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Based on the increasingly serious formaldehyde pollution, effective degradation of formaldehyde has become a practical problem
that humans urgently need to solve. Among many treatment methods, activated carbon has the advantages of large specific surface
area, high adsorption efficiency, and uniform pore size distribution. As a kind of clean photocatalytic material for formaldehyde
degradation, titanium dioxide supported by activated carbon has become a research hotspot to develop adsorption-catalytic
materials for formaldehyde degradation. In this paper, the research progress of activated carbon and its modification, the
photocatalytic principle and modification of titanium dioxide, and TiO2/AC materials are reviewed. The results show that the
pore size distribution gradient and acidic oxygen-containing functional groups of activated carbon play key roles in the
formaldehyde adsorption process. TiO2 doped with metal ions and nonmetal ions can significantly improve the photocatalytic
activity. The TiO2/AC material can greatly improve the photocatalytic rate and achieve the technical goal of efficient and clean
degradation for formaldehyde.

1. Introduction

Relevant research shows that, with the rapid development of
economic society, decoration materials are emerging one
after another, and most of these materials (such as man-
made panels and glue paint) contain pollutants such as
formaldehyde [1, 2] which is also known as ant aldehyde,
chemical formula HCHO, molecular weight 30.03,
formaldehyde gas relative density 1.067, liquid density
0.815 g/cm3 (-20°C), melting point -92°C, and boiling point
-19.5°C. In addition to decoration materials, the bedding
(such as bedclothes and pillowcases), wardrobes, carpets,
and air fresheners we use every day also contain more or less
[3] formaldehyde which has a long release period. Indoor air
pollution [4, 5] will occur when the cumulative amount of
release exceeds a certain threshold. People spend 80% of
their time indoors on average every day [6], so the emission
of indoor air pollutants (such as formaldehyde, benzene, and
radon) will seriously endanger people’s health [7].

Low concentrations of formaldehyde which is recog-
nized as allergen source [8] can cause diseases such as eye
redness, tracheitis, and asthma, and high concentrations

can induce cerebral palsy [9]. Formaldehyde has been classi-
fied as a Category 1 carcinogen by international organiza-
tions (Word Health Organization and American Red
Cross). In addition, formaldehyde can also cause varying
degrees of harm to the nervous system, respiratory system,
and immune system of children, the elderly, and pregnant
women [10]. Formaldehyde has an inhibitory effect on the
immune system and causes decreased neutrophil respiratory
burst activity. Formaldehyde inhalation can affect the elec-
tropsychological function of the heart, resulting in bradycar-
dia, abnormal or missing P waves, and changes in R-T
interval. Apart from health effects, formaldehyde can also
reduce people’s work efficiency [11].

James et al. and Amesj et al. [12, 13] measured that the
emission factors of formaldehyde in rapeseed oil, soybean
oil, and fried vegetables were 20.1mg/kg vegetables,
18.6mg/kg vegetables, and 12.4mg/kg vegetables, respec-
tively. In 2018, Zhao et al. [14] explored the emission rates
of formaldehyde in the kitchen in the actual cooking process
by using the mass balance equation of gaseous pollutants
with natural gas as fuel. The research results showed that
the emission rates of formaldehyde in the kitchen during
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the actual cooking process were 0:876 ± 0:055 ~ 2:738 ±
0:590mg/min. Hu et al. [15] studied the release parameters
of formaldehyde in synthetic rubber, and the results are
shown in Table 1. Formaldehyde release is also affected by
environmental factors such as temperature and humidity.
From the above hazards and emission characteristics, the
treatment of formaldehyde and other indoor environmental
pollutants has become research hotspot of domestic and for-
eign scholars.

