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Nanostructured  titania  has been  extensively  investigated  for photocatalytic  applications.  Persistent
challenge  yet  is how  to effectively  promote  adhesion  of  microorganisms  on  the  material  surface  for
consequent  enhanced  photocatalytic  disinfection.  Here  we  report  fabrication  and  characterization  of
titania-based  nanocomposite  coatings  with  addition  of  hydroxyapatite-reduced  graphene  oxide  (HA-
rGO). The  nano  features  of  TiO2, HA,  and  rGO  were  well  retained  during  liquid  flame  spray  deposition.
Photocatalytic  activities  of  the coatings  were  examined  by degradation  of  methylene  blue  and  steriliza-
tion  testing  of  Escherichia  coli  bacteria.  Addition  of  HA-rGO  effectively  increased  the specific  surface  area
ydroxyapatite
educed graphene oxide
anocomposite
hotocatalytic performance

of the  coatings  and markedly  enhanced  adherence  of  the  bacteria  for  subsequent  extinguishment.  The
TiO2–10  wt.%  (HA-rGO)  coating  showed  the  best  photocatalytic  performances  and  further  overloading
of  HA-rGO  resulted  in enwrapping  of  TiO2 particles,  resulting  in deteriorated  degradation  activity.  The
results give  clear insight  into  fabrication  of  novel  photocatalytic  nanocomposites  by  suspension  thermal
spray  route  for enhanced  performances.

©  2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

Bacterium-related environmental issues like presence of
icroorganisms in drinking water have been gaining inten-

ive concerns globally [1]. Pathogenic microorganisms, such as
scherichia coli (E. coli), Virbio cholerae, Listeria monocytogens,
higella spp., and Pseudomonas spp., etc., in water resources lead to
evere water-borne illness [2–4]. Various physical, chemical, and
iological methods are therefore developed to remove microor-
anisms and/or pollutants [5]. To date, chlorination has been
idely used for water treatment, including disinfection process

or drinking water supplies and the tertiary treatment of wastew-
ter effluents [6]. It is effective in inactivation of bacteria and
ost viruses [7]. However, the processing route is becoming of

ncreasing concern due to the formation of potentially harm-
ul chloro-organic disinfection by-products exerting carcinogenic
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029

nd mutagenic influence on mammals [7,8]. Hence, new alterna-
ive disinfection techniques are urgently needed. Compared with
onventional water treatment methods, such as UV irradiation, fil-
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tration and ozonization, photocatalysis showed great potential for
inactivation of pathogenic microorganisms and has attracted much
attention in recent years due to its advantages like nontoxicity,
excellent degradation capability and cost efficiency [9–11].

Since the discovery of photo-induced splitting of water on tita-
nia electrodes by Fujishima and Honda [12], TiO2 has been one of
the key materials for photocatalytic applications and was  widely
used [9–11,13]. Inspired by the early work of Matsunaga et al.
reported in 1985 [14], many research groups explored TiO2-based
photocatalysts and found successful killing of different microor-
ganisms including bacteria, viruses, algae, fungi or protozoa [2,15].
Hydroxyl radical (•OH) generated by photocatalysis is found to
oxidize and/or diffuse through cell wall/membrane, subsequently
causing oxidation of intracellular coenzyme [16,17]. However, in
most cases, TiO2 can only decompose substances that come into
contact, and it fails to work while there is no light [17,18]. Taking
into account the prerequisite of intimate contact between bacteria
and the antibacterial material, the material must essentially favor
attachment of bacteria [17]. There are many techniques to improve
eveloping titania-hydroxyapatite-reduced graphene oxide
or photocatalytic applications, J Eur Ceram Soc (2017),

the adsorption behavior and photocatalytic activities of TiO2 [19].
Among them, heterogeneous photocatalysis system has been well
established to improve the performances [20,21].

dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029
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Hydroxyapatite (Ca10(PO4)6(OH)2, HA), which has a similar
hemical composition to the mineral component in natural bones
nd teeth, is of great interest in bone and tissue engineering.
t has excellent biocompatibility, bioactivity and high affinity to
roteins and lipids [22,23]. Use of HA or HA-based composites
s additives in titania-based composites was therefore attempted
o promote the recruitment of microorganisms or organics for
ubsequent photocatalytic degradation [17]. In addition, research
fforts on HA/nano-carbon composites, such as HA-graphene com-
osites, have been reported [24–26]. Progress has been made
ecently in fabrication of graphene-containing inorganic compos-
tes attributed to the promising properties of graphene, including
nique electronic property, high transparency, flexible structure
nd large theoretical specific surface area [24,27,28]. Previous stud-
es suggested that the incorporation of graphene could enhance
he mechanical properties and bioactivity of HA-based compos-
tes [24–28]. Graphene-based nanomaterials could also inhibit the
rowth of E. coli while showing minimal cytotoxicity [29]. More-
ver, like other carbon nanomaterials such as CNTs and fullerene,
raphene-based materials have also been explored for potential
hotocatalytic applications [30]. It was reported that graphene
ould enhance the charge transfer of electrons and decrease the
ecombination of electron-hole pairs, which in turn improved the
hotocatalytic properties of TiO2 [30,31].

For photocatalytic applications, several practical problems arise
rom the use of catalysts in powder form [21,30], such as difficul-
ies in separating them from suspension or aggregation of particles
n suspension [17]. Therefore, the form of coating/film is more
ppropriate for photocatalysts [32], which has been extensively
nvestigated by using various processing techniques like sol-gel,
hemical vapor deposition, electro-deposition, hydrothermal and
hermal spray [17,33,34]. Liquid thermal spray uses liquid, for
nstance solution or suspension, as the starting feedstock and shows
reat promises in making functional coatings from nanoparticles
35–37]. Antimicrobial glassy coatings were successfully fabri-
ated by high velocity suspension flame spray on titanium plates
ithout degrading the substrate or forming chemical byproducts

36]. Liquid thermal spray processing route can effectively avoid
ossible phase transformation of sprayed materials and accom-
lishes favorable microstructural features such as desired porosity
nd high specific surface area, facilitating functional performances
17,37–39].

In this work, HA-rGO nanocomposite slurry was  prepared by
dding rGO sheets into the solution for synthesizing HA by the
et-chemical approach [24]. According to our previous findings

hat addition of 10 wt.% HA brought about the most significantly
romoted photocatalytic performances of titania-based coatings
17], TiO2–10 wt.%(HA-rGO) nanocomposite coatings were fabri-
ated by liquid flame spray. Enhanced adherence of E. coli bacteria
nd adsorption of methylene-blue were revealed and elucidated,
howing great potential of the coatings for photocatalytic applica-
ions.

. Materials and methods

Commercial aluminum wire (Al, Ø2 mm,  Beijing General
esearch Institute of Mining &Metallurgy, China), TiO2 powder
pure anatase, 5 ∼ 10 nm,  Aladdin, Shanghai, China), hydroxyap-
tite (HA, lab-made needle-like particles of ∼200 nm in length and
0–40 nm in diameter) and HA-reduced graphene oxide (HA-rGO)
anocomposite slurry (lab-made HA–10 wt.%rGO) were used. The
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029

A or HA–10 wt.%rGO slurry was synthesized by a wet-chemical
pproach described in detail previously [24]. 316L stainless steel
lates with the dimension of 20 × 20 × 2 mm in length, width and
hickness, respectively, were used as the substrates. Prior to the
 PRESS
eramic Society xxx (2017) xxx–xxx

deposition of the titania-based coatings, an aluminum coating with
∼100 �m in thickness was pre-coated on the substrate to facilitate
adhesion of the nanocomposite layer. The high velocity arc spray
system (TLAS-500C, China) was employed to deposit the Al coat-
ings. Escherichia coli bacteria (E. coli, ATCC 25922) were typically
selected for bacterial adherence testing. Aqueous solution (5 ppm)
of methylene blue (MB, Aladdin, Shanghai, China) was used as a
model pollutant.

