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A method is proposed that uses electrophoretic deposition (EPD) to fabricate the titania (TiO2) photocatalyst filter and then
successfully modifies it by lithium nitrate (LiNO3) to be visible light responsive such that the modified photocatalyst filter
effectively degrades gaseous formaldehyde. The performance of degrading gaseous formaldehyde is evaluated in the photocatalytic
circulation reactor for different temperature and light sources. The results show that the modified TiO2 photocatalyst filter has
much better degradation performance for gaseous formaldehyde than the original TiO2 photocatalyst filter regardless of light
source, and the performance is better at the higher ambient temperature. The best total average degradation performance of the
modified photocatalyst filter is about 9.2% and 16.3% higher than the original photocatalyst filter (P-25, Degussa) for the UVA
and visible irradiation, respectively, at 26◦C.

1. Introduction

With the growth of the global economy, the kinds of the
material used in interior decorating are gradually diversified.
The woods and paints widely used in interior decorating
usually contain organic solvent such as formaldehyde, and
the solvent gradually volatilizes into the air to degrade the
quality of the indoor air. When people require higher quality
of the indoor air, how to eliminate the volatile organic
gaseous pollution becomes an important research topic in
the recent year. With the development of nanotechnology,
utilizing degradation reaction by photocatalyst to eliminate
the organic pollution is a hot topic [1–3]. The research topic
on eliminating the organic pollution by the photocatalyst
includes how to coat the photocatalyst material and how to
excite photocatalytic reaction by visible lights. To coat the
photocatalyst material firmly on the substrate is the first
step to apply the photocatalyst material in HVAC (heating,
ventilation, and air conditioning) system and air cleaning
[4, 5]. The coated material must not peel off to result in
the second pollution for the long time use and even can be

reusable after wash. Further, if the material can be modified
to be responsive to visible light (visible light responsive)
instead of being only responsive to ultraviolet light (UV
light responsive), the material can be used as photocatalyst
indoors with no need of the extra UV or even artificial light
source and thus can be more widely and practically used.

Photocatalytic film can be fabricated in many ways,
but the most popular methods are sputtering [6], chemical
vapor deposition (CVD) [7], sol-gel [8], spin coating [9],
and electrophoretic deposition (EPD). The EPD method
is low cost and can easily form thin films with different
materials on irregular-shaped objects just by a simple setup
[10–14]. Many researchers use organic solvent suspensions,
such as acetylacetone and isopropanol as the working fluids
in the EPD process [15–18]. Using organic solvents can
prevent bubble formation during water electrolysis and
suppress the Joule heating effect and electrochemical attacks
on the electrode [19]. Due to the recent awareness of envi-
ronment protection, some other studies report that aqueous
suspensions are used as electrophoretic working fluids. In
recent years, several researchers have already proposed some
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practical techniques to solve the above problems of water
electrolysis. These studies also report the successful fabri-
cation of TiO2 nanophotocatalytic films [20, 21] and other
materials coating [22, 23]. Although aqueous suspensions
in EPD process have some disadvantages including cracks,
unevenness, and holes in the deposited film, the EPD has
advantages of low cost and relatively less pollution. The
poor quality of the film caused by bubbling during the EPD
process can be improved by adding surfactants or dispersants
[24, 25].

As the main excitation light source for TiO2 photocatalyst
is UV light, and the UV and visible light share 4% and
43%, respectively, in the solar spectrum, it results in decline
in the pracitcality of TiO2 photocatalyst [26]. Therefore,
it is an important research direction to modify the TiO2

photocatalyst to be excited under the visible light irradiation.
The main two ways to modify TiO2 photocatalyst to be
visible light responsive are as follows: first, add metal ion to
modify the TiO2 photocatalyst, which can effectively degrade
the phenol, 2,4-dinitroaniline, Malachite green oxalate, 4-
hydroxybenzoic acid, benzamide, rhodamine B (RhB), and
formaldehyde under the visible light irradiation [26–30].
Second, add nonmetallic materials to modify TiO2 photocat-
alyst, which can effectively degrade the nitrogen monoxide
(NO), acetone, and formaldehyde and be used for water
treatment under visible light [30–35]. Except for the kinds of
the adding material, concentration, shape, and structure of
TiO2 also have effects on the degradation of pollutants [27–
29, 36]. Furthermore, the spectra of the exciting light source
also affect photocatalytic degradation of pollutants [31].

