaction rate of photocatalytic activity.

dC
dt

=
krKeC

1 + KeC

expressed in integral form gave:

t =
1

Kekr
ln

C
C0

+
1
kr
(C0 − C)

as the condition of the experiment was carried out under low concentration of the dye
(<<<10−3), the equation can be expressed as:

ln
C
C0

= krKet = k′t

where C and C0 were the dye concentration at time t and initial concentration (t = 0), kr was
the apparent reaction rate constant; Ke was the apparent equilibrium constant for the dye
to adsorb onto the surface of the photocatalyst; k’ was the overall rate constant.

Figure 7 shows ln(C/C0) has a linear relationship with irradiation time for different
photocatalysts (P25, Krono, and GO-P25). Hence, the photocatalytic reaction rate was
described by the first-order kinetic model. The slope of the line in Figure 7 could represent
the reaction rates for photodegradation of methylene blue with k’GO-P25 >>> k’Krono > k’P25.
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It clearly displayed a great improvement in the degradation rate for GO-P25 compared to
P25 and Krono. GO-P25 showed the best degradation of methylene blue, giving the highest
reaction rate of 0.0299. This gave a reaction rate that is almost 20 times that of P25.
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2.4. Escherichia coli Disinfection

Considering the good adsorption capabilities and high activity on MB degradation
under visible light for GO-P25 nanocomposite materials, the antibacterial performances
of such composite materials were expected to be improved than that of pristine TiO2. As
presented in Figure 8, the bacteria were significantly killed after 60 min incubation with
nanocomposite materials. The total number of bacteria was reduced by around 77% after
60 min incubation with GO-P25. However, the total number of bacteria was only reduced
by around 20% for the control group (no TiO2 addition). As a result, the GO-P25 had the
most significant effect in the antibacterial test.
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The antibacterial effect of GO-P25 nanocomposite materials was observed in earlier
studies [33,44,45]. The previous research successfully investigated the antibacterial activity
of TiO2 cementitious composites under visible light using the drop plate method [33], while
in this work, the growth pattern and the presence of concomitant bacteria were examined
using the Petri dish plate method to quantify the antibacterial effect of cementitious surfaces.
The method was employed as an alternative method [46–48] due to its ability to provide a
comparative analysis.

The bacteria growth can be visually seen by observing the center part of the agar dish,
which is in contact with the cement surface, as shown in Figure 9. The cement sample with
5% GO-TiO2 loading had the best antibacterial activity compared to the cement sample
without TiO2 and/or with 5% TiO2-P25.
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Field emission scanning electron microscopy (FESEM) and fluorescence spectroscopy
were carried out to investigate whether the E. coli cells were really decomposed during
photocatalytic treatment. Figure 10 shows the FESEM image and fluorescence image
of bacteria decomposition under visible light irradiation with the presence of GO-TiO2
photocatalyst. It was found that the decomposition of bacterial cells can be achieved in a
relatively short time (1 h visible light irradiation).
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3. Discussion

The superior performance of graphene-based TiO2 composite could be linked to the
following reasons. The first reason might be due to the high adsorption capability of
the graphene layer in graphene-based TiO2 composite. The graphene layer could act as
photosensitizers by absorbing photon energy under visible light illumination [15,17]. A
previous study shows that modification of pristine TiO2 with graphene could generate the
transition band in the middle of the conduction band state of TiO2, as shown in Figure 11.
Under light illumination, an electron in the excited state of the graphene layer could be
directly transferred to the conduction band of TiO2 [17]. Clearly, it produces well-separated
hole pairs by creating efficient hole accumulation in the valence band of the graphene
layer. The process could significantly reduce charge recombination and become one of the
reasons for the enhancement of photovoltaic properties. Subsequently, the electron could be
transferred to oxygen adsorbed on the semiconductor surface producing superoxide anion
(O2
−) which could facilitate the degradation of organic components, as shown in Figure 11.

The photodegradation process breaks the adsorption equilibrium, and more dye transfers
from the solution to the interface [20,21]. The process is iterated until all the dye is fully
decomposed into CO2, H2O, and mineral acids. The synergetic effect between adsorption
strength and photodegradation may be a key factor in the photocatalytic performance of
graphene-based TiO2 nanocomposite materials.