In the table, Ci stands for formaldehyde concentration,
Csi stands for formaldehyde concentration in standard state,
and EF is calculated as follows:

EF =
Csi ×V × AC

S
: ð1Þ

In recent years, researchers have been working on new
ways to remove formaldehyde. The removal method of
formaldehyde pollution can be broadly divided into two
kinds, one is the source of governance that does not use dec-
oration materials or supplies which contain formaldehyde;
the method is more convenient and does not need to put a
specific material or process in indoor, but the technical
means for the production of decoration materials without
formaldehyde are limited, so it is not realistic to remove
formaldehyde from the source. The second is posttreatment,
such as ventilation method, plant absorption method,
plasma purification method, adsorbent adsorption method,
and photocatalyst degradation method. Due to the long
release cycle of formaldehyde and being easily affected by
the season, it is not applicable to take ventilation to remove
formaldehyde in some cold areas. Green plants such as cac-
tus, Chlorophytum, and aloe [16] can remove low concentra-
tion of formaldehyde; however, its normal growth will be
affected or even withered in high concentration of indoor,
so it has little effect on absorption of formaldehyde. The
low-temperature plasma method, which refers to the use of
ions to undergo a complex reaction with the molecular
structure of formaldehyde to catalyze the degradation of
formaldehyde, is an emerging method for removing formal-
dehyde. Studies [17] have shown that this method has the
advantages of fast and efficient and can completely degrade
formaldehyde into carbon dioxide and water, but it will pro-
duce O3 and CO and other substances, and the consumption
of technology and economy is large, waiting for be further
developed. The adsorption method uses the pore size distri-
bution and surface functional groups of activated carbon
fiber (ACF) [18], activated carbon (AC) [19], and other
porous adsorbents to deal with pollutants such as formalde-
hyde, which has the advantages of easy material availability
and convenient operation. Common adsorbents include alu-
mina and zeolite molecular sieves. Photocatalytic degrada-
tion technology uses light of a certain wavelength to
irradiate photocatalyst materials to produce active species,
which participate in the reaction to degrade formaldehyde
into carbon dioxide and water, and so produces the effect
of air purification [20].

In this paper, the adsorption mechanism and modifica-
tion of activated carbon, the structure of photocatalyst

TiO2, the principle of photocatalytic reaction, and the load
and modification treatment were reviewed, and the
adsorption and degradation properties of activated carbon
and TiO2/AC for formaldehyde were analyzed and com-
pared, providing scientific guidance for the degradation
of formaldehyde.

2. Activated Carbon and Its Modification

2.1. Adsorption of Formaldehyde over Activated Carbon.
Activated carbon has the characteristics of large specific sur-
face area, fast adsorption rate, and moderate pore size distri-
bution, which has significant advantages [18] in adsorption
and separation of formaldehyde pollutants. According to
different adsorption methods, activated carbon adsorption
is divided into physical adsorption and chemical adsorption.
In the physical adsorption process, the pore size gradient
distribution determines the adsorption capacity and rate.
The large and medium pores play the role of transporting
formaldehyde molecules, and the micropores have a huge
specific surface area, which can provide enough places for
pollutants to stay. The adsorption of formaldehyde over acti-
vated carbon is mainly realized by electrostatic force, cova-
lent bond dispersion force, induction force, π-electron
polarization attraction, and hydrogen bond [21]. Chemical
adsorption refers to the chemical reaction between the car-
boxyl group and phenolic hydroxyl group in the oxygen-
containing functional group of activated carbon and the
formaldehyde adsorbate molecule, and the adsorption is rel-
atively stable and irreversible [22]. It can be seen from the

Table 1: Summary of formaldehyde emission parameters for
synthetic rubbers [15].

No. Ai T (°C) Ci (mg·m-3) Csi (mg·m-3) EF (mgm-2 h-1)

