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Bismuth oxide photocatalysts were synthesized and coated on the front surface of phosphor-converted white light-emitting diodes
to produce a safe and environmentally benign lighting source. Bismuth oxide photocatalyst powders were synthesized with a spray
pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and 800∘ C. Using the absorption spectrum in the blue and UV regions of the bismuth
oxide photocatalysts, the blue light and UV leakage problems of phosphor-converted white LEDs can be significantly reduced. The
experimental results showed that bismuth oxide photocatalyst synthesized at 700∘ C exhibited the most superior spectrum inhibiting
ability. The suppressed ratio reached 52.33% in the blue and UV regions from 360 to 420 nm. Related colorimetric parameters and
the photocatalyst decomposition ability of fabricated white-light LEDs were tested. The CIE chromaticity coordinates (x, y) were
(0.349, 0.393), and the correlated color temperature was 4991 K. In addition, the coating layer of photocatalyst can act as an air
purifier and diffuser to reduce glare. A value of 66.2 ± 0.60 ppmv of molecular formaldehyde gas can be decomposed in 120 mins.

1. Introduction
White light-emitting diodes (LEDs) are a promising new
lighting source. Compared with traditional lighting sources,
white-light LEDs offer the advantages of low energy consumption, are free of mercury pollution, and are small,
lightweight, durable, and reliable. Presently, the luminous
efficiency of white-light LEDs exceeds that of incandescent
light bulbs (approximately 20 lm/w) and that of fluorescent
lamps (60 to 100 lm/w) [1]. Consequently, the applications of
white-light LEDs will gradually transform from localized and
accent lighting to indirect lighting and to main lighting, in the
near future.
Two main methods have been developed to produce
white-light LEDs, including multicolored and phosphorbased white-light LEDs. The multicolored white-light LED,

based on a physical additive color-mixing principle, uses LED
chips with the 3 primary colors (red, green, and blue; RGB)
to obtain white light. The phosphor-based white-light LEDs
use blue- or UV-light LED chips to excite yellow or RGB
phosphors to generate white light. For LEDs to be an ideal,
practical lighting source, several issues require consideration.
A large amount of research is focused on the improvement
of luminous efficiency, light extraction efficiency, color temperature, and color rendering index of white-light LEDs [2–
5]. However, most commercial phosphor-based white-light
LEDs produce blue light, UV leakage, and glare problems,
which can be harmful to the skin, eyes, or other bodily organs
[6]. Only a few studies have investigated these issues [7–9]. A
healthy, safe, and environmentally friendly lighting source is
in high demand.
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Figure 1: Schematic representation of the proposed white light LED coated with a layer of photocatalyst.
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Figure 2: Bismuth oxide photocatalyst coating sample under FE-SEM at a magnification of (a) ×2,000 and (b) ×10,000.

Stainless collector
Tungsten corona wire
Quartz tube
High voltage
power supply

Heater

Figure 3: Schematic representation of spray pyrolysis method and
static electricity deposition.

Photocatalyst materials have wide applications and
exhibit the benefits of high activity, nontoxicity, low cost,
and superior chemical and physical properties. Currently,
most products which use photocatalysts use titanium oxide
(TiO2 ), which may be limited by application patents, and
the activating wavelength is below 388 nm. Therefore, as a
photocatalyst, titanium oxide is not an optimal candidate
for solving the blue light and UV-leakage problems of commercial phosphor-based white-light LEDs. By comparison,
bismuth oxide (Bi2 O3 ) has an activating wavelength above
388 nm. The energy band gap (𝐸𝑔 ) of Bi2 O3 is 2.6 to