In an antibacterial process, under visible light irradiation, the injected electron from
the excited state graphene layer to the TiO2 conduction band can induce the reduction
of molecular oxygen (O2) to form the superoxide anion (O2

−) [17], as illustrated in
Figure 11. It is suggested that superoxide anion could damage iron–sulphur proteins
such as aconitase [49,50]. Aconitase is an enzyme that catalyses the interconversion of
citrate and isocitrate, which is a series of chemical reactions in the Citric Acid Cycle, that is
crucial to aerobic cellular respiration.

Antibacterial GO-P25 nanocomposite materials are highly important because they
might have good potential in the application of future hospital construction materials.
There are many Hospital-acquired Infection (HAI) cases all over the world. The pathogenic
bacteria coming from infected patients may attach to the surfaces of cementitious materials
and transfer to another healthy person afterward, which leads to the HAI [51] case. As a
result, construction materials with antibacterial effects are strongly needed and may have
great potential in future hospital construction.
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4. Materials and Methods
4.1. Materials

The cementitious material used in this study was white cement from Aalborg Portland,
Perak, Malaysia. Aeroxide TiO2 P25 (Evonik, Essen, Germany) was used as a titanium dioxide
catalyst and a precursor for graphene-based titanium dioxide composites. KRONOClean 7000
(KRONOS, Dallas, TX, USA) was used as a control photocatalyst. It was used as a control
to compare the performance of the newly synthesised visible light-activated photocatalyst.
Graphene oxide with more than 99% purity and research-grade quality was commercially
obtained from HENGQIU Technologies, Suzhou, China. It was a small-scale single-layer
graphene oxide prepared by the improved hummers method. Methylene blue was used for
the photodegradation of dye, and it is obtained commercially from Sigma-Aldrich, Singapore.
Bacteria E. coli K-12 obtained from the bacterial library in the environment laboratory of
Nanyang Technological University was used for an antibacterial test.

4.2. Synthesis of GO-TiO2 Nanocomposite

Graphene-TiO2 nanocomposite was prepared through a one-step hydrothermal pro-
cess using the selected commercial TiO2 and GO, based on the work of Hamdany, Ding [33],
and Zhang, Lv [21] with modifications. The GO loading was kept constant at 3% weight
of TiO2 as an optimum content [42]. Briefly, 242.5 mg of TiO2 powder was dispersed in
35 mL of distilled water. The TiO2 solution was then stirred continuously for 30 min at
room temperature (≈23–25 ◦C) using a magnetic stirrer at 160 rpm. In the meantime,
7.5 mg of graphene oxide was dissolved in 15 mL of distilled water. The GO solution was
sonicated at room temperature (≈23–25 ◦C) for 30 min using a high-intensity ultrasonic
probe. Subsequently, the obtained GO solution was added to the TiO2 solution under
magnetic stirring for another 30 min. The mixture was then stirred at 150◦ C until all water
completely evaporated. Lastly, the obtained solid deposit was then oven-dried for 24 h at
60◦ C. The final product is referred to as GO-TiO2.

4.3. Characterization

Field emission scanning electron microscopy (FE-SEM, JSM-7600F, JEOL, Tokyo, Japan)
was used to observe the surface morphology of the TiO2 nanomaterials. The crystallinity of
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different types of titanium dioxide materials used in this study was investigated using an X-
ray diffractometer (XRD, D8 Advanced, Bruker, Billerica, MA, USA) with monochromatized
Cu-Kα radiation. The optical properties of the catalysts were investigated using diffuse
reflectance spectroscopy (DRS, Cary 5000, Agilent, Santa Clara, CA, USA). The specific
surface area of the catalysts was measured by Brunauer–Emmett–Teller (BET) nitrogen
adsorption–desorption. The surface charge of TiO2 materials was assessed by measuring
their electro-kinetic potential (zeta potential) via a zeta potential analyser (Zetasizer, Nano
ZS, Malvern Panalytical, Malvern, UK). FE-SEM and fluorescence spectroscopy were
conducted to examine the decomposition of E. coli cells during photocatalytic treatment.