The gaseous formaldehyde is the most common indoor
pollutants. Regarding decomposition of the TiO2 photocata-
lyst for gaseous formaldehyde, the main kinds of the related
research are described as follows: first, increase the specific
surface area and porosity of TiO2 to promote the utilization
of light irradiation and adsorption to enhance the effect of
TiO2 on decomposing gaseous formaldehyde. The related
methods include mixing TiO2 with the porous material,
activated carbon [37] or zeolite [38], to enhance the effects
on adsorbing and decomposing gaseous formaldehyde.
Moreover, the chemical precipitation-peptization method
was used to produce TiO2 hydrosols with an anatase crystal
structure which had smaller particle sizes, higher surface
areas, larger porosity, and higher transparence to enhance
the effect on decomposing gaseous formaldehyde [39].
Second, produce Pt/TiO2/Al2O3 photocatalyst on an anodic
alumite plate by the electrodeposition technology to increase
adsorption of oxygen which is activated and quickly formed
into O : Ptsurface species at ambient temperature for further
photocatalytic decomposition of formaldehyde [40]. Third,
dope other materials to lower the energy gap and make the
TiO2 photocatalyst to be visible light responsive in order to
increase utilization of the light spectrum and performance
of decomposing gaseous formaldehyde. The doped materials
include Cr ion to form Cr/TiO2 [30]; N, and S to form N,
S codoped TiO2 [32]; C, N and S to form C, N, S tridoped
TiO2 powders [33]; N and F to form N-F-TiO2 [41]. All the
above doped material can greatly aid decomposing gaseous
formaldehyde.

100 nm

Figure 1: TEM images of TiO2 nanoparticles.

From the above literatures and discussion, one can find
that the TiO2 photocatalyst has excellent degradation perfor-
mance for many pollutants, and several techniques can mod-
ify TiO2 photocatalyst that is originally UV light responsive
to be visible light responsive. In this study, the photocatalyst
was coated on a stainless steel plate with holes to form
the photocatalyst filter by EPD. The working fluid of EPD
was TiO2/water nanofluid prepared by two-step synthesis
method. Alginate was added as an anionic dispersant to
change the zeta potential of TiO2 particles, and thus the TiO2

nanoparticles that originally deposited on the cathode would
change to deposit on the anode, which could effectively
reduce the bubble problem in water electrolysis leading to a
poor film deposition. The photocatalyst filter was modified
by LiNO3 and evaluated for the performance of degrading
gaseous formaldehyde in the photocatalytic circulation reac-
tor under different temperature and light sources.

2. Experimental

2.1. Materials. The phase of the TiO2 nanoparticles (P-25,
Degussa) consists of 70% anatase and 30% rutile. Figure 1
shows transmission electron microscope (TEM, H-7100,
Hitachi) image of the particles with an average particle
size of about 20∼40 nm. In order to confirm the material
of the sample used in this study again, X-ray diffraction
(XRD, D8 Advance, Bruker) using CuK (λ = 0.15418 nm)
radiation at 295 K was used for this purpose. All peaks were
measured by XRD and assigned in comparison with those
of the joint committee on powder diffraction standards data
(PCPDFWIN 2.4) [42]. Figure 2 confirms that the major
material used in this study was anatase TiO2.