1 0.02 60.4 0.004 0.005 NDb

2 0.557 59.3 0.269 0.320 0.801

3 0.058 60.8 0.023 0.027 0.068

4 0.019 60.7 0.003 0.004 ND

5 0.509 60.2 0.245 0.293 0.730

6 0.076 60.0 0.032 0.038 0.094

7 0.145 59.3 0.066 0.078 0.195

8 0.299 59.2 0.141 0.168 0.421

9 0.063 60.6 0.025 0.03 0.075

10 0.268 60.0 0.126 0.150 0.379

11 0.051 60.9 0.019 0.023 0.058

12 0.071 60.2 0.029 0.035 0.087

13 0.042 60.7 0.015 0.018 0.044

14 0.887 59.3 0.431 0.514 1.283

15 0.064 60.5 0.026 0.031 0.077

16 0.097 59.9 0.042 0.050 0.125

17 0.053 60.1 0.020 0.024 0.060

18 0.030 60.9 0.009 0.011 ND

19 0.826 60.8 0.401 0.480 1.199

20 0.077 60.3 0.032 0.038 0.096
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physical adsorption and chemical adsorption processes of
activated carbon that the pore size distribution and surface
functional groups of activated carbon play an extremely
important role in the adsorption process of adsorbates.
Therefore, scholars at home and abroad have conducted a
lot of research on the adsorption of formaldehyde on acti-
vated carbon.

Tang et al. [23] studied the influence of activated carbon
micropores and mesopores on the adsorption performance
of formaldehyde and found that the adsorption effect of
activated carbon is positively correlated with the proportion
of micropores; when the specific surface area of the meso-
pores increases, the time to reach adsorption equilibrium
is shortened. Song [24] studied the adsorption of organic
pollutants on activated carbon from the perspective of pore
size distribution. He proposed that a better pore gradient
distribution accelerated the internal diffusion of pollutants
in the pore size of activated carbon and improved the
adsorption capacity.

It can be seen from the research of Song that although
activated carbon micropores can provide a huge specific sur-
face area, transport pores such as macropores and meso-
pores are also required. The pore size gradient affects the
adsorption capacity and rate.

In addition to exploring the effect of pore size distribu-
tion of activated carbon on adsorption performance, Lin
et al. [25] studied the influence of surface functional groups
on adsorption performance of coconut shell and woody acti-
vated carbon through dynamic penetration experiment. The
experimental results showed that the coconut shell carbon
had the highest adsorption performance for formaldehyde,
and they believed that the coconut shell carbon had a higher
content of phenolic hydroxyl and nitrogenous functional
groups on its surface. Kowalczyk et al. [26] studied the reac-
tion mechanism between functional groups on the surface of
activated carbon and formaldehyde. Formaldehyde can not
only form hydrogen bonds with functional groups but also
oxidize with carboxyl and phenolic hydroxyl groups in pore
size.

It can be seen from the previous studies that the content
of functional groups on the surface of activated carbon
determines the degree of chemical adsorption and oxidation
reaction, the large specific surface area of micropores pro-
vides sufficient physical adsorption sites for pollutants, and
the pore size distribution affects the internal diffusion ability
of formaldehyde molecules. However, activated carbon is
mainly dominated by physical adsorption, which is unstable
and desorbs under certain pressure and temperature condi-
tions, causing secondary pollution. Through the redox
method, the number and type of chemical functional groups
on the surface of activated carbon are changed, and the
physical adsorption is transformed into physical-chemical
synergy adsorption, which can effectively improve the
adsorption of formaldehyde molecules on the surface of acti-
vated carbon.

2.2. Activated Carbon Modification. The increase of acid
oxygen-containing functional groups on the surface of acti-
vated carbon can provide more chemisorption sites for

formaldehyde which is polar molecule. The acidic functional
groups can attract the free π electrons on the surface of acti-
vated carbon. When the activated carbon is treated with
alkali, the number of oxygen-containing functional groups
increases the density of π electron cloud on the surface of
activated carbon, the π − π dispersion force between the
activated carbon and formaldehyde is strengthened, and
the adsorption property of activated carbon is improved.
Researchers at home and abroad have conducted a lot of
research on the modification of activated carbon functional
groups.

