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Abstract: Indoor formaldehyde pollution causes a serious threat to human health since it is uninter-
ruptedly released from wooden furniture. Herein, we prepared a g-C3N4-modified TiO2 composite
photocatalyst and coated it on the surface of a commercial artificial particle board with the assis-
tance of melamine formaldehyde adhesive. The g-C3N4/ TiO2 coating was then used to degrade
formaldehyde which was released in real-time from the particle board under the irradiation of visible
light. The results showed that compared with pure TiO2, the g-C3N4/ TiO2 composite with a hetero-
junction structure had a lower band gap energy (~2.6 eV), which could effectively capture luminous
energy from the visible light region. Under continuous irradiation, the g-C3N4/ TiO2 photocatalytic
coating was capable of degrading more than 50% of formaldehyde constantly released from the
particle board. In the meantime, the photocatalytic coating also exhibited promising catalytic stability
towards various formaldehyde release speeds, air flow velocities and environmental humidities. The
hydroxyl radical and superoxide radical were found to be the predominant active species which
triggered formaldehyde degradation. This study provides a feasible and practical approach for the
improvement in indoor air quality through photocatalyst surface engineering.

Keywords: photocatalyst; TiO2; g-C3N4; heterostructure; formaldehyde degradation

1. Introduction

Indoor volatile organic compounds (VOCs) released from wooden furniture have
received tremendous attention, and of these formaldehyde (HCHO) is regarded as one of
the most frequently released VOCs [1,2]. If HCHO cannot be completely removed, it may
cause severe threats to human health, such as nasal tumors and skin cancer [3]. Although
many techniques such as ventilation, adsorption, plasma and thermal catalytic oxidation
have been conducted to remove HCHO, it is still relatively difficult to find an all-weather
approach which can detect the released HCHO in real-time and promptly remove it, since
HCHO is continuously volatilized from indoor wooden building materials during daily
life [4].

More recently, photocatalytic technology has emerged as a promising means to quickly
remove HCHO from indoor air [5]. Under the irradiation of light, HCHO molecules can be
effectively oxidized to inorganic H2O and CO2 by semiconductor-based photocatalysts [6].
Amongst all applicable photocatalysts, titanium oxide (TiO2) is the most frequently selected
due to high stability, low toxicity and low cost [7]. However, the wide application of TiO2
still encounters many limitations since it is a UV light-responsive photocatalyst which
cannot effectively utilize the energy from the visible light region [8]. The hybridization
of other semiconductors, such as ZnO, CdS, SnO2, etc., with TiO2 can readily improve
the photocatalytic activity of TiO2 through constructing a heterojunction structure, which
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can lead to higher charge collection and separation efficiency [9]. Graphitic carbon nitride
(g-C3N4) is a two-dimensional metal-free n-type semiconductor which has been intensively
studied recently as a visible light-responsive photocatalyst. Compared with other metal
compound-based photocatalysts, g-C3N4 has the merits of a proper band gap energy
(~2.7 eV), low toxicity and ease of accessibility [10]. Many studies have shown that g-C3N4
can be introduced as a second phase to hybridize with other semiconductors and build
heterostructure photocatalysts with highly elevated catalytic capabilities [11]. Therefore, it
is possible to prepare a heterostructure composite photocatalyst with high HCHO removal
efficiency through integrating g-C3N4 with TiO2.

Another concern when utilizing photocatalysts for indoor HCHO degradation in
real living spaces is that most photocatalysts have a powdery form, which cannot be
easily attached to wooden materials. Furthermore, most previous studies focusing on the
photocatalytic degradation of HCHO mainly investigated HCHO degradation with a fixed
concentration of HCHO in air [12]. However, in actual conditions, HCHO is continuously
released from wooden furniture and the concentration of HCHO in the air fluctuates [13].
Thus, in this study, g-C3N4/TiO2 composite photocatalysts were prepared and used for
real-time degradation of the HCHO released from commercial artificial particle board.
The prepared photocatalyst was adhered onto the surface of the board as a photocatalytic
coating with the assistance of melamine formaldehyde adhesive. The stability for long-term
use of the g-C3N4/TiO2 composite towards continuous HCHO release from the artificial
board was studied in detail.