2.2. Preparation of Working Fluid for EPD. The TiO2/water
nanofluid was fabricated by the two-step synthesis method
in this study. First of all, we prepared a bulk liquid by adding
0.2, 0.4, and 0.6 wt.% of anionic dispersant (alginate, Alfa
Aesar) to distilled water. This anionic dispersant reinforced
the dispersion of TiO2 nanoparticles and changed the
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Figure 2: XRD patterns of TiO2 nanoparticles.

deposition direction of TiO2 nanoparticles [25]. The TiO2

nanoparticles were then measured by a precise electronic
balance (XT-620 M, Precisa) and were added to the bulk
liquid by several times to form the TiO2/water nanofluid
with a concentration of 1.0 wt.%. In this nanofluid synthesis
process, an electromagnetic stirrer, homogenizer, and ultra-
sonic vibrator were used to reinforce the dispersion and
suspension effects. After preparation, the nanofluid was kept
still for 24 hours. If no obvious deposition was observed,
the fluid was used as the EPD process working fluid. The
surface charge of the TiO2 nanoparticles was measured
by a zeta potential analyzer (SZ-100, Horiba) to examine
the effect of the added anionic dispersant on depositing
on the anode. As shown in Figure 3, the measured zeta
potential of the TiO2 nanoparticles without the anionic
dispersant was about 28 mV, while that with the anionic
dispersant was about−58∼66 mV. These results indicate that
the zeta potential of the TiO2 nanoparticles changes from
positive to negative after adding the anionic dispersant to
the TiO2/water nanofluid, which effectively deposits the TiO2

nanoparticles on the anode.

2.3. EPD Process. Figure 4 shows the EPD setup adopted
in this study. To fix the electrophoretic electrode distance
(20 mm), a 304 stainless steel EPD electrode was vertically
fixed on a polypropylene (PP) holder. The stand was then
placed in a glass beaker to form an EPD setup. The size of
the flat electrodes 304 stainless steel plates was all 60 mm ×
10 mm × 0.3 mm. The length of the electrode actually
immersed in the working fluid was 45 mm. The EPD process
in this study adopted various constant current power supply
(EV243, Consort) levels (3, 5, 7, and 9 mA) and various
process durations (3, 5, and 7 min.) for TiO2/water nanofluid
for each concentration of alginate.
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Figure 3: The zeta potential for the 1.0 wt.% TiO2 nanoparticles
suspended in base liquid.

Holder Electrode

− +

A B
45

 m
m

20 mm

Constant current
power supply

Figure 4: Experimental setup for EPD process.

2.4. Analysis and Modification of TiO2-Deposited Film. A film
thickness meter (MiniTest 730, ElektroPhysik) with accuracy
of ±0.75% was used to measure the average thickness of
the film made by EPD at 5 points of each sample for
different experimental parameters on side A and side B of
electrode plates. In order to keep the photocatalyst filter
from peeling off to result in pollution in application, so we
checked the samples and selected the process condition for
producing the smoothest and cracks-free deposited film as
the optimal EPD parameter by an optical microscope (BH2-
UMA, Olympus). Moreover, the surface of deposited film
on the sample made at the optimal process parameter was
checked again in higher magnification through a scanning
electron microscope (SEM, JSM-6360, JEOL). The samples
of the optimal photocatalyst deposition parameter were
sintered by 300∼700◦C/2 hr in a high-temperature furnace,
and then their crystalline state was, respectively, analyzed by
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XRD in order to determine the optimal sintered temperature
for manufacturing the photocatalyst filter. Next, the photo-
catalytic material was coated on a stainless steel plate (#304,
80 mm × 73 mm × 0.3 mm) with holes (φ = 5 mm) by EPD
to produce the photocatalyst filter at the optimal photocata-
lyst deposition parameters. Further, the photocatalyst filter
was immersed in 0.1 M lithium nitrate (LiNO3) aqueous
solution for 20 seconds and through the drying process at
50◦C in order to modify the original TiO2 photocatalyst
filter to be visible light responsive [28, 29]. Because the
photocatalyst film deposited by EPD had porous structure,
it easily adsorbed the dopant when it was immersed in
LiNO3 aqueous solution. The main reason for using LiNO3

to modify the photocatalyst is that Li ion can reduce the
energy gap of the TiO2 and thus make TiO2 responsive to
the lights of longer wavelength. Further, LiNO3 is not a toxic
chemical, so it is very suitable to be adopted in modifying
photocatalyst for indoor air quality improvement.

