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ABSTRACT: A simple and rapid room-temperature aerosol deposition
method was used to fabricate TiO2 ﬁlms for photokilling/photdegradation
applications. TiO2 particles were accelerated to supersonic speeds and
fractured upon impacting a glass substrate to form a functional thin ﬁlm, a
process known as aerosol deposition. After deposition, the ﬁlms were annealed
at various temperatures, and their photokilling/photodegradation performances following ultraviolet (UV) exposure were evaluated by counting the
number of surviving bacterial colonies, and by a methylene blue decolorization
test. The photocatalytic performances of all TiO2 ﬁlms were obtained under
weak UV exposure (0.6 mW/cm2). The ﬁlm density, crystalline phase, and
surface roughness (morphology) were measured by scanning electron
microscopy, X-ray diﬀraction, UV-visible spectroscopy, and atomic force
microscopy. The unique, self-assembled honeycomb structure of the aerosol
deposited ﬁlms contributed to the increase in surface area because of extreme roughness, which enhances the photokilling and
photodegradation performance. Nonannealed ﬁlms yielded the best photocatalytic performance due to their small crystalline
sizes and large surface areas due to increased surface roughness.

1. INTRODUCTION
Titania (TiO2, anatase) is a semiconductor with a bandgap
value of 3.2 eV.1 Since the discovery of the electrochemical
photolysis of water on a titania electrode by Fujishima and
Honda in 1972,2 TiO2 has been used in numerous applications,
such as dye-sensitized solar cells, self-cleaning products, water
and air puriﬁcation,3 medical applications,4−6 odor elimination,
decoloring wastewater,7−12 mineralization of both hazardous
organic and inorganic materials,13−16 soil decontamination,17
destruction of cancer cells and viruses,18 and medical
sterilization.
Photocatalytically generated reactive oxygen species like
hydroxyl radicals, hydrogen peroxide, and superoxide can work
together to decompose or oxidize various organic and inorganic
compounds.19−22 Titania’s strong oxidizing capabilities are
especially useful in water puriﬁcation applications and are
economically viable and environmentally friendly. TiO2 catalyst
can be recycled indeﬁnitely and requires no additional chemical
treatment.23,24
Because photocatalysis is an interfacial phenomenon,25
maximum disinfection performance is achieved when the active
surface-area-to-volume ratio is maximized, thereby facilitating
eﬃcient UV irradiance and high quantum yield.26 A mobilized
mode that suspends TiO2 powders in aqueous media inside a
ﬂuidized reactor can maximize performance.27 However, this
mobilized mode ultimately requires separation of the ﬁne TiO2
powder from the puriﬁed water; this is diﬃcult because ﬁne
© 2012 American Chemical Society