2. Results and Discussion

The morphology of the prepared photocatalysts were observed first in terms of SEM,
with the results shown in Figure 1. It was seen from Figure 1a that pure TiO2 had a
nanoparticle appearance. Based on the Scherrer formula, the particle size of TiO2 was
calculated to be ~10 nm. Meanwhile, g-C3N4 exhibited a layered structure (Figure 1b).
When two components were hybridized, it could be observed that TiO2 nanoparticles were
uniformly anchored on the surface of g-C3N4 (Figure 1c). With the increase in g-C3N4
content in the composite, a lower amount of TiO2 nanoparticle aggregations could be seen
(Figure 1d) since g-C3N4 could provide more surface area.
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Figure 1. SEM images of (a) TiO2, (b) 10-g-C3N4/TiO2, (c) 20-g-C3N4/TiO2, (d) 30-g-C3N4/TiO2. 
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Figure 1. SEM images of (a) TiO2, (b) 10-g-C3N4/TiO2, (c) 20-g-C3N4/TiO2, (d) 30-g-C3N4/TiO2.

The structure of g-C3N4/TiO2 composites was further investigated. Figure 2a shows
the XRD patterns of the prepared samples. As illustrated, the prepared TiO2 exhibited a
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typical anatase structure (JCPDS 04-0477) which had characteristic peaks located at 25◦

(101), 38◦ (004), 48◦ (200), 54 (105) and 55◦ (211) [14]. Based on the Bragg formula, the
d-spacing for the (101) lattice plane was calculated to be ~0.35 nm. It was also seen that
g-C3N4 had two distinct peaks at 13◦ and 27◦, which were indexed to the (100) and (002)
lattice planes of its hexagonal graphitic structure (JCPDS 87-1526) [15]. According to the
Bragg equation, the d spacing for the (002) lattice plane was calculated to be 0.33 nm, which
was close to the interlayer spacing of the graphite crystal. The g-C3N4/TiO2 composites
showed integrated patterns in which both characteristic peaks from TiO2 and g-C3N4 could
be observed. With the increase in g-C3N4 content, the (100) peak of g-C3N4 became more
apparent, and increased incorporation of g-C3N4 did not break the crystalline structure
of TiO2.
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Figure 2. (a) XRD patterns, (b) DRS spectra and (c) corresponding band gap energy of TiO2 and
g-C3N4/TiO2 composites.

The absorbance properties of the prepared photocatalysts were investigated through
DRS spectra, with the results shown in Figure 2b. For pristine TiO2, the absorption edge
occurred at a wavelength of lower than 400 nm, indicating that the anatase phase TiO2
was only responsive to UV light [16]. When g-C3N4 was incorporated, the absorption
edges of the resulting composites all shifted to the visible light region, indicating that het-
erostructured g-C3N4/TiO2 could capture visible light to initiate electron/hole separation.
The band gap energy (Eg) of the prepared photocatalysts could be further calculated via
Tauc plots, with the results shown in Figure 2c. As expected, pristine TiO2 had an Eg of
3.18 eV, which was in accordance with many previous studies [17]. In the meantime, all the
composite photocatalysts had smaller Eg values, in which a higher g-C3N4 incorporation
amount could lead to narrower Eg. It was noted that the Eg values for 20-g-C3N4/TiO2
(2.65 eV) and 30-g-C3N4/TiO2 (2.59 eV) were both lower than that of pristine g-C3N4
(~2.7 eV) [18], indicating that g-C3N4 and TiO2 formed a heterojunction structure which
could effectively enhance the light absorption ability of the composite photocatalysts.