He et al. [27] studied the effect of activated carbon mod-
ified by KMnO4 on the adsorption of formaldehyde through
experiments. When the concentration of KMnO4 was 2%,
activated carbon had the best adsorption performance for
formaldehyde pollutants, and they believed that this phe-
nomenon was attributed to the increased content of C=O
and C-OH. In order to further explore the dual influence
of KMnO4 concentration and heat treatment temperature
on the modification of activated carbon, Jiang et al. [28]
treated activated carbon with different KMnO4 concentra-
tions and thermal temperatures, respectively, to explore the
influence of modification on the formaldehyde adsorption
performance of activated carbon samples. The study found
that when the heat treatment temperature is 65°C and
impregnation concentration is 0.08mol/L, the adsorption
capacity of formaldehyde molecule on modified activated
carbon is the highest. However, when the concentration of
KMnO4 is high, the pore size of activated carbon is blocked,
and the adsorption capacity decreases.

From the research of Jiang and others, it can be seen that
activated carbon is impregnated with higher concentration
of KMnO4, and the specific surface and adsorption capacity
are reduced to a certain extent, but after the reduction of
KMnO4, MnOx which could decompose the adsorbates in
pore channels into small molecules was generated.

The polar adsorbents can be stably adsorbed on the
surface of acidic modified activated carbon because of the
increase of functional group content. Liu et al. [29]
explored the formaldehyde adsorption performance of acti-
vated carbon modified by phosphoric acid and activated by
nitrogen. The experiment showed that the formaldehyde
adsorption capacity of modified activated carbon was
4.78mg/g when the phosphoric acid mass fraction was
40%, and the nitrogen activation temperature was 550°C.
Liu et al. [30] modified activated carbon with H2SO4, form-
aldehyde saturation adsorption capacity increased by nearly
50%, and desorption peak area and peak height increased
to a certain extent. It can be seen from Liu et al.’s experi-
ment that the formaldehyde adsorption capacity of the
acidified activated carbon increases, which may be attrib-
uted to the synergistic effect of physical adsorption and
chemical adsorption.

In addition to oxidation modification, surface physical
modification of activated carbon is mainly to increase spe-
cific surface area and adjust pore size, and its distribution
by physical and chemical means to achieve the purpose of
changing surface physical structure of activated carbon.
The surface physical modification of activated carbon is
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firstly modified by adding some activator in the preparation
process of activated carbon, and secondly, it can be physi-
cally modified by microwave radiation technology instead
of traditional heating technology, so as to improve its
adsorption and catalytic performance [31, 32]. Microwave
modification mainly uses microwave power, radiation time,
and radiation temperature to modalize the surface structure
and functional group content of activated carbon, which
usually interacts with N2 and O2 to change the surface func-
tional group content, so as to achieve the effect of improving
the adsorption and catalytic performance of activated car-
bon. Jones et al. [33] conducted microwave radiation on
activated carbon in O2 atmosphere and found that the sur-
face carboxyl of oxygen-containing functional groups
increased significantly, and the pore size increased signifi-
cantly at higher power. Plasma modification technology is
a kind of material surface modification technology devel-
oped rapidly in recent years. This technology which can pro-
duce large amounts of charged particles, excited state
particles, photons, free radicals, and so on plasma in the
gas medium (O2, N2, NH3, and CF4), using these high-
energy plasma impacts the material surface to make the
material surface physical and chemical properties change,
with little damage to the material surface characteristics
at the same time, so as to improve the specific surface area,
pore size, pore volume, surface functional groups, and
other related properties of the technology. Li et al. [34]
used low-pressure nitrogen plasma to modify the surface
of activated carbon, and the surface oxygen-containing
acidic groups decreased with the increase of plasma power,
while the nitrogen-containing basic functional groups
increased accordingly.

Although the surface modification technology of acti-
vated carbon has made progress in many aspects, low cost,
high performance, and simple environmental protection
process are still the development direction of activated car-
bon modification in the future. Through the modification
of activated carbon, its application has been involved in
many fields, but most of it is still applied to simple
adsorption process, lack of functional high-quality special
activated carbon, especially as a catalyst, and catalyst car-
rier activated carbon. Optimizing the preparation process
of activated carbon, developing activated carbon with high
specific surface area and large pore volume, exploring the
optimal adsorption conditions of activated carbon, reduc-
ing the consumption of resources, and improving the eco-
nomic feasibility are also important research directions in
the future.