A series of suspensions (HA-rGO, TiO2–10 wt.%(HA-rGO) and
TiO2–30 wt.%(HA-rGO)) were prepared by suspending 5 g of each
sample in 150 ml  deionized water and mixing in an ultrasonic
disintegrator for 10 min  before the spraying. The coatings were
then fabricated by liquid flame spray (DS 8000, Eutectic Castolin,
Germany). A suspension injector with the diameter of 1.5 mm was
positioned just next to the flame torch, and the angle between the
injector and flame was 30◦. The pressure of the atomizing air was
0.7 MPa  and the suspension feeding rate was 40 ml/min. Pressure of
oxygen and acetylene was  0.5 MPa  and 0.1 MPa, respectively. The
flow rate of acetylene was  0.8 m3/h and the spray distance was
200 mm.

Phases of the samples were detected by X-ray diffraction
(XRD, Bruker AXS, Germany) with a scanning rate of 0.1◦/s using
monochromatic Cu-Ka radiation operated at 40 kV and 40 mA.
Microstructural features of the powder and coatings were exam-
ined using field emission scanning electron microscope (FESEM, FEI
Quanta FEG250, the Netherlands). Specific surface area of the coat-
ings was  measured using the Brunauer, Emmett, and Teller (BET)
method by adsorption of nitrogen gas on ASAP 2020 M apparatus at
77.3 K. The BET surface area was  calculated over the relative pres-
sure range of 0.05–0.20 MPa. For comparison purpose, pure HA,
pure TiO2 (TO) and TiO2 with 10 wt.%HA (TiO2–10 wt.%HA, TO10H)
coatings were also investigated in this study.

Luria broth (LB, Aladdin, Shanghai, China) medium used in this
study comprised 10 g tryptone, 10 g sodium chloride, and 5 g yeast
extract in 1 l deionized water. After inoculation of a single colony of
E. coli, the media were shaken at 150 rpm for 24 h at 30 ◦C. Bacteria
were then harvested by centrifugation at 2000 rpm for 5 min. After
removal of the supernatant, bacteria were washed with phosphate-
buffered saline (PBS) and resuspended in PBS at a concentration of
5 × 106 CFU/ml. The coating samples were put into a 12-well plate
and then 2 ml  of the bacterial suspension was  added to each well.
The plate was  incubated at 30 ◦C for 6 h in dark for bacterial adhe-
sion. For SEM observation, the samples were first rinsed with PBS
to remove non-adherent bacteria. Then the samples were fixed in
2.5% glutaraldehyde at 4 ◦C overnight and rinsed twice in PBS. Fur-
ther dehydration and critical-point drying steps were conducted
using a graded series of ethanol/water solutions as described in
another paper [17]. Enumeration of attached cells was carried out
by counting the cells from the SEM images. Digital images were
taken randomly from at least five locations for each sample.

Photocatalytic degradation activity of the coatings was eval-
uated by degradation of MB  aqueous solution. Each sample was
put into to a Ø9 cm Petri dish with 20 ml  MB solution (5 ppm) fol-
lowed by UV-irradiation. The irradiation was  conducted using a
15 W UV lamp (PHILIPS, TLD15W BL) with the typical wave length of
365 nm,  and the distance between the UV light source and the sam-
ples was  150 mm.  Variation of MB  concentration as determined by
the absorbance at 664 nm was analyzed using a spectrophotometer
(SpectraMax 190, Molecular Devices, USA).

Photocatalytic sterilization activity of the coating samples
under UV-illumination was  assessed using a similar suspension
method reported previously [17]. The nutrient agar culture medium
eveloping titania-hydroxyapatite-reduced graphene oxide
or photocatalytic applications, J Eur Ceram Soc (2017),

(Huankai Microbial Sci. Tech. Co. Ltd., China) used in this study com-
prised 33 g nutrient agar cultured in 1 l deionized water, and was
autoclaved at 120 ◦C for 15 min. Then 15 ml  of the nutrient agar
media were poured into each Ø9 cm Petri dish. After UV-irradiation

dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029
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or a period of time, 100 �l of the E. coli bacterial suspension was
pread in the agar media and incubated at 37 ◦C for 24 h. The bac-
eria number was determined by a standard plate count approach
n triplicates. The colony-forming units (CFUs) of the bacteria were
xamined and bacterial survival ratios were calculated according
o the equation:

acterial survival ratio = CFUs of blank group - CFUs of experimental group
CFUs of blank group

×  100%.

The blank group was prepared by incubating the substrate samples
n 4 ml  bacterial suspension.