The photocatalytic performance of the prepared g-C3N4/TiO2 towards indoor HCHO
removal (continuously released from artificial particle board) was then investigated.
Figure 3 shows the HCHO degradation capability of the prepared samples. As illus-
trated in Figure 3a, HCHO was quickly released from the particle board and the adsorp-
tion/desorption equilibrium of ~0.64 g/m3 was reached within 30 min. When the light was
off, all the tested boards, coated with different photocatalysts, exhibited a similar HCHO
release curve, indicating that each photocatalyst coating barely adsorbed the HCHO in the
air. When the UV lamp was on (Figure 3b), the equilibrium concentration of HCHO quickly
rose to ~0.78 g/m3, since UV light could introduce more thermal energy into the reaction
chamber which facilitated HCHO release. It was observed that under the irradiation of UV
light, HCHO concentration in the air was significantly reduced to a different extent, which
was caused by the photocatalytic degradation of HCHO on the coating surface. It was
seen that all the g-C3N4/TiO2 composites showed better HCHO degradation performance
than pure TiO2, e.g., the real-time HCHO concentration could be reduced to lower than
0.2 g/m3 by both 20-g-C3N4/TiO2 and 30-g-C3N4/TiO2. In the meantime, the catalyst
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had very promising long-term use stability, as it could unceasingly degrade perpetually
released HCHO from the particle boards for more than 24 h. This signified that the high-
performance photocatalyst coating on the wooden furniture was a potential and applicable
way to lower the concentration of HCHO in the air when the release of HCHO from the
wooden furniture theoretically could not be inhibited.
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Figure 3. (a) Adsorptive removal of HCHO and photocatalytic degradation of HCHO under (b) UV
light and (c) visible light by TiO2 and g-C3N4/TiO2 composites (m(photocatalyst) = 1 g).

When the light source was changed to a Xe lamp (Figure 3c), the HCHO equilibrium
concentration in the reaction box was increased to even higher than 0.80 g/m3 due to the
thermal radiation source nature of the Xe lamp. As anticipated, TiO2 showed negligible
HCHO removal capability since the UV responsible photocatalyst could not effectively
generate energy from visible light irradiation [19]. On the contrary, all the composite
photocatalysts still exhibited excellent HCHO degradation performance under visible
light, with 20-g-C3N4/TiO2 and 30-g-C3N4/TiO2 also presented the optimal efficiency.
Specifically, more than 60% of the HCHO could be degraded by these two photocatalyst-
based coatings at any time of release. The results demonstrated that compared with TiO2,
g-C3N4/TiO2 was more suitable to be coated on wooden furniture to reduce indoor HCHO
concentration since visible light is more than 50% of natural light, whereas UV light is
only 5% [20].

The influence of the coating parameters, including the catalyst dosage, of the coating
and HCHO concentration on the performance of the composite catalyst was then investi-
gated, with the results shown in Figure 4. In these cases, 20-g-C3N4/TiO2 was selected as
the test catalyst due to its high performance. A Xe lamp was used as the light source. As
demonstrated in Figure 4a, the performance of 20-g-C3N4/TiO2 did not fluctuate much
with changes in its initial dosage in the coating solution, which might because a magnified
amount of the catalyst particles could not increase the exposed active sites on the coating
surface, and the contact between HCHO and the active sites of 20-g-C3N4/TiO2 was not
enhanced as a result, since only surface photocatalyst particles could be irradiated by the
incident light and generate active species for HCHO degradation. When the particle board
was changed to those with different HCHO releasing rates, it was shown from Figure 4b
that the photocatalyst still exhibited high HCHO real-time degradation performance to-
wards all selected panels. Notably, the 20-g-C3N4/TiO2 coating gave the highest HCHO
removal efficiency to the board with the highest HCHO releasing rate, which might be-
cause more HCHO molecules were in contact with the g-C3N4/TiO2 particles in the fixed
volume chamber.
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Figure 4. Impact of (a) photocatalyst coating amount and (b) HCHO release velocity on the photocat-
alytic performance of 20-g-C3N4/TiO2 composites.

Figure 5 shows the impact of the environmental parameters on the performance
of the photocatalyst. The results shown in Figure 5a indicated that by reducing the air
flow velocity, the HCHO degradation efficiency was effectively enhanced due to higher
contact between the HCHO and 20-g-C3N4/TiO2 at lower air flow velocities. Furthermore,
the alteration of environmental air humidity also influenced the HCHO removal rate. It
was inferred from Figure 5b that increased humidity could impede the photocatalytic
degradation of HCHO. This was because when the water vapor content in the air increased,
more water molecules adhered to the 20-g-C3N4/TiO2 coating surface, which hindered
the contact rate between the catalyst molecules and pollutant molecules [21]. It was also
observed from Figure 5b that a lower humidity also suppressed the performance of the
photocatalyst. This indicated that the existence of H2O in the system was the key for
photocatalytic degradation of HCHO. It is generally known that in many cases, when
incident light triggers the electron/hole separation in the photocatalyst, the hole in the
valence band (VB) needs to react with an ambient hydroxyl ion (OH−) to form OH to
degrade the organic pollutant [22]. Thus, sufficient H2O molecules existing in the reaction
system is necessary to guarantee the conversion from hole to OH [23], which was why a
relatively low environmental humidity led to a negative impact to the performance of the
composite photocatalyst. However, excessive H2O molecules could also occupy the active
sites on photocatalyst surface when further increasing the humidity to 80%, which also led
to a significant decline in the HCHO degradation efficiency.
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Figure 5. Impact of (a) air flow velocity and (b) environmental humidity on the photocatalytic
performance of 20-g-C3N4/TiO2 composites.