powders remain in a colloidal state and do not suﬃciently settle
− additional equipment is required.28 To circumvent this
technological diﬃculty, an immobilized mode for TiO 2
photocatalysis is often proposed as an alternative; it necessitates
permanent adhesion of TiO2 powder on supporting materials
such as quartz, ﬁber-mat, mesh, stainless steel, etc. There is also
a pseudoimmobilized mode for various photocatalytic degradation processes, which uses a TiO2-coated ﬁberglass mesh,23
quartz sand particles,27 activated carbon,29 or magnetic
powder.30 These pseudoimmobilized modes take advantage of
the larger size of TiO2-coated beads, which enables the
retention of a reasonably large surface-area-to-volume ratio.
Simultaneously, beads are large enough to be easily separated
from the treated water.
Although an immobile process, TiO2 ﬁlms are favorable
because of their simple and inexpensive manufacturability.
Furthermore, such ﬁlm-based (immobilized mode) disinfection
technologies have certain advantages over ﬂuidized-bed-based
technology (mobilized mode), because these ﬁlm-based modes
can take advantage of “free” sunlight as a UV source, whereas a
ﬂuidized bed requires a high-power manmade UV source. The
energy savings are self-evident.
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There are various ways of depositing ﬁne TiO2 powder onto
a substrate. Nonvacuum methods include doctor blading,31 dip
coating,32 spin coating,33 screen printing,34 and sol−gel35
approaches, whereas vacuum-based methods include chemical
vapor deposition,36 pulsed laser deposition,37 and sputtering.38
All of these methods require a high-temperature sintering and
postannealing process for ﬁlm densiﬁcation and enhancement
of the anatase phase, which is essential for an eﬃcient
photocatalytic eﬀect. However, high-temperature methods are
disadvantageous because of their high energy consumption.
Moreover, they prevent the use of roll-to-roll ﬂexible polymerbased substrates, which are used for low-cost mass production
for commercialization. A low-temperature and high-speed
coating process, such as aerosol deposition (AD), that does
not require post processing could facilitate energy-eﬃcient,
environmentally friendly, and low-cost production.
AD promotes39,40 adhesion and cohesion between TiO2
powders and substrates by simply impacting dry powder
particles onto the substrate to form a dense, nanocrystalline
ﬁlm at low temperature and at a supersonic speed. AD is also
attractive because it yields self-assembled “honeycomb”
structures within the TiO2 ﬁlm, which promote a high
surface-area-to-volume ratio, thereby enhancing the interfacial
photocatalytic eﬀect. Ryu et al.41,42 studied for the ﬁrst time the
MB photodegradation and the antibacterial eﬀect of AD TiO2
ﬁlms. In their subsequent work, they fabricated porous AD
TiO2 ﬁlms by aerosol-depositing mixed powders of TiO2 and βtricalcium phosphate (TCP) because as-deposited ﬁlms are
dense, even though they are rough on surface. The β-TCP phase
was leached out by chemical etching using HCl aqueous
solution. However, the photocatalytic eﬀect via changing
roughness of the AD ﬁlms and the eﬀect of postannealing
treatment was not addressed in their studies. Postannealing
induces changes in the ﬁlm’s surface roughness. We have
investigated commensurate changes to the number of surviving
bacterial colonies and methylene blue decolorization strengths
as well as the ﬁlm characteristics. Clariﬁcation regarding the
postannealing treatment is important in light of reducing the
number manufacturing processes necessary for the functional
ﬁlms.

Figure 1. Schematic of the experimental setup for the supersonic
aerosol deposition system comprising gas tank, ﬂuidized-bed powder
feeder, nozzle, vacuum chamber, 2D x-y stage, booster pump, and
vacuum pump. (a) SEM of the TiO2 powder (b) side and (c) top
views of an AD TiO2 ﬁlm showing the 3D cross-linked honeycomb
structure.

2. EXPERIMENTS
2.1. Aerosol Deposition. Figure 1 is a schematic of the AD
experimental setup, consisting of a gas tank, ﬂuidized-bed
powder feeder, nozzle, vacuum chamber, 2D x-y stage, booster
pump, and vacuum pump. The powder used is composed of
60% anatase and 40% rutile TiO2 by weight (Yee Young
Cerachem Ltd., Korea); the composition is easily altered during
AD by changing mixture percentages. A 100% anatase powder
would have improved photokilling or photodegradation activity.
Anatase−rutile mixture powder was used here to ensure lowcost ﬁlm production. Schlieren images showing the presence of
shock waves at the nozzle exit conﬁrmed supersonic gas speeds
(not shown here).43,44 Experimental details of AD are found in
our previous studies.43,44
Figure 2(a) shows an SEM of a commercially available TiO2
powder. Agglomeration is observed. To break up particle
clusters, the powder was mixed with water and put into a rotary
evaporator, calcined at 400 °C, then ball-milled for 24 h. This
break-up process resulted in particles having an average size of
approximately 1.0 μm, based on the nanoparticle distribution
analyzer (Nanosight, UK). Such pretreated powders are
expected to improve the deposition rate.39 Figure 2(b) shows

Figure 2. (a) SEM image of raw TiO2 powder, (b) TEM image of raw
single-crystalline TiO2 powder, (c) cross-sectional view, and (d) top
view of the nanocrystalline TiO2 deposited on soda-lime glass using
0.5 μm TiO2 powder deposited using N = 4 passes and a gas ﬂow of Q
= 10 L/min. The ﬁlm thickness is about 2 mm.