2.8 eV, which has a broader absorption range in visible light.
Accordingly, as a photocatalyst material, bismuth oxide is a
suitable candidate for the suppression of blue light and UV in
white-light LEDs.
Synthesis methods of bismuth oxide include spray pyrolysis [10], electrospinning [11], hydrothermal synthesis [12],
co-precipitation [13] and sol-gel [14]. The spray pyrolysis
method is a continuous fabrication procedure for ceramic
powder. Powder with high purity and uniformity of particles
is mass produced with this method. The electrospinning
method produces nanofibers that have a superior activity
and recycling rate than traditional nanoparticles. Although
nanofibers have a lower energy band gap, the electron-hole
pair has a higher recombination probability. The hydrothermal method is used to manufacture high crystalline powders
and does not require calcine. However, the cost of production is high. The coprecipitation method uses atmospheric
pressure to produce nanopowders, which have the advantages
of being low cost, easy-to-use, and tiny particles of high
purity. However, their crystalline structure is inferior. The
sol-gel method produces powders which have the benefits
of uniform holes, low sintering temperature, and narrow
pore distribution, but organics contained in the product are
difficult to remove during processing. Therefore, in this study,

Journal of Nanomaterials

3

(a)

(b)

(c)

(d)

Relative intensity (a.u.)

Figure 4: FE-SEM micrograph of (a) SP500, (b) SP600, (c) SP700, and (d) SP800 Bi2 O3 powders.
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was proposed. The related colorimetric parameters and photocatalyst decomposition of fabricated white-light LEDs were
tested. It was concluded that the bismuth oxide photocatalyst
material can be applied effectively to implement a safe and
environmentally friendly white LED light source.
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Figure 5: XRD patterns of (a) SP500, (b) SP600, (c) SP700, and (d)
SP800 Bi2 O3 powders.

the spray pyrolysis method was applied to synthesize Bi2 O3
powder. Bismuth oxide photocatalysts were synthesized with
a spray pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and 800∘ C.
The absorption spectrum in the blue and UV regions of
the Bi2 O3 photocatalyst was applied to phosphor-converted
white LEDs to moderate the blue light and UV leakage
problems. To show the feasibility of the concept, an RGB
phosphor-converted white light-emitting diode, coated with
a layer of photocatalyst on the surface of the LED package,

Figure 1 is the schematic representation of the proposed
RGB phosphor-converted white-light LED, coated with a
layer of Bi2 O3 photocatalyst resin. Because the absorption
spectrum of the bismuth oxide photocatalyst includes blue
and UV regions, the blue light and UV leakage problems of
phosphor-converted white LEDs can be significantly reduced.
In addition, the coating layer of the photocatalyst can act as
an air purifier and diffuser and reduce glare.
2.1. White-Light LED Packaging. A UV LED chip (HU1165W,
TEKCORE) with a spectrum of 380 to 385 nm mounted on an
SMD LED lead frame was used as the light source for exciting
RGB phosphors. Inside the LED lead frame, the bottom
layer and superstratum were filled with epoxy resin and RGB
phosphor resin, respectively. The RGB phosphor resin was
prepared by mixing red phosphor (RU-R6006S, NANTEX),
green phosphor (RU-G503, NANTEX), blue phosphor (RUB403, NANTEX), and epoxy resin with a weight ratio of
1 : 1.84 : 7.83 : 104 and was baked in vacuum oven at 80∘ C for
3 hrs. A glass substrate coated with a layer of photocatalyst
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Figure 6: The light absorption of (a) SP500, (b) SP600, (c) SP700, and (d) SP800 Bi2 O3 powders as a function of light wavelength.

resin covered the top of the LED package. By mixing the
Bi2 O3 photocatalyst and an adhesive in a weight ratio of
1 : 15, the photocatalyst coating was prepared using the screen
printing method and then baked at 300∘ C. The adhesive
consisted of terpineol and ethyl cellulose ethoce with a weight
ratio of 94 : 6. Figures 2(a) and 2(b) show the photocatalyst
coating sample under scanning electron microscopy at a
magnification of ×2,000 and ×10,000, respectively. From
Figure 2, it can be seen that the quality of uniformity and
adhesion are favorable.
2.2. Bismuth Oxide Photocatalyst Synthesis. The bismuth
oxide (Bi2 O3 ) photocatalyst was synthesized with the spray
pyrolysis method. Figure 3 shows the schematic representation of the spray pyrolysis method and static electricity
deposition for the photocatalyst synthesis.
In the synthesis process, a precursor of 1 wt% bismuth
nitrate peroxide solution was prepared by adding 10 g
bismuth nitrate pentahydrate (BiNH) to 100 mL acetic acid,