The predominant active species which initiated HCHO degradation was then investi-
gated, with the results shown in Figure 6a. It was clearly seen that both MeOH and t-BQ
could inhibit the HCHO removal rate, whereas EDTA could not hinder HCHO degradation.
This meant the radicals, including OH and O2

−, were the main species responsible for the
degradation of HCHO [24], where OH and O2

− were produced from the reaction of holes
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in the VB with OH− and electrons in the conduction band (CB) with ambient oxygen (O2),
respectively. This result could also explain why the performance of 20-g-C3N4/TiO2 was
slowed down at low humidity. Figure 6b shows the XRD pattern of used 20-g-C3N4/TiO2
after 24 h of service. It was seen that the used photocatalyst had the same XRD pattern as
the freshly made one, indicating a promising long-term use stability.
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Figure 6. (a) HCHO degradation in water with the existence of different scavengers, (b) XRD pattern
of used 20-g-C3N4/TiO2.

Based on the above overall results, the real-time HCHO degradation process by
20-g-C3N4/TiO2 coating was proposed in Figure 7. In practical conditions, HCHO is
incessantly released from indoor wooden furniture, such as the particle board used in this
work. If no valid inhibitory approach is conducted, HCHO will quickly occupy indoor
spaces. When the photocatalyst coating, which is g-C3N4/TiO2 in this study, is adhered
on the furniture surface, the coating can unceasingly degrade HCHO released in real-
time under the irradiation of light. Specifically, when a very small amount of g-C3N4 was
hybridized with TiO2, a heterojunction-structured composite photocatalyst could be formed.
Under such conditions, g-C3N4/TiO2 had a narrower band gap energy with an expanded
light adsorption region compared with TiO2. Therefore, the composite photocatalyst can
adsorb visible light for HCHO degradation, where g-C3N4 accelerates the separation and
suppresses the recombination of the electron/hole pairs. After the electron/hole pairs were
produced by visible light irradiation and stabilized by the g-C3N4/TiO2 heterojunction, the
excited electrons in the CB quickly reacted with the O2 in the reaction system to produce
O2

−, and the remaining holes in the VB also reacted with the nearby OH− to generate
OH, both of which caused HCHO degradation in the reaction chamber. As long as the
visible light source was on, the constantly released HCHO from the particle board could
be removed in real-time with high efficiency by the photocatalyst coating prepared in
this study.
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Figure 7. Schematic illustration of real-time HCHO degradation by g-C3N4/TiO2 (Red dot: Oxygen,
gray dot: carbon, white dot: hydrogen).
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3. Materials and Methods
3.1. Chemical Reagents

Titanium butoxide (TBT, C16H36O4Ti, >99%), melamine (C3H6N6, 99%), hexadecyl
trimethyl ammonium bromide (CTAB, C19H42BrN, 99%) and tert-benzoquinone (C6H4O2,
99%) were purchased from Aladdin Co., Ltd. (Shanghai, China). Edetate disodium
(C10H14N2Na2O8·2H2O, 99–101%) was purchased from Sigma-Aldrich (St. Louis, MI,
USA). The artificial particle boards that released different HCHO amounts were provided
by Linyi wood factory (Linyi, China). Other chemicals and reagents were of analytical
grade and used without further purification.