the bright ﬁeld TEM image of the raw single-crystalline TiO2
powder. The crystalline grain size is approximately in the range
of 80−100 nm. In Table 1, we show that the grain size of the
deposited particles is smaller than the size of the raw powder,
which is in the range of 13−20 nm, due to the fracture of the
deposited particles at extremely high impact velocity.
Figures 2(c) and (d) are side and top views of the TiO2 ﬁlm,
respectively. The side view shows the undulation of the uneven
surface, which is desirable for maximizing the photocatalytic
interfacial area. The top-view shows the honeycomb structure,
which is typical of aerosol-deposited TiO2 ﬁlms.45,46
2.2. Thin Film Characterization. All TiO2 ﬁlms were
manufactured at room temperature on soda-lime glass
substrates with surface area and roughness of 2.5 × 7.5 cm2
and Ra < 0.1 nm, respectively. Substrates were cleaned in an
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placed on a nutrient agar plate. The number of surviving
bacterial colonies on the Petri dish was counted after
incubation for 24 h at 37 °C. Uncoated glass was also tested
as a negative control. The inhibition rate (%) was calculated by
comparing colony counts between the tests and control.
2.4. Photodegradation of Methylene Blue (MB).
Methylene blue (MB) solution is often used as a model
pollutant as it decomposes by direct oxidation and from OH
radicals generated during the photocatalytic process.47,48 MB
solution (#M2661, 0.1 wt % solution in water, Samchun
Chemical, Korea) was mixed with deionized water at a 1:400
volume ratio. A TiO2 ﬁlm was placed inside a Pyrex vessel and
sealed with a Pyrex Petri dish. The concentration of MB inside
the vessel decreased as photocatalysis proceeded; its concentration was monitored by using a UV-Vis spectrophotometer
(OPTIZEN POP, Mecasys Co. LTD, Korea, 190 ≤ λ ≤ 1100
nm). Absorbance data from the UV-vis spectroscopy was
obtained by converting the transmittance data using the Beer−
Lambert law49,50

Table 1. Crystal Sizes of the As-Deposited Film and
Annealed Films at Various Temperatures
raw-powder
as-deposited
400 °C
500 °C
600 °C

phase

crystal size [nm]

anatase(101)
rutile(110)
anatase(101)
rutile(110)
anatase(101)
rutile(110)
anatase(101)
rutile(110)
anatase(101)
rutile(110)

68.9
83.1
13.8
15.7
17.5
19.2
18.1
16.7
17.2
17.7

ultrasonic acetone bath for 10 min before use. The microstructures and crystallinity of the deposited TiO2 ﬁlms were
characterized by both high-resolution scanning electron
microscopy (SEM, Hitachi S-5000) and X-ray diﬀraction
(XRD, Rigaku Japan D/MAX-2500) using Cu Kα radiation
over a 2θ range of 20−50°. Atomic force microscopy (AFM,
Park Systems XE-100) was used to measure the surface
roughness of the substrate and ﬁlms.
2.3. Photokilling Activity. The photokilling activity of the
UV-illuminated TiO2 ﬁlm was tested using the antibacterial
drop test (Figure 3). The entire process was carried out inside

3. RESULTS AND DISCUSSION
Figure 4 shows cross-sectional micrographs of pure TiO2 ﬁlms
deposited on soda-lime glass substrate at various annealing

Figure 3. Schematic of the photokilling activity experimental setup
using the antibacterial drop test. The entire antibacterial test was
carried out inside an evacuated glovebox to avoid any possible
contamination.

Figure 4. SEM cross-sectional micrographs of dense TiO2 ﬁlms on a
soda-lime glass: (a) as deposited and annealed at (b) 400, (c) 500, (d)
600 °C.