2.5. Assess Degradation Performance for Gaseous Formalde-
hyde. The installation of photocatalytic circulation reactor
is shown as Figure 5. The photocatalyst reactor consisted of
the six photocatalyst filters (each dimension of photocatalyst
filter was 80 mm × 73 mm × 0.3 mm) on the holder and five
lamps. Types of the five lamps were T5/8W of UVA lamps
(F8T5/BL, GOODLY) or fluorescent lamps (TL8W/840,
Philips) for different condition. Among the five lamps, three
lamps were put toward the A-side of photocatalyst filter
and the other two lamps toward the B-side. The gaseous
formaldehyde was obtained by heating 0.5 μL of 35 wt.%
formaldehyde aqueous solution to evaporate at 40◦C. In
order to maintain steady circulation of the gaseous formalde-
hyde in the photocatalytic circulation reactor, the air-cooled
heat exchanger with a fan was installed in front of the reactor
to maintain a constant wind speed and ambient temperature.
Ambient temperature was set, respectively, at 26 and 22◦C
according to ASHRAE standard summer and winter [43].
The concentration of gaseous formaldehyde was measured by
gaseous formaldehyde analyzer (YES plus, Critical Environ-
ment Technologies) for every 20 minutes. The formaldehyde

analyzer measured the gaseous formaldehyde in the range of
0 to 10 ppm with an accuracy of 0.05 ppm. The measurement
for formaldehyde gas started at 10 minutes after instillation
of formaldehyde aqueous solution and turned on the light
source at 40 minutes after the measurement started in
order to ensure that the measurement for the concentration
change of the fully evaporated formaldehyde is mainly due to
photocatalytic degradation.

In order to accurately determine the actual performance
of the photocatalyst filter for degrading gaseous formalde-
hyde, the background absorption test is necessary. As the
equipments also adsorb gaseous formaldehyde, one must
measure the trend of the concentration of the gaseous
formaldehyde as the experimental background value for the
different photocatalyst filters with the light source being
turned off. The test of background value for the original
photocatalyst (nonmodified) filter is named “background 1”,
and the test for the modified photocatalyst filter is named
“background 2” for the different light sources. The actual
performance of the photocatalyst filter for degrading gaseous
formaldehyde is evaluated by comparing the experimental
measured value to the corresponding background value. All
experimental parameters of this study are summarized in
Table 1.

2.6. Data Analysis. In this study, for easy comparison of the
actual performance of the photocatalyst filter for degrad-
ing gaseous formaldehyde, the “total average degradation
performance (ηd)” is introduced. The background values
are used as baseline (Db,avg), and all the experimental
data obtained for the different experimental parameters are
compared with the corresponding baseline values. Moreover,
the concentration of gaseous formaldehyde (Dd,k) in the
reactor is measured for every 20 minutes after the light is
turned on. The ηd is defined as

ηd =
[

1−
[∑n

k=1 Dd,k
]
/n[∑n

k=1 Db,k
]
/n

]
× 100%. (1)
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Table 1: List of the experimental parameters.

Fabrication of TiO2-deposited film by EPD

Concentration of TiO2 (wt.%) 1.0

Concentration of alginate (wt.%) 0.2, 0.4 and 0.6

Working current (mA) 3, 5, 7 and 9

Sintered temperature (◦C) 300, 400, 500, 600 and 700

Concentration of LiNO3 for modification (M) 0.1

Photocatalytic degradation for gaseous formaldehyde

Light source/power (W) UVA and visible light (fluorescent lamps) × 5/8

Filter type
Original TiO2 filter (P-25) × 6 (background 1)
Modified TiO2 filter (P-25 + LiNO3) × 6
(background 2)

Ambient temperature (◦C) 22 and 26

Volume of test pollutant (μL) 0.5 (35% formaldehyde aqueous solution)

Heating temperature for test pollutant (◦C) 40
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Figure 6: Deposited film thickness on side A varies with the work-
ing currents dispersant for different concentration and durations.