2.2.1. Comment 6. Besides the activated carbon adsorption
method, the photocatalytic degradation for formaldehyde
by titanium dioxide is nontoxic and harmless, which has
aroused the research of scholars at home and abroad.

3. Mechanism of Photocatalytic Degradation

According to the formula [35]

ΔE =
ℏ2π2

2R2
1
me

+
1
mh

� �
−
1:8e2

εR
− 0:248ERy

∗, ð2Þ

where R represents the radius of the nanocrystal, me repre-
sents the effective mass of the electron, mh represents the
effective mass of the hole, ε represents the dielectric con-
stant, and ERy

∗ represents the effective Rydberg energy. It
can be seen from the formula that the particle radius and
absorption wavelength are invertically proportional to the
band gap width. In order to enable TiO2 to respond to visible
light and achieve spectral redshift, it is necessary to reduce
the band gap, and the particle radius increases when the
band gap decreases, which may affect the catalytic perfor-
mance of TiO2. It can be seen that this is a contradictory
relationship, so the smaller the gap width is not the better.
Table 2 lists the band gap widths of common semiconduc-
tors, most of semiconductor photocatalyst such as nano-
ZnO and SnO2 will undergo chemical corrosion, and the
noble metals have high cost, so they are not suitable for
indoor photocatalyst materials. The titanium dioxide
(TiO2) is regarded as the ideal photocatalytic degradation
of the material [36, 37] of the formaldehyde and enjoys the
advantage of nontoxic harmless, safe and green, and high
photocatalytic efficiency.

Nano-TiO2 is a semiconductor with a discontinuous
energy band structure [38] formed by the hybridization of
Ti3d and O2p orbitals, which is composed of valence band
(VB), condition band (CB), and energy gap (Eg).

German physicist Hertz discovered that photoelectrons
will escape from the material only when λin is greater than
a certain value; otherwise, no photoelectrons will be pro-
duced regardless of the intensity of the irradiation. This is
the well-known principle of photoelectric effect [39]. As
shown in Figure 1 [40], electrons (e−) preferentially fill the
valence band. According to the photoelectric effect, at this
time, electrons in the low-energy valence band are excited
to cross the forbidden band and enter the conduction band
[41]. Accordingly, holes (h+) are formed in the valence band,
and photogenerated electrons (e−) are generated in the con-
duction band. After the electrons in the valence band are
excited, there are two forms [42]:

(1) Some of part electrons were captured by the defect
site of titanium dioxide

(2) Some of the excited photoelectrons are captured by
the hole, and energy is released in the form of
heat, which reduces the separation efficiency of

Table 2: Common semiconductors and band gap widths.

Semiconductors SrTiO3 TiO2 Ta2O5 ZrO2 Nb2O5 SnO2 ZnO2 ZnS WO3 CdS

Band gap width (eV) 3.2 3.2 4.6 5.0 3.4 3.8 3.2 3.6 2.8 3.24
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electrons and holes, thus affecting the photocata-
lytic efficiency.

The photocatalytic degradation mechanism is shown in
Figure 2 [43]. Photogenerated carriers migrate to different
positions of the semiconductor under the action of electric
field force, combine with O2, H2O, or OH

- on the surface
of TiO2 and react as follows, producing two active species
-OH and -O2

-. These substances have strong oxidation
capacity, equivalent to the high temperature of 3600 K. Pol-
lutants such as formaldehyde can be catalyzed into carbon
dioxide, water, or other inorganic small molecules.