. Results and discussion

.1. Characteristics of the coatings

XRD spectra of the TiO2/HA/rGO nanocomposite coatings show
hat the anatase structure of TiO2 is well retained, and no rutile
tructure is detected (Fig. 1a). These results suggest that there is lit-
le or no phase transformation of nano-TiO2 from anatase to rutile
uring the spraying. The broad XRD peak of HA is seen at ∼31◦ of
�, indicating low crystallinity of HA synthesized by the wet chem-

cal precipitation method and presumable presence of HA grains
n small size [40]. During the liquid flame spray, evaporation of
iquid takes away plenty of heat and greatly reduces the heating
emperature of nano-TiO2, which would in turn effectively avoid
verheating and phase transformation [35,38]. It was  reported vari-
tions in heating extent of the nanoparticles were attained by
ltering suspension plasma spray parameters or suspension feed-
ng mode [37]. Moreover, HA is a low thermal conductivity material
s compared to TiO2, giving rise to weakened heat conduction for
nhibited phase changes of titania [41]. XRD diffraction peaks for
GO are not observed, most likely due to the fact that the mono-
ayer structure of rGO exhibits irregular arrays of atoms in three
imensions [24]. Instead, refined detection by Raman spectroscopy
onfirms the presence of rGO in the composite coatings (Fig. 1b).
he characteristic peaks of rGO are successfully detected in the HG
nd the TO30HG samples but not in the TO10HG sample, which
ight be due to the low content of rGO. The first-order spectrum of

raphene is suggested by the G band at 1583 cm−1 and the D band
t 1329 cm−1, respectively. The second-order (two-photon) spectra
t 2647 cm−1 refer to 2D band of graphene in the coatings [26]. It is
ell known that Raman spectrum can be used to assess the quality

f graphene and determine the number of graphene sheets by the
osition of 2D peak [42]. The shift of 2D peak to lower wavenumber
alues likely suggests that there is less layer of rGO in the coating
spectrum (HG) in Fig. 1b) and the features of rGO are well retained.

Topographical morphology of the coatings was examined by
EM (Fig. 2). Remarkably different topographical structures of the
A-based coatings and the Ti-based coatings are seen (Fig. 2a, b
ersus c-f). The HA-based coatings are in sheet shape with no sign
f melting after deposition. HA underwent nucleation growth on
GO layers and retained their original needle-like shape (Fig. 2b
nd enlarged view of selected area shown in Fig. 2g). However, tita-
ia nanoparticles mostly aggregate and form spherical-like micron
articles with a diameter of 1–2 �m and their surfaces show clear
igns of melting (Fig. 2f). For the TiO2-based composite coatings,
A-rGO additives disperse in the coatings and are mechanically

nterlocked among TiO2. In addition, individual or small groups of
A-rGO sheets adhere to micron-sized titania particles or disperse
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029

mong them, which would be conductive to enhance the photocat-
lytic function of titania. Moreover, typical cross-sectional view of
he coatings suggest the thickness of 120–150 �m for the double
ayers and 20–30 �m for the nanocomposite coatings (Fig. 2h).
 PRESS
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3.2. Adherence behaviors of E. coli bacteria on the coatings