an evacuated glovebox. The TiO2 ﬁlms were stored in a dark
box for 24 h to minimize possible photocatalytic activity prior
to the antibacterial tests. All ﬁlms were cleaned with an alcoholsoaked tissue prior to the antibacterial test. E. coli bacterial
colonies were cultivated in a nutrient broth at 37 °C for 24 h.
Bacterial colony concentration was controlled by adjusting the
amount of solvent. Concentrations of 2 × 108 CFU/mL were
measured at 600 nm with a spectrophotometry. A centrifuge
operating at 3000 rpm for 10 min collected the bacterial cells.
The solvent (supernatant) was removed and the separated cells
were washed with phosphate buﬀered saline (PBS) solution
twice. The residue was resuspended with PBS solution to adjust
the ﬁnal concentration of bacterial cells to approximately 2 ×
106 CFU/mL. About 100 μL of the ﬁnal E. coli solution was
randomly dropped on the substrate in a Petri dish, which was
kept inside a dark box. After an hour of weak UV exposure (0.6
mW/cm2, 365 nm), about 10 mL of PBS solution was poured
onto the ﬁlm in the Petri dish and mixed with the 100 μL E. coli
solution. The mixture (bacteria suspension) was collected in a
conical tube. About 100 μL of this bacteria suspension was

temperatures, for as-deposited ﬁlm at room-temperature and
ﬁlms annealed at 400, 500, and 600 °C. The initial thickness of
all ﬁlms was about 2 μm before annealing, and the thickness
decreases with increasing annealing temperature. There is a
slight diﬀerence in the microstructures of the ﬁlms; the grain
size decreases, which is consistent with the results of
Linderback et al.51 The density increases commensurately
because there is no loss of mass with the decrease in ﬁlm
thickness. The grain sizes ranged from 100 to 200 nm and are
homogeneous with depth in the ﬁlm. Energy dispersive
spectroscopic analyses conﬁrmed the homogeneous microstructure of all of the ﬁlms, which are only composed of
titanium and oxygen and have no impurities. All of these ﬁlms
are suﬃciently dense to be impermeable; they are not
considered porous ﬁlms. Nevertheless, all ﬁlms retain highly
rough honeycomb structures even after ﬁlm densiﬁcation
through annealing. Comparing side-views, surface asperities
are largest for the as-deposited ﬁlm. It is well-known that
12512
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Figure 5. AFM top view images (left) and 3D images (right) of TiO2 ﬁlms: (a) as-deposited and annealed at (b) 400, (c) 500, and (d) 600 °C.

photocatalytic activity increases with increasing surface area.
Because of the large surface asperities of the as-deposited ﬁlm,
its photocatalytic activity should be the largest of all ﬁlms. Some
have purposely added Ag-dopant to enhance roughness thereby
increasing the interfacial photocatalytic area.52 Of course,
doping Ag can also yield an additional eﬀect of antibacterial
activity.
Figure 5 shows the variation in surface roughnesses of the
TiO2 ﬁlms shown in Figure 4(a)−(d), which corresponds to
the roughness of as-deposited ﬁlm at room temperature and
ﬁlms annealed at 400, 500, and 600 °C, respectively. The left
and right AFM images show the 2D plan- and 3D angle-views
of the ﬁlms, respectively. The 2D images illustrate grain-size
reduction, whereas the 3D images demonstrate that all of the
ﬁlms retain a “hill-valley” surface roughness attributed to the
honeycomb structure of Figure 1(c) or 2(d). These roughened
surface proﬁles are consistent with the SEM images shown in
Figure 4 and are favorable for antibacterial applications, because
the increased interfacial surface area maximizes photocatalytic
eﬀects. Figure 5 again shows how annealing causes ﬁlm
densiﬁcation, ﬁlm thinning, and grain-size reduction (decreased
overall surface roughness). However, it cannot be concluded
that a higher annealing temperature causes monotonic surface
smoothing because the ﬁlm annealed at 500 °C in Figure 5(c)
has a greater surface roughness than the ﬁlm annealed at 400
°C in Figure 5(b). An amorphous phase does not seem to be
present in any of the ﬁlms, thus annealing does not seem to be
necessary for phase transformation.
Figure 6 shows the X-ray diﬀraction (XRD) patterns of the
AD TiO2 ﬁlms (2 μm thick) annealed at 400, 500, and 600 °C
to quantify the crystalline phases of the as-deposited and
annealed ﬁlms at various annealing temperatures (Ta). Because
the annealing temperature needs to be at least 900 °C to
transform the anatase phase to rutile TiO2,53,54 phase
transformation is not expected for Ta ≤ 600 °C. Note that
the anatase-to-rutile transformation temperature can be
lowered with silver doping.55 The XRD pattern of the raw
powder corresponds to 60% anatase and 40% rutile by weight.
The peaks at 2θ = 25.24° and 2θ = 27.46° represent anatase
and rutile, respectively.56 The diﬀraction pattern of the asdeposited ﬁlm shows signiﬁcant decreases in peak intensity,
although these intensities increase as the ﬁlm undergoes
annealing. The ratio of anatase-to-rutile peaks varies from 1.25,
1.1, 1.05, to 1.1 for as-deposited, 400, 500, and 600 °C
measurements, respectively. The variation in these ratios is