and diluting with 890 mL deionized (DI) water after the BiNH
had dissolved completely. The precursor was nebulized as
small droplets with a commercial nebulizer (King Ultrasonics
Co., Ltd) at 1.65 MHz. The nebulized droplets were guided
into a quartz tube with 3 heating regions, with gas flow and
velocity of 27 L/min and 27 cm/sec and applying a voltage of
16 kV. The temperatures of the first and third regions were set
to 200∘ C and 350∘ C, respectively. The pyrolysis temperature
in the second region was set at 500∘ C, 600∘ C, 700∘ C, and
800∘ C, and the resulting powders were thus denoted as
SP500, SP600, SP700, and SP800, respectively. After drying
for 24 hrs, the photocatalyst powders were scraped away
from the stainless collector. The 4 powders were analyzed
by field-emission scanning electron microscope (FE-SEM,
JSM-6700F, JEOL), X-ray diffraction (XRD, D/MAX2500,
Rigaku), and UV-Visible spectrometer (U3900, Hitachi).
Figure 4 shows the FE-SEM microscopy of the SP500,
SP600, SP700, and SP800 Bi2 O3 photocatalyst powders,
demonstrating that the pyrolyzed powders exhibited
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of the photon energy for the corresponding temperatures
of pyrolyzed powders, where 𝛼 is the absorption coefficient,
and a function of light frequency. The energy band gaps (𝐸𝑔 )
for corresponding temperatures of pyrolyzed powders were
2.85, 2.43, 2.38, and 2.33 eV. These values show a decreasing
trend with the increasing of pyrolysis temperature. As shown
in Figure 4, the particle size increases with the pyrolysis
temperature. Therefore, the trend could be explained by the
particle-size effect [15, 16]. In addition, it is obvious that the
range of the absorption wavelength extends to the blue and
green spectrum region (436 to 533 nm) with the increase in
the pyrolysis temperature of the Bi2 O3 powders.
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Figure 7: Spectrum comparison of the LED light source with and
without covering a layer of photocatalyst.

Figure 8: The colorimetric parameters of white LED coated with a
layer of SP700 bismuth oxide photocatalyst.

spherical particulate morphology. Figure 5 shows the XRD
patterns for the samples at 4 temperatures of the pyrolyzed
powders. The results show that the diffraction peaks became
sharper with increasing pyrolysis temperature, revealing the
increases in crystallinity of the Bi2 O3 powder. The mean
grain sizes of SP500, SP600, SP700, and SP800 powders
calculated by Scherrer’s formula are 77.04 nm, 61.25 nm,
64.19 nm, and 67.94 nm, respectively. The light absorption
of the Bi2 O3 photocatalyst powders can be determined by
the reflection spectra. Figure 6 shows the light absorption
of Bi2 O3 photocatalyst powders as a function of light
wavelength. The insets show the (𝛼h])2 plots as a function