After being incubated in bacteria solution (5 × 106 CFU/ml) for
6 h, E. coli bacteria already attached on the coating surfaces. In
this study, E. coli was allowed to interact with the coatings for a
relatively long duration. That more bacteria attached on the coat-
ing surfaces means better capability of the coatings to recruit the
bacteria. SEM images clearly show that the number of the bacte-
ria adhered on the surface of the pure TiO2 (TO) coating is much
less than the number of the bacteria attached on the pure HA,
the pure HA-rGO and the TiO2-based composite coatings (Fig. 3a).
The number of the bacteria adhered on the coating surfaces was
counted from the SEM images, which is a well-established approach
[43], as shown in Fig. 3b. The HA-rGO nanocomposites show better
bioactivity than the pure HA, and this is consistent with our previ-
ous findings [17,26,44]. It was reported that graphene or reduced
graphene oxide in HA-based composites stimulated cellular pseu-
dopod attachment and enhanced the viability of cells [26,29]. The
bioactivity of TiO2-based coatings is significantly enhanced by the
addition of the biomaterials, HA or HA-rGO in this case. It is con-
sistently observed that increase in HA-rGO content is accompanied
with promoted adherence of the bacteria. E. coli preferably adhere
to the composite coatings, and the number of the adherent bacte-
ria on the TO30HG coating is almost eight times more than that
adhered on the pure TiO2 coating (Fig. 3b). Bacterial preference
to the additives is also evidenced by the selective adherence of
the bacteria on HA or HA-rGO sheets in the composite coatings,
rather than on micron-sized TiO2 particles. This is clearly observed
from the topographical views of the TO10HG or TO30HG coat-
ings (Fig. 3a). A two-phase process usually occurs during bacterial
adhesion onto material, namely phase one (physicochemical inter-
actions) and phase two  (molecular and cellular interactions) [45].
For phase two, molecular reactions between bacterial surfaces and
material surfaces are predominant. Polysaccharides and proteins
on the surfaces of cells/bacteria act as their adhesions [45–47].
Bioactive materials such as HA-based materials have high affinity
to proteins and lipids, therefore their addition into TiO2 coatings
would certainly promote bacterial adhesion. As mentioned above,
HA-rGO nanocomposite sheets are thoroughly dispersed in the
coatings and are mechanically interlocked among TiO2 (Fig. 2f). The
bacteria attached on HA-rGO are also in contact with TiO2. Thus,
bioactive materials in the coatings likely act as baits which attract
bacteria and push them to titania. Once the photocatalytic reactions
take place, extinguishment of the bacteria is anticipated. Incorpora-
tion of HA-rGO into titania is therefore expected to possess a better
antibacterial performance in terms of efficiency, especially when
much more bacteria are dispersed in surrounding media.

3.3. Photocatalytic performances of the coatings

Photocatalytic performances of the coatings were assessed by
photodegradation of the MB-containing solution and photocat-
alytic disinfection of E. coli bacteria under UV irradiation. For
photodegradation of MB,  before UV irradiation, the MB-containing
solution was completely mixed with the samples in dark for
1 h to ensure adsorption/desorption equilibrium. It is clear that
the degradation is enhanced by elongated UV exposure and the
decomposition rate decreases with the increase in reaction time
(Fig. 4a). Addition of HA or HA-rGO nanocomposites significantly
improves the photocatalytic degradation of TiO2-based coatings.
The coating containing 10 wt.%HA-rGO (TO10HG) shows excellent
photodegradation performance with ∼78% degradation of MB  after
eveloping titania-hydroxyapatite-reduced graphene oxide
or photocatalytic applications, J Eur Ceram Soc (2017),

5.5 h exposure. On the contrary, the pure TiO2 coating shows much
worse photocatalytic performance with ∼35% degradation of MB.
The addition of 10 wt.%HA-rGO showed the best photodegrada-
tion activity, which is consistent with our previous work [17]. The

dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029
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Fig 1. XRD curves (a) and Raman spectra (b) of the coatings. TO: the pure titania coating, HG: the HA-rGO coating, TO10HG: the TiO2–10 wt.% (HA-rGO) coating, TO30HG:
the  TiO2–30 wt.% (HA- rGO) coating.
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ig. 2. Surface views of the as-deposited nanostructured coatings, (a) the pure HA c
e)  the TiO2–10 wt.%(HA-rGO) coating, (f) the TiO2–30 wt.%(HA-rGO) coating, (g) en
n  rGO layer, and (h) cross-sectional view of the TiO2–30 wt.%(HA-rGO) coating. Th

O10HG coating has better degradation efficiency than the TO30HG
nd the TO10H coatings. It was previously reported that photocat-
lytic materials must adsorb and contact with pollutants to degrade
hem [18]. As typical biomedical materials, HA and rGO have excel-
ent adsorption properties [25,31]. Specific surface area is one of the
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029

mportant indexes for catalysts and adsorbents and higher specific
urface area usually provides catalysts with better photocatalytic
ctivity and adsorptive properties for inorganics, organics, and
, (b) the HA-rGO coating, (c) the pure TiO2 coating, (d) the TiO2–10 wt.%HA coating,
 view of selected area shown in (b) showing nucleation and further growth of HA

k arrows point to typical HA-rGO existing in the coatings.