3.2. Preparation of g-C3N4/TiO2

g-C3N4 was prepared by pyrolyzing melamine at 550 ◦C for 3 h in a muffle furnace.
The preparation of g-C3N4/TiO2 composites with different g-C3N4 contents was conducted
as follows. Firstly, a certain amount of g-C3N4 and CTAB (20 mg) were added into 100 mL
of ethanol, and the mixture was sonicated for 1 h to obtain a g-C3N4 dispersion. Then, TBT
(0.5 g) was added and dissolved in the above dispersion, and the mixture transferred into a
Teflon-lined stainless-steel autoclave. The autoclave was afterwards heated to 120 ◦C for 24
h. After the temperature was cooled to room temperature, the photocatalysts named as x-g-
C3N4/TiO2 were obtained after the light brown precipitate was separated via centrifuging,
washing with H2O and ethanol twice and drying at 60 ◦C for 24 h. In the formula, x
represents for the mass dosage of g-C3N4 in the composites. For comparison, pure TiO2
was also prepared following a similar procedure without the introduction of g-C3N4.

3.3. Characterization and Analytical Methods

The morphology of the prepared samples was determined by scanning electron mi-
croscopy (SEM, JEOL SEM 6490, Tokyo, Japan). The X-ray diffraction spectra (XRD) were
recorded by a Rigaku Smartlab XRD instrument. The diffuse reflectance spectra (DRS) were
conducted by a PerkinElmer Lambda 950 UV/Vis/NIR spectrophotometer.

3.4. Real-Time HCHO Degradation Process

The photocatalytic system for HCHO degradation used in this study is shown schemat-
ically in Figure 8. A 50 × 50 × 30 m3 glass box, equipped with an air inlet pump and a
HCHO sensor, was used as the reaction chamber. The glass (with an area of 20 × 20 cm2)
on the top of the chamber was changed to quartz glass for the passage of light. UV light
and visible light were both introduced as the light source, in which a 250 W UV lamp was
used as the UV light source and a 300 W Xe lamp equipped with a 420 nm cut-off filter was
used as the visible light source. All particle boards, with a thickness of 1.5 cm, were cut
into 10 × 10 cm2 rectangular shapes. The particle board was first brushed with a layer of
melamine formaldehyde adhesive. Afterwards, 10 mL, 20 mL or 30 mL of the photocatalyst
suspension with a concentration of 100 g/L was coated onto the surface of the particle board
using a spin-coater at 2000 rpm. After being air-dried for 24 h, the photocatalyst-coated
particle board was placed on a lifting table in the glass box, with the distance between
the particle board and light source fixed at 18 cm. At the same time, the lamp was turned
on to initiate the photocatalytic process, and the HCHO sensor (Dart 2-FE5, Exeter EX4
3AZ, UK) recorded the real-time HCHO concentration in the chamber. The humidity of
the reaction chamber was tuned by a commercial mini humidifier. The humidity of the
reaction chamber for photocatalytic tests was set at ~60% if not otherwise stated.

The predominant active species generated by g-C3N4/TiO2 for HCHO degradation
was identified in aqueous solution by the introduction of different scavengers, in which
a Xe lamp was introduced as the light source. Typically, 50 mg of the photocatalyst was
added into a 50 mL HCHO solution (10 mg/L) containing 10 mM of methanol (MeOH),
tert-benzoquinone (t-BQ) or edetate disodium (EDTA), which were used to trap hydroxyl
radicals (OH), superoxide radicals (O2

−) and holes (h), respectively. After the Xe lamp was
turned on, approximately 2 mL of solution was withdrawn from the reaction solution at
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predetermined intervals and centrifuged to separate the solid. The concentration of HCHO
was quantified using gas chromatography (Agilent 7890A, Agilent, Santa Clara, CA, USA).
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Figure 8. Photocatalytic system for real-time degradation of HCHO released from artificial
particle board.

4. Conclusions

To conclude, g-C3N4 was modified with TiO2 to construct composite photocatalysts
with a heterojunction structure. The prepared g-C3N4/TiO2 was coated onto the surface
of artificial particle board and used for HCHO degradation as it was released in real-time
from the particle board under the irradiation of visible light. The prepared g-C3N4/TiO2
exhibited high visible light energy adsorption efficiency since the two components formed
an effective heterojunction structure. The g-C3N4/TiO2 coating could unceasingly degrade
HCHO which was continuously released from the particle board. The photocatalyst coating
also exhibited promising stability and adaptability. The heterostructured g-C3N4/TiO2
prepared in this study can be used for practical indoor air purification.
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