(I) The formation of electrons (e−) and holes (h+)

TiO2 + hv ⟶ TiO2 + h+ + e− ð3Þ

(II) The formation mechanism of -O2
-

O2 + e− ⟶ −O2
−,

Ti4+ + e− ⟶ Ti3+,

O2 + Ti3+ ⟶ −O2
− + Ti4+

ð4Þ

(III) The formation mechanism of -OH

(1) Adsorb water molecules in the air to form

H2O + h+ ⟶ −OH +H+ ð5Þ

(2) Formed with the aid of the intermediate H2O2:

The formation of H2O2 is as follows:

−O2
− +H+ ⟶ −HO2,

2 −HO2 ⟶H2O2 + O2,

−O2
−+−HO2 ⟶HO2

− + O2,

HO2
− +H+ ⟶H2O2

ð6Þ

The formation of -OH is as follows:

H2O2 + e− ⟶ −OH +OH−,

H2O2+−O2
− ⟶ −OH +OH− + O2,

H2O2 + hv ⟶ 2 –OH
ð7Þ

(3) Formed by reaction with OH-:

h+ + OH− ⟶ −OH ð8Þ

(IV) Hole-electron pair recombination:

h+ + e− ⟶ Thermal Energy: ð9Þ

Empty band

Forbidden band
Band gap Band gapReceive energy > Eg

VBVB

CB

Figure 1: Energy band theory schematic.

H2O

VB

CB

e–

O2 –O2
–

hv

VOC

h+

CO2, H2O
CO2, H2OVOC

–OH

CO2, H2O
VOC

–OH

Figure 2: Photocatalytic mechanism of TiO2.
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Yang [44] studied the intermediate species and reaction
mechanism in the oxidation process of formaldehyde by
physical methods such as TPD and ESR. He proposed that
the reaction process of formaldehyde being oxidized into
CO2 and H2O was as follows:

HCHO+−OH · CHO +H2O,

·CHO+−OH⟶HCOOH,

·CHO+−O2
− ⟶HCO3

− +H+ ⟶HCOOOH +HCHO⟶HCOOH,

HCOOH⟶HCOO−+−OH⟶H2O+−CO2
−,

或HCOO− + h+ ⟶H+ − CO2
−,

−CO2
− + h+ ⟶ CO2:

ð10Þ

In addition to exploring the photocatalytic reaction
mechanism of formaldehyde in experiments, Xie et al. [45]
studied the connection relationship between reactants on
the reaction potential energy plane and intermediate species
at the level of 6-311++G(2df,pd) by using the B3LYP
method and MP2 method of the density functional theory.
Simulation shows that the intermediate is the isomer form
of formic acid (HCOOH) (HOCOH).

According to the study of reaction mechanism by Yang
et al., e−, h+, and -OH are crucial in the oxidative degrada-
tion of formaldehyde. Ishibashi et al. [46], respectively, com-
pared the quantum yields of -OH, h+, and photocatalysis in
the reaction process, and the results showed that the yield of
holes and the quantum efficiency of photocatalysis were in
the same order of magnitude. In addition, the importance
of holes in the photocatalytic process can be seen from the
above series of reactions. Therefore, the recombination of
electron-hole pairs should be inhibited as much as possible
to allow more holes to participate in the reaction to form
active species.

Because e− in the valence band will recombine with h+,
be trapped by defect sites, or migrate to different positions
in the semiconductor to react, the life of electron and hole
is very short, only picoseconds. For example, Yang and
Tamai [47] found that the trapping time of electrons was
260 fs, while the trapping time of holes was shorter, only
50 fs. Tamaki et al. [48] found that the shallow capture time
of electrons is about 100 fs, the deep capture time is 150 fs,
and from the shallow capture time to the deep capture time
is 50 fs.

The charge transport capacity is also an important factor
affecting the photocatalytic efficiency [49]. Hoffmann et al.
[50] studied the UV excitation process of TiO2 particles
and other related issues. The photocatalytic reaction process
and its characteristic time are shown in Table 3. The charac-
teristic time of interfacial charge transfer is shorter than that
of carrier generation, capture, and recombination. The char-
acteristic time of interfacial charge transfer is shorter than
that of carrier generation, capture, and recombination.
Huang [51] believed that the recombination of photogener-
ated electrons and holes was much faster than charge trans-

fer, which greatly reduced the number of photogenerated
electrons and holes involved in the reaction. Therefore,
effectively reducing the recombination of electrons and holes
was also an important research content in the field of
photocatalysis.