microorganisms [16]. Specific surface areas of the coatings were
therefore measured to elucidate their performances. The compos-
ite coatings containing HA or HA-rGO composites obviously exhibit
higher specific surface areas than the pure titania coatings. The
TO10H, TO10HG and TO30HG have the specific surface area values
eveloping titania-hydroxyapatite-reduced graphene oxide
or photocatalytic applications, J Eur Ceram Soc (2017),

of 0.47 m2/g, 0.53 m2/g, and 0.83 m2/g, respectively (Fig. 4b), while
the pure titania coating shows the value of 0.46 m2/g. This is pre-
sumably due to the high specific surface area of HA or HA-rGO. For

dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029
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Fig. 3. (a) SEM images of E. coli adhered on the coatings after incubation for 6 h: −1 the pure HA coating, −2: the HA-rGO coating, −3: the pure titania coating, −4: the
TiO2–10 wt.%HA coating, −5: the TiO2–10 wt.%(HA-rGO) coating, −6: the TiO2–30 wt.%(HA-rGO) coating, and (b) bacterial density as determined by statistical counting of
the  E. coli adhered on the surfaces of the coatings. Digital images were taken randomly from at least five locations for each sample, and the number of the bacteria in each
image  was  counted for averaged value.
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ig. 4. Degradation efficiency of MB  by the coatings under UV illumination (a), and

he TiO2-based nanocomposite coatings, their MB  degradation ten-
ency agrees well with their specific surface area data (TO10H and
O10HG). Surprisingly, the TO10HG coating shows better degrada-
ion than the TO30HG coating, which has higher specific surface
rea. This might be due to the addition of too much HA-rGO, since
A-rGO has less photocatalytic activity than titania. Overloading of
A-rGO might shield the TiO2 particles such that the particles fail

o function entirely for photocatalytic functions. The higher spe-
ific surface area exhibited by the pure HA or the HG coatings is
ainly due to the small-sized HA grains and the intrinsic properties

f graphene [17,30]. HA or HG existing in the coatings are in sheet
hape and the nanostructures are fully exposed, providing enlarged
ontact area for photocatalytic reactions (Fig. 2b). Although TiO2
articles are also very small (5–10 nm), they could easily get aggre-
ated to form micron-sized particles (1–2 �m) after the spraying.
urthermore, since their surfaces are partially melted, this could
urther reduce their specific surface area (Fig. 2f). Obviously, appro-
riate addition of HA-rGO could attain the synergistic effect, giving
ise to significantly enhanced photocatalytic performances.

Further photocatalytic testing against E. coli shows that the TiO2-
ased nanocomposite coatings possesses excellent photocatalytic
terilization performances. Digital photos of E. coli colonies in Petri
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.02.029

ish and statistical results of the samples after 1 h UV irradiation are
hown in Fig. 5. The blank sample and the pure HG coating exhibit
ndetectable photocatalytic sterilization (Fig. 5a). In contrast, the
umber of the colonies in the Petri dishes containing the TO10H,
fic surface area values of the coatings as measured by the N2-BET approach (b).

the TO10HG, and the TO30HG coating samples is significantly less
than that of the pure TiO2, implying their outstanding photocat-
alytic sterilization properties. To further assess the bacteria-killing
capability of the coating samples, bacterial survival ratio was cal-
culated (Fig. 5b). After 1 h UV irradiation, more than 90% bacteria
are killed by the TO10H and the TO10HG coatings. However, the
nanocomposite coatings containing less HA or HA-rGO have better
photocatalytic performances, which is consistent with the trend
of MB  degradation (Fig. 4a). The nanocomposite coatings with the
addition of 10 wt.% HA-rGO exhibit the most significant enhance-
ment of disinfection, ∼95%. On the contrary, only 87.3% of E. coli
removal is obtained in 60 min  when HA-rGO loading is further
increased to 30 wt.%. More HA-rGO addition means more graphene
loading, which would increase the opacity and light scattering and
hinder TiO2 from adsorbing light, resulting in deteriorated pho-
tocatalytic activity [48,49]. Moreover, too much HA-rGO loading
would cover the surface of nano-TiO2 aggregates, which have the
size of 1–2 �m (Fig. 2f). Owing to the similar size of E. coli cells
(∼1 �m in diameter and ∼2 �m in length) [50], access of bacteria to
the internal surfaces of nano-TiO2 materials might be impeded [13].
The redundant HA-rGO composites reduce both access to E. coli
and relative availability of active sites. As a consequence, E. coli
eveloping titania-hydroxyapatite-reduced graphene oxide
or photocatalytic applications, J Eur Ceram Soc (2017),