Figure 6. XRD patterns of TiO2 ﬁlms: as-deposited and annealed at
400, 500, and 600 °C.

reasonably small, and formation of an amorphous phase is thus
unlikely. The decrease in anatase-to-rutile ratio with increasing
annealing temperature indicates a slight reduction in the
anatase phase. This trend indicates that annealing may not be
desirable, because in general, the anatase phase has a higher
propensity to enhance photokilling activity. This is an
important observation in light of the fact that annealing does
not enhance ﬁlm crystallinity.
The peaks of the AD ﬁlm are broader and less intense than
those of the raw powder, indicating smaller grains, which is
consistent with the SEM and AFM images from Figures 4 and
5. However, peak sharpening with increased annealing
temperature indicates grain growth and increased crystallinity.
The Debye−Scherrer relation states that broad XRD peaks
imply smaller grain size,57,58 consistent with what is expected
from AD.40,41 Residual stresses in the nanosized grains cause
shifts in the position of the XRD peaks, but no signiﬁcant shifts
in the peak positions were observed, indicating no residual
stresses. Table 1 summarizes the crystal sizes of the asdeposited ﬁlm and the ﬁlms annealed at various temperatures.
The crystal size variation with increasing annealing temperature
is rather random and negligible. Thus the crystal size variation
being responsible for the apparent diﬀerence shown in the
photocatalytic performance of the AD ﬁlms is highly unlikely.
Figure 7 displays photographs of the bactericidal-test Petri
dishes with E. coli colonies (white spots) for the as-deposited
TiO2 ﬁlms. Photokilling activity was measured by comparing
12513
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Figure 7. Photographs of the bactericidal-test Petri dishes showing the number of surviving E. coli colonies on (a) glass without UV-light, (b) glass
with 1 h UV exposure, and an (c) as-deposited TiO2 ﬁlm after 1 h UV exposure.

the number of surviving E. coli bacteria colonies on the coated
and uncoated substrates. Three cases are considered: (a) a case
without TiO2 coating and no UV light, (b) a case without TiO2
coating with UV light, and (c) a case with TiO2 coating and
with UV light. Because UV exposure without TiO2 photocatalysis is capable of killing bacteria, the eﬀect of UV
illumination alone must also be quantiﬁed. Note that even
with TiO2 ﬁlm kept inside a dark box, some photokilling
activity was observed because of the presence of the anatase
phase and inability to completely eliminate UV exposure, which
was also observed by others.52,59−62
The eﬀect of UV light alone is quantiﬁed by comparing
Figures 7(a) and (b); there was no appreciable photokilling
activity of the UV-light (at a 15 cm illumination distance and λ
= 365 nm, UV intensity is 0.6 mW/cm2), as the number of
surviving bacterial colonies was unchanged. This result conﬁrms
that our weak UV-light alone is not capable of inducing
antibacterial activity, nor is it capable of directly decomposing
MB solution. Comparing Figures 7(b) and (c) shows TiO2’s
photokilling activity. After 1 h of UV illumination, nearly 90%
photokilling activity was observed. After 90 min of UV
illumination, 100% photokilling activity was achieved (not
shown here). A detailed explanation of photokilling activity for
E. coli cells was presented by Sunada et al.63 They explained
that the E. coli cell wall acts as an outer barrier that hinders
initial photokilling. The process is described as a two-step decay
chain for the survival rate of E. coli on a TiO2 ﬁlm.64
Figure 8 quantitatively compares the number of surviving E.
coli bacteria colonies after 1 h of UV illumination for the asdeposited TiO2 ﬁlm (far left) and the ﬁlms annealed at diﬀerent
temperatures. The as-deposited ﬁlm had the highest photokilling activity. The antibacterial performance of the asdeposited ﬁlm is expected because it was roughest, yielding
the largest interfacial photocatalytic area. The antibacterial
performance shown in Figure 8 parallels the surface roughnesses listed in Figure 5. This suggests the dominant role of
surface roughness on the antibacterial performance of AD TiO2
ﬁlms. Phase transformation or crystallization through annealing
was, in fact, counter to antibacterial activity because annealing
reduces ﬁlm roughness. This bodes well for low-cost AD
technologies because their post-processing is not required to
produce eﬃcient functional TiO2 ﬁlms.
Figure 8 also compares the antibacterial performance of ﬁlms
manufactured by RF magnetron cosputtering.65 The cosputtered ﬁlms were annealed at 400, 500, and 550 °C, which was
analogous to the conditions used to manufacture our AD ﬁlms.
In addition, an 80 W mercury UV lamp was used to illuminate
the cosputtered ﬁlms at room temperature for 1 h; our UV