4.4. Cement Sample Preparation

The mix proportions used to prepare the sample are listed in Table 1. Three types of
TiO2 materials were intermixed into cementitious materials with 5% loading. The mixture
without any TiO2 was prepared as control specimens. For sample preparation, cementitious
material and TiO2 were manually mixed as dry powders for 5 min until evenly distributed.
Distilled water was then added and manually mixed for another 10 min. The mortar
specimens were cast in 60 mm diameter and 15 mm thickness moulds. Three cement
discs were prepared for each set. The prepared samples were cured for 28 days at room
conditions before tests.

Table 1. Mix proportion (on weight basis of cement).

Mix No TiO2 Type TiO2 Loading Water Content

1 - -

0.5
2 P25 5%
3 Krono 5%
4 GO-P25 3%

4.5. Photocatalytic Degradation of Methylene Blue under Visible Light

The degradation of methylene blue was observed based on the absorption spectro-
scopic technique. In a typical procedure, 50 mL aqueous solution of methylene blue dyes
(10 µM) and 50 mg of the photocatalyst were placed in a 100 mL Pyrex beaker. The mix-
ture was then stirred in the darkness until it reached the adsorption equilibrium. A dark
adsorption test was also conducted to compare the adsorption capability of pure TiO2
and GO-TiO2 composite. In this test, 50 mg of the photocatalyst was dispersed in 50 mL
methylene blue solution (10 µM). The solution was continuously stirred and kept in the
dark for 30 min. Every 15 min, the sample was taken and centrifuged for the UV-visible
absorption measurement. From the difference in the absorbance before and after adsorption,
the number of dyes adsorbed by the photocatalyst can be estimated.

The photocatalytic reaction was started by turning on the lamp. A 500 W long arc
xenon lamp with a UVIRCUT420 optical filter was used as the light source for visible
light photocatalytic reaction. After turning on the lamp, the mixture was irradiated for
a certain period and stirred incessantly during irradiation. The dye solution was taken
from the reactor at regular time intervals and centrifuged to separate the catalyst particles
before analysis. The photo-reacted solution was analysed by recording variations of the
absorption band maximum (660 nm) in the ultraviolet–visible spectra of methylene blue
using an ultraviolet–visible (UV-vis) spectrophotometer (Cary 5000, Agilent, Santa Clara,
CA, USA). Direct photolysis in the absence of a photocatalyst was also performed as a
blank experiment in order to calculate the contribution from direct photolysis.

4.6. Photocatalytic Disinfection of E. coli under Visible Light

The photocatalytic activity of the TiO2-based material was evaluated by disinfection of
E. coli under visible light irradiation at room temperature (≈23–25 ◦C). Briefly, the E. coli.
K-12 was obtained from the bacterial library in the environment laboratory of Nanyang
Technological University. Unless specifically noted, E. coli. mixing with 50% glycerol (mix
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ratio volume/volume = 1/1) was kept in −80 ◦C for long-term storage. The experiment was
conducted to evaluate the effectiveness of GO-TiO2 application in cement-based construction
materials for the disinfection of E. coli. The experimental procedure for the surface study on
antibacterial concrete is presented in Figure 12. After 24 h UV/vis light irradiation, 1 mL of E.
coli suspension was then applied evenly on the cement surfaces using an adjustable precision
pipette. The bacteria survival was estimated on an agar dish after 24 h incubation.
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5. Conclusions

In this study, visible light-activated graphene-based TiO2 nanoparticle composites
were synthesized through a one-step hydrothermal method. It is found that the combi-
nation of GO and TiO2 in the GO-TiO2 composite significantly increased the capability of
adsorbing the methylene blue dyes compared to the pure TiO2 materials. More than 60% of
the initial dye could be adsorbed into the surface of GO-P25 composites. On the other hand,
only 10% of the initial dye was adsorbed by pristine TiO2. Furthermore, their photocatalytic
activity was greatly improved (94% of dye was degraded by GO-P25) in the degradation of
methylene blue under visible light irradiation. Conversely, only 36% of the initial dye was
degraded by P25 even with longer irradiation time. For antibacterial effect, GO modified
TiO2 sample shows high antibacterial activity compared to pristine TiO2. The antibac-
terial effect of the cement-based surface containing 5% of GO-P25 composites shows a
77% reduction of bacteria number. This study confirms the effectiveness of the composites
in disinfecting E. coli under visible light. This finding is of considerable importance because
it may have good potential in the application for future healthcare construction to prevent
Hospital-acquired Infection (HAI) cases.
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