3. Results and Discussion

3.1. Characterization of the TiO2-Deposited Film Fabricated
by EPD. Figures 6 and 7 show the variation of the thickness
of deposited film on side A and side B, respectively, for
different working currents, dispersant concentration, and
working durations. Both the figures show the film thickness
generally trends up with increase in the working current,
dispersant concentration, and working duration. However,
in Figure 6, the deposited film thickness in some case is
not proportional to the working current for the working
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Figure 7: Deposited film thickness on side B varies with the work-
ing currents dispersant for different concentration and durations.

duration of 3 minutes. This phenomenon is mainly because
the deposited film on the sample is prone to peel off due
to its poor adhesion when the sample is removed from
the working fluid if the deposition time is short. As the
dispersant (alginate) increases the electric conductivity of the
work fluid and thus increases the deposition rate, the film
thickness is still roughly proportional to the working current
even for the short working duration. Further, the longer
working duration also increases the deposited film thickness
and strengthens the deposited film. The above-mentioned
problems can be resolved when the dispersant concentration
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Figure 8: SEM photograph of the TiO2-deposited film at the optimal parameter of EPD, (a) side A, (b) side B.

and working duration are raised up to 0.4 wt.% and five min-
utes, respectively. Furthermore, for the same experimental
parameters, the thickness of the film on side A is greater
than side B. As the working current increases, the difference
becomes more obvious. This phenomenon is mainly because
the electric field is stronger as the current increases and thus
the nanoparticles in the suspension more easily deposit on
side A through the shorter path. Therefore, thickness of the
deposited film on side A is thicker than side B for the same
parameters of EPD.

The optimal EPD parameters for manufacturing the pho-
tocatalyst filter are determined by checking the smoothness,
uniformity, and crack of the deposited film through an
optical microscope. The optimal process parameters of EPD
in this study are as follows: 1.0 wt.% TiO2, 0.4 wt.% alginate,
9 mA, and 5 minutes. With checking the samples through the
optical microscope, one can find that the surface of deposited
film is bumped and uneven when the deposition rate is too
low, and the cracks appear when the deposition rate is too
high. The SEM images of the deposited film made at the
optimal EPD process parameters are shown in Figure 8. In
Figure 8, one can find that either surface of side A or B is
smooth and crack-free. Moreover, the surface roughness of
side B is less than side A due to the lower deposition rate on
side B.

In order to increase the strength and adhesion of the
deposited film, the samples made at the optimal parameters
were sintered by 300◦C∼700◦C for 2 hours. Figure 9 shows
the XRD patterns of the deposited film made at the optimal
parameters for different sintered temperatures. In Figure 9,
one can find that the crystalline state of rutile (hkl = 110)
has no significant growth when the sintered temperature
is less than 600◦C, but has significantly grown when the
sintered temperature reaches 700◦C. Regarding the surface
condition, the cracks appear when the sintered temperature
is above 500◦C. With considering the effect of photocatalyst
and strength of the deposited film, the sintered temperature
and duration for the deposited film of the photocatalyst in
this study were set at 400◦C for 2 hours.
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Figure 9: XRD patterns of the TiO2-deposited film sintered at
different temperatures.

3.2. Effect of Various Parameters on Photocatalytic

Degradation for Gaseous Formaldehyde

3.2.1. UVA Light Irradiation. Figures 10 and 11 illustrate
the degradation for gaseous formaldehyde in the cases with
different temperature and types of photocatalyst filter under
UVA light irradiation. In those figures, one can find that the
highest concentration of the gaseous formaldehyde appears
at 100 to 120 minutes after the circulation reactor starts. It is
mainly because the drops of formaldehyde aqueous solution
have been completely vaporized at that moment to reach the
peak concentration. In addition, the UVA lights are turned
on at 40 minutes after the circulation reactor starts and thus
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Figure 10: The degradation performance for gaseous formaldehyde
under irradiation of UVA lamps at 26◦C.
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Figure 11: The degradation performance for gaseous formaldehyde
under irradiation of UVA lamps at 22◦C.

the reduced concentration is compared with the background
test. Therefore, the photocatalyst filter is proved to effectively
degrade the gaseous formaldehyde through photocatalytic
reaction. By the way, the concentration in the background
test for the modified photocatalyst filter (background 2)
is higher than that for the original photocatalyst filter
(background 1). This phenomenon is mainly because the
surface of the photocatalyst filter modified by immersing
in LiNO3 aqueous solution is finer and smoother such that
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Figure 12: The degradation performance for gaseous formaldehyde
under irradiation of visible light lamps at 26◦C.