4. Properties and Structure of TiO2

The three crystal structures of nano-TiO2 can be divided
into rutile phase, anatase and brookite. The similarity
between them is that they have the same basic components
which is the TiO6 octahedron structure [52]. However, the
crystal structure, arrangement, connection mode, distortion
degree, band gap, and defect types are different.

Anatase TiO2 is octahedral common edge connection,
while the rutile type is common edge and common fixed
point connection, as shown in Figures 3 and 4 [53]. Rutile
TiO2 is a stable crystal with fewer oxygen vacancies [54].
Anatase TiO2 has more dislocation and defects, so its distor-
tion degree is higher than that of rutile phase, so anatase
TiO2 has excellent catalytic performance [55]. The forbidden
width of anatase TiO2 is about 3.2 eV, and that of rutile TiO2
is about 3.0 eV [56]. The structural parameters of anatase,
titanite, and rutile TiO2 are shown in Table 4 [57], and it
can be seen that their space groups, crystal cell parameters,
and Ti-O bond lengths are different.

Under the calcination condition of about 600°C, anatase
transforms into rutile phase through continuous bond
breaking and atomic rearrangement, and the phase transi-
tion temperature is affected by the size of titanium dioxide
particles and ion doping, etc. [58]. The mixed phase of ana-
tase, plate titanium, or rutile has good catalytic performance.
For example, P25 (20%rutile + 80%anatase) can be used as a
standard material for photocatalytic testing because of its
good catalytic performance [59].

Table 3: Primary processes and characteristic time domains for
photocatalysis on TiO2 semiconductor.

Initial reaction step Characteristic time

Generation of photogenerated carriers

TiO2 + hv ⟶ e− + hvb
+ Fast (fs)

Capture of photogenerated carriers

hVB
+ + >TiIVOH⟶ >TiIV · OH

� �
Fast (10 ns)

eCB
− + >TiIVOH⟶ >TiIIIOH

� �
Mild capture (100 ps)

eCB
− + >TiIV⟶>TiIII Deep capture (10 ns)

Recombination of photogenerated carriers

eCB
− + >TiIVOH

� �
+⟶>TiIVOH Slow (100 ns)

hVB
+ + >TiIIIOH

� �
+⟶>TiIVOH Fast (10 ns)

Interface charge transfer

>TiIIIOH
� �+ + Red⟶ TiIVOH + Red Mild capture (100 ps)

etr
− +Ox ⟶ TiIVOH +Ox

− Very slow (ms)
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(a) (b)

Figure 3: Simulations of anatase and rutile nanosized titanium dioxide. (a) Anatase type. (b) Rutile type.
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O

O
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O O

Ti Ti

(b)

Figure 4: A schematic diagram of nanosized titanium dioxide structure connection. (a) Coedge way. (b) Concurrent way.

Table 4: Crystallographic data of different TiO2 polymorphs.

Rutile Anatase Brookite

Crystal system Tetragonal system Tetragonal system Orthogonal

Space group
P42/mnm I41/amd Pcab

a = b = 4:5933 a = b = 3:7842 a = 9:1819

Crystal cell parameters
b = 4:4558

c = 2:9592 c = 9:5139 c = 5:1429

Ti coordination number

6 6 6

Ti-O1 1.988 1.946 1.87

Ti-O2 1.988 1.946 2.04

Ti-O band length

Ti-O3 1.944 1.937 1.99

Ti-O4 1.944 1.937 1.94

Ti-O5 1.944 1.937 1.92

Ti-O6 1.944 1.937 2.00

Connection method Common edge and common point connection Common edge connection
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5. Modification of TiO2

Zhu et al. [60] explored the influence of TiO2 irradiated with
different wavelengths of light on the degradation effect of
formaldehyde, and the study showed that the degradation
rate of formaldehyde was about 29% without UV irradiation.
Titanium dioxide which is a photocatalytic material has the
advantages of safety, high efficiency, energy saving, good
treatment effect, and no secondary pollution, so it can
degrade formaldehyde and other toxic gases or liquids.
However, titanium dioxide has the following disadvantages,
so it has not been applied on a large scale in industry.