3. Colorimetric Parameters and Photocatalyst
Decomposition Tests
The fabricated white-light LEDs were driven (SourceMeter
2400, KEITHLEY) at forward voltage and current of 3.48 V
and 20 mA and were tested by the LED characterization
system (LCS-100, SphereOptics). The relative intensities and
inhibition abilities in various spectrum regions are shown in
Table 1. From Table 1, it is apparent that the UV inhibition of
Bi2 O3 powder increases with the increase of pyrolysis temperature. However, the inhibition ability of the SP800 in the blue
and UV regions degrades, because of the increase of grain
size of the spray pyrolysis particles and the disappearance
of the surface integrity of the spray pyrolysis particles, as
shown in Figure 4(d). The specific surface areas of the SP700
and SP800 were 4.465 m2 /g and 2.228 m2 /g, respectively. The
degradation of inhibition ability in the blue and UV regions
was a result of the dramatic decrease in specific surface
area. Meanwhile, the specific surface areas of the SP500 and
SP600 were 1.987 m2 /g and 5.428 m2 /g, respectively. Though
the SP600 owns a higher specific surface area than the
SP700, the crystallinity of SP600 is poor. Therefore, the SP700
exhibited the most superior inhibition ability in the short
wavelength regions. A spectrum comparison of the LED
light source with and without a covering layer of the SP700
photocatalyst is shown in Figure 7. The UV-suppressed ratio
reached 52.33% in the region from 360 to 420 nm; the visible
light-suppressed ratio was 33.11% in the region from 420 to
780 nm. In addition, colorimetric parameters of the whitelight LED were tested with CIE chromaticity coordinates
(𝑥, 𝑦) of (0.349, 0.393) and correlated color temperature of
4991 K with a dominant wavelength of 564 nm. The color
purity was 23%, and the color rendering index was up to
90, as shown in Figure 8. Figures 9(a) and 9(b) are the glare
comparisons of the LED light source with and without a
covering layer of the SP700 photocatalyst resin. Because of
the particle scattering phenomenon, the coating layer of the
photocatalyst can act as a diffuser, as shown in Figures 2(a)
and 2(b). The glare problem was thus reduced.
The Bi2 O3 photocatalyst has a broader absorption spectrum from UV to green light. Therefore, the Bi2 O3 photocatalyst powder has superior decomposition efficiency for organic
molecules exposed to white light. As shown in Figure 10,
the photocatalytic decomposition efficiency of molecular
formaldehyde gas molecules for the fabricated LED was
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(a)

(b)

Figure 9: Glare comparison of the LED light source (a) with and (b) without covering a layer of photocatalyst resin.

Table 1: The relative intensities and inhibition ability of LED coated with a layer of bismuth oxide photocatalyst at different wavelength.
Category of
photocatalyst

360–420

Spectrum region (nm)
420–780
Power (𝜇W)

780–1000

Inhibition ability
of UV (%)

Inhibition ability
of visible light (%)

Noncoating
SP500
SP600
SP700
SP800

163.7569
92.2919
92.1663
78.0649
85.7250

763.8944
544.5116
560.6209
511.0019
536.9019

8.0054
6.5766
6.9978
5.8518
7.5358

NA
43.14%
43.72%
52.33%
47.65%

NA
26.61%
28.72%
33.11%
29.72%

photocatalysts as a safe and environmentally friendly LED
lighting source.
3
2

1

2

3

6

4. Conclusion

5

This study presents a phosphor-based white-light LED with
a coating layer of photocatalyst. To show the feasibility of
the design, bismuth oxide photocatalysts were synthesized
using the spray pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and
800∘ C. Four kinds of bismuth oxide powders were analyzed,
and the bismuth oxide powders pyrolyzed at 700∘ C exhibited
the most favorable ability to inhibit. The UV-suppressed
ratio reached 52.33% in the region from 360 to 420 nm;
the visible light suppression ratio was 33.11% in the region
from 420 to 780 nm. The proposed white-light LEDs were
fabricated with CIE chromaticity coordinates (𝑥, 𝑦) of (0.349,
0.393) and correlated color temperature of 4991 K with a
dominant wavelength of 564 nm. The color rendering index
reached 90. The coating layer of photocatalyst can also act
as an air purifier and diffuse glare. Thus, the experimental

4

Figure 10: Schematic representation of gas-phase organic matter
decomposition system.

tested with a specially designed 200 mL gas-phase organic
matter decomposition system. The residual formaldehyde
was checked with a gas chromatography flame ionization
detector (GC-FID) by sampling with a gas needle. The test
result is shown in Figure 11. The molecular formaldehyde
gas was decomposed 66.2 ± 0.60 ppmv in 120 mins. The
results confirm the practical application of bismuth oxide
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Figure 11: The efficiency of bismuth oxide photocatalyst decomposes formaldehyde.

results demonstrated a safe and environmentally friendly
LED lighting source.
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