inactivation would be weakened.
Photocatalytic mechanism of nano titania has been extensively

studied. Photocatalytic reaction of TiO2 proceeds via the gener-
ation of electrons and holes from irradiation with UV light. As
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Fig. 5. Photocatalytic sterilization results of the coatings against E. coli. (a) digital
photos of E. coli colonies in the petri dish containing all samples after 1 h UV irradia-
tion: −1: the pure HA coating, −2: the HA-rGO coating, −3: the pure titania coating,
−4:  the TiO2–10 wt.%HA coating, −5: the TiO2–10 wt.%(HA-rGO) coating, −6: the
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sterilization of microbial cells by semiconductor powders, Fems Microbiol.
iO2–30 wt.%(HA-rGO) coating, and (b) antibacterial performances of the coatings
gainst E. coli.

he consequence, •OH is generated by the reaction of holes in the
alence bands with active OH− on the surface or with H2O [51,52].
he conduction band electron reduces oxygen to •O2

−, and further
eduction of •O2

− produces H2O2. The superoxide can react with
2O2 to produce •OH. Oxygen radicals attack bacterial organic com-
onents, including outer membrane, DNA, RNA, and lipid, to oxidize
r damage them, ultimately causing bacterial death [3,51,52]. E. coli,
s a Gram-negative bacterium, has a large number of polyunsat-
rated phospholipids as integral components of cell membrane
53,54]. Oxygen radicals oxidize the polyunsaturated phospholipid
omponents in cell membrane and further generate pores, caus-
ng destruction of cell membranes followed by shape change from
od-like to flattened [55]. Loss of intact membrane structure and
ence the functions is the fundamental cause of cell death [3,56].
ompared with the TO10H sample, the TO10HG coating exhib-

ted slight enhancement of photocatalytic sterilization ability. In
his study, coupling TiO2 with rGO did not enhance the disinfec-
ion efficiency of TiO2 nanoparticles and the main reason of better
hotocatalytic properties lies in the addition of HA. The impact of
ddition of rGO on the performances of the coatings, such as elec-
ronic transmission, conductivity and adsorptivity [57], yet needs
o be further studied. rGO improves the bioactivity, absorptivity
nd specific surface area of the HA-based composites, which would
ltimately affect the performances of the TiO2/HA/rGO composite
oatings.
Please cite this article in press as: J. Huang, et al., D
nanocomposite coatings by liquid flame spray deposition f
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For photocatalytic applications, the key issues pertain to the
uestions as to how to use catalysts as film or coating [17,32], and
ow to use efficiently the visible light [31]. In practical systems

[
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using light sources such as white light fluorescent lamps and solar
light, which have very weak UV radiation intensities, the photocat-
alyst exhibits weak disinfection activity [30,31]. Previous studies
showed that addition of rGO to photocatalytic materials could
effectively improve the utilization rate of visible light [31]. Our
ongoing efforts are therefore devoted to developing TiO2/HA/rGO
photocatalytic materials and their coatings that can be activated by
visible light. The role rGO played in the photocatalytic coatings is
yet to be further elucidated.

4. Conclusions

Nanostructured titania coatings with addition of HA-rGO
nanocomposites (10, 30 wt.%) have been successfully fabricated
by suspension flame spraying. The structural features of TiO2 and
HA-rGO nanocomposites are well retained during the deposition.
Addition of HA-rGO effectively increases the specific surface area of
the titania-based coatings and markedly enhances the adherence
of E. coli bacteria for subsequent photocatalytic killing. The coat-
ing fabrication by the suspension flame spray route of the novel
TiO2-HA-rGO materials might open a new window for making pho-
tocatalytic layers for enhanced performances.
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