Figure 8. Relative number of surviving E. coli bacteria colonies after 1
h of UV exposure for an as-deposited TiO2 ﬁlm (far left) and the ﬁlms
annealed at increasing temperatures. The results of Zhang et al.65 are
also presented for comparison.

lamp had only a 6 W maximum power. This demonstrates the
superiority of room-temperature AD; it requires neither
postannealing nor high-powered UV sources. It is worth noting
that our photokilling rate was quantiﬁed with the aforementioned two-step decay process model.63,66,67 Single-step, pseudo
ﬁrst-order kinetic models63,68−70 could not be used because our
data are limited to 1 h UV exposures and the bacterial colony
time-series evolution with respect to UV duration was not
reported by Zhang et al.71
Figure 9 displays the eﬀect of UV exposure on MB
photodegradation in terms of absorbance data over a
wavelength range of 300−800 nm for various UV durations;
tUV = 0, 1, 2, and 3 h; the UV intensity is 0.6 mW/cm2, whereas
that of Ryu et al.41 was 10 mW/cm2. Greater the intensity of
the transmitted light corresponds to lower absorbance, and
lower absorbance is indicative of increased photodegradation of
the MB solution. The as-deposited ﬁlm was used because it had
the best photocatalytic eﬀect with the highest surface
roughnesses, as indicated in Figure 8. The inset ﬁgure of
Figure 9 is a snapshot of the photoinduced degradation of the
MB solution corresponding to the quantitative data in Figure 9.
The far-left snapshot shows a nearly transparent MB solution,
which indicates a successful water puriﬁcation process. The
highest absorbance peak is observed at λ ≈ 664 nm,50 which
decreases as the photocatalytic reaction proceeded with tUV.
Peak reduction is caused by the photo-oxidative Ndemethylation of MB.71,72 Table 2 compares the reduction of
total organic carbon (TOC, Shimadzu TOC-VCSN analyzer)
12514
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Figure 9. Eﬀect of UV exposure on MB photodegradation. UV-vis
spectra of the MB solution (0.1 wt % solution in deionized water) with
the as-deposited TiO2 ﬁlm irradiated for 0, 1, 2, and 3 h (0.6 mW/cm2
UV exposure in 22 °C air with relative humidity at 80%).

of the as-deposited ﬁlm and the annealed ﬁlm at 600 °C. The
total organic carbon (TOC) is the amount of carbon bound in
an organic compound, which was estimated by subtracting the
inorganic carbon (IC) from the total carbon (TC). IC
represents the content of dissolved carbon dioxide and carbonic
acid salts, whereas TOC is used as a measure of mineralization
or water quality. It is clear that TOC reduction is greater for the
as-deposited ﬁlm (84%) than for the annealed ﬁlm (68%) with
respect to TOC of initial concentration of MB. This data
indicates that the higher roughness of the as-deposited ﬁlm is
indeed capable of yielding greater photodecomposition activity.
We have, so far, demonstrated the excellent photocatalytic
activity of AD TiO2 ﬁlms, which increases with surface
roughness. To further illustrate this point, we increased the
ﬁlm surface roughness by controlling the operation parameters
of AD (i.e., the number of nozzle passes, N = 4−6 and 8). The
ﬁlm surface roughness increased with N, as evidenced by SEM
and AFM images in Figure 10, from Ra = 57.8, 80.9, and 103.6
nm, respectively. The photodegradation activities of these ﬁlms
(N = 4, 6, and 8) are compared in Figure 11. All of the ﬁlms