the capacity of adsorbing gaseous formaldehyde is lower.
Further, the background concentration at higher ambient
temperature is higher because the gaseous molecules more
easily vaporize and more dramatically move to lead hardly
condensing on the wall of the equipment at higher temper-
ature. From the experimental results, one can find that the
higher ambient temperature can enhance the degradation
of the photocatalyst filter for the gaseous formaldehyde,
and the modified photocatalyst filter has better degradation
performance than the original photocatalyst filter for the
same test parameters under UVA light irradiation.

3.2.2. Visible Light Irradiation. Figures 12 and 13 illustrate
the degradation for gaseous formaldehyde in the cases with
different temperature and types of photocatalyst filter under
visible light (fluorescent lamps) irradiation. The overall
trends of the results in Figures 12 and 13 are substantially
consistent with those in Figures 10 and 11, respectively.
However, one can find that the degradation of original
photocatalyst filter for gaseous formaldehyde is significantly
lower than the modified photocatalyst filter under the visible
light irradiation. Similarly, the degradation for gaseous
formaldehyde is better at the higher ambient temperature
under the visible light irradiation. Moreover, the background
concentration for the visible light is slightly higher than
the UVA light. As the background test is executed in an
enclosed space without lights, the background concentration
has nothing to do with the illumination wavelength. This
phenomenon might be due to the difference in surface
adsorption of the lamps. In this study, the performance of
degrading gaseous formaldehyde is evaluated as compared
with the background test for the same photocatalyst filters



8 International Journal of Photoenergy

0 50 100 150 200

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Background 1 Background 2
TiO2 TiO2 + LiNO3

Time (t, min.)

H
C

H
O

 c
on

ce
n

tr
at

io
n

, C
 (

pp
m

)

Figure 13: The degradation performance for gaseous formaldehyde
under irradiation of visible light lamps at 22◦C.
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and ambient temperature, so the difference in the back-
ground value has no effect on evaluating performance.

3.2.3. Comparison of Degradation Performance. All the exper-
iment results in Figures 10 to 13 are summarized in
Figure 14. In Figure 14, one can find that the modified
photocatalyst filter has much better total average degradation
performance for gaseous formaldehyde than the original

photocatalyst filter in all the cases. The total average deg-
radation performance of the original photocatalyst filter
under visible irradiation is much lower than that under the
UVA irradiation. By contrast, the total average degradation
performance of the modified photocatalyst filter has little
difference between the two light sources. The modified
photocatalyst filter has the best performance at 26◦C, and the
performance is 9.2% and 16.3% higher than that of the
original photocatalyst filter for UVA and visible irradiation,
respectively. The relevant experimental results confirm that
the method proposed in this study to use EPD to fabricate
the photocatalyst filter and then modify it by LiNO3 can suc-
cessfully produce the visible light responsive photocatalyst
filter with better performance to effectively degrade gaseous
formaldehyde.

4. Conclusions

The method to fabricate the photocatalyst filter by EPD
and modify it by LiNO3 to be visible light responsive is
proposed in this study, which can provide the modified
photocatalyst filter with higher degradation performance for
gaseous formaldehyde than the original photocatalyst filter
in a low-cost and practical way. Through the related tests
on the degradation performance for gaseous formaldehyde
in all the cases with different ambient temperature, types of
filter, and light sources, one can find that the degradation
performance of the modified photocatalyst filter for gaseous
formaldehyde is much higher than the original photocatalyst
filter in all the cases. The best total average degradation
performance of the modified photocatalyst filter for gaseous
formaldehyde is about 9.2% and 16.3% higher than the
original photocatalyst filter for UVA and visible irradiation,
respectively, at 26◦C. Finally, the related achievements can
be also applied to design the photocatalytic air cleaner with
visible light responsive function to make the related products
be used more efficiently, conveniently, and widely.
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