Figure 10. Eﬀect of number of passes (N) on the ﬁlm surface
roughness from SEM and AFM images. Increasing N yields a rougher
surface morphology.

used in Figure 11 are the as-deposited. The UV exposure time
was 1 h. The ﬁlm with the highest roughness (N = 8) yielded
the best photodegradation activity as its absorbance curve
(indicated by the blue dashed-line) was ﬂattest in Figure 11.
Decolorization snapshots in the inset also show that N = 8 has
the highest photodegradation activity. As such, the increased
roughness of AD TiO2 ﬁlms increased both the photokilling of
E. coli and the photodegradation of MB. This simple and rapid
AD method facilitates the mass production of low-cost
antibacterial TiO2 ﬁlms for a wide range of industrial
applications such as environmental cleanup and biomedical
membranes, with potential for mass roll-to-roll production.

Table 2. Comparison for the Reduction of Total Organic Carbon (TOC, Shimadzu TOC-VCSN Analyzer) of the As-Deposited
Film and the Annealed Film at 600 °C
test
MB

As-deposited ﬁlm

ﬁlm annealed at 600 °C

RUN1
RUN2
std dev
coeﬃcient of variation
avg
RUN1
RUN2
std dev
coeﬃcient of variation
avg
RUN1
RUN2
std dev
coeﬃcient of variation
avg

unit

MDL

mg/L
mg/L

0.01
0.01

mg/L

0.01

mg/L
mg/L

0.01
0.01

mg/L

0.01

mg/L
mg/L

0.01
0.01

mg/L

0.01

total carbon
(TC)

inorganic carbon
(IC)

5.67
5.70
0.02
0.37
5.69

0.17
0.17
0.00
1.24
0.17

1.09
1.08
0.01
0.98
1.09

0.20
0.20
0.00
1.41
0.20

1.95
1.96
0.01
0.58
1.95

0.22
0.22
0.00
0.65
0.22
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TOC (TC−IC)

dilution
amount

ﬁnal
TOC

5.50
5.53

20
20

109.94
110.60

5.51

20

110.27

0.89
0.88

20
20

17.82
17.60

0.89

20

17.71

1.73
1.74

20
20

34.60
34.88

1.74

20

34.74
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Figure 11. Eﬀect of surface roughness (N = 4, 6, and 8) for asdeposited TiO2 ﬁlms on MB photodegradation after 1 h of UV
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humidity at 80%). UV-vis spectra of the MB solution (0.1 wt %
solution in deionized water) for the various ﬁlm surface roughnesses
indicated in Figure 10. Films coated with N = 4, 6, and 8 yielded the
lowest, moderate, and highest photodegradation eﬀect, respectively.
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(70) Krýsa, J.; Waldner, G.; Měsť ’ánková, H.; Jirkovský, J.; Grabner,
G. Photocatalytic degradation of model organic pollutants on an
immobilized particulate TiO2 layer: Roles of adsorption processes and
mechanistic complexity. Appl. Catal., B 2006, 64 (3), 290−301.
(71) Zhang, T.; Oyama, T.; Aoshima, A.; Hidaka, H.; Zhao, J.;
Serpone, N. Photooxidative N-demethylation of methylene blue in
aqueous TiO2 dispersions under UV irradiation. J. Photochem.
Photobiol., A 2001, 140 (2), 163−172.
(72) Sakatani, Y.; Grosso, D.; Nicole, L.; Boissière, C.; de AA SolerIllia, G. J.; Sanchez, C. Optimised photocatalytic activity of grid-like
mesoporous TiO2 films: Effect of crystallinity, pore size distribution,
and pore accessibility. J. Mater. Chem. 2006, 16 (1), 77−82.

12518

dx.doi.org/10.1021/es3037252 | Environ. Sci. Technol. 2012, 46, 12510−12518