The disadvantages of nanoscale titanium dioxide in the
field of photocatalysis are as follows [61]:

(1) The dispersion of nanosized titanium dioxide is
poor, which is prone to agglomeration. Therefore,
the specific surface area and the contact area with
formaldehyde molecules are reduced, affecting the
photocatalytic performance

(2) The lifetime of electrons and holes is short, and the
holes and electrons need to be continuously gener-
ated during the reaction process, so that they migrate
to different positions in the semiconductor and par-
ticipate in the reaction to produce active species

(3) TiO2 has a low utilization rate of light.

In summary, titanium dioxide has disadvantages of small
particle size, poor dispersion, high electron-hole pair recom-
bination rate, and low utilization rate of sunlight. In order to
improve its catalytic performance, researchers have con-
ducted a lot of exploration.

5.1. Deposition of Noble Metal. Zhu et al. [62] studied the
effect of Au/TiO2 photocatalytic removal for gaseous formal-
dehyde, and the results showed that when the relative
humidity and blue light intensity were 13% and
38.5MW/cm2, respectively, the degradation rate of formal-
dehyde under light reaction was 77%, much higher than
the conversion rate under dark reaction.

The principle of action on TiO2 modified by noble metal
[63] is as follows:

(1) Since the Fermi level of TiO2 is different from noble
metals, a noble metal-TiO2 heterojunction can be
generated when noble metals are deposited on
TiO2. After the photogenerated electrons are excited
by light, they will transfer from the surface of TiO2 to
the surface of noble metals. A space charge layer will
be formed when the Fermi level reaches the same
level. The unbalanced charge distribution causes
band bending to form the Schottky barrier, as shown
in Figure 5 [64]. The excited electrons in the valence
band can be captured by the Schottky barrier

(2) Lattice distortion is formed when noble metals are
doped into the TiO2 crystal lattices, which hinders
the recombination of electron-hole pairs to some

extent and improves the photocatalytic performance
of nano-TiO2.

When the noble metal is deposited on the surface of
TiO2, it has little shielding effect on TiO2 and does not affect
the specific surface area of TiO2. Studies have shown that
when 10% Pt is deposited on the surface of titanium dioxide,
the effect on nanosized titanium dioxide is only 6%. The
recombination rate of electron-hole pairs will be increased
if the noble metal is deposited in a large amount of titanium
dioxide. According to the study [65–68], the noble metals
deposited on the surface of TiO2 are mainly Pt and Ag.
Huang et al. [69] found that Pd/TiO2 with 0.1% load of Pd
could completely degrade formaldehyde into CO2 and H2O
at room temperature.

5.2. Surface Photosensitization. Surface photosensitization
[70] is a relatively simple method, and it is one of the effec-
tive ways to broaden the absorption spectrum of TiO2 to the
visible region. There are two kinds of dye sensitization and
compound sensitization.

Dye sensitization refers to the adsorption of organic dyes
with an excited state potential more negative than TiO2 on
the surface of TiO2 by physical or chemical means. After
light irradiation, photogenerated electrons are generated
and transferred to different positions and reacted with oxy-
gen on the surface of TiO2. The mechanism of action is
shown in Figure 6 [71]. Studies have shown that the photo-
catalytic activity of TiO2 modified by photosensitizer can be
improved, and the utilization efficiency of photons can be
improved by 30-80% [72]. Photosensitizers with certain sta-
bility include rosin, chlorophyll, eosin B, eosin thioneine,
nori, etc. [73].

Compound sensitization uses the combination of a semi-
conductor with a small forbidden band width and a titanium
dioxide material to form a heterojunction. According to the
working principle of the heterojunction, the electrons in the

E0

Ef Ef

Ex

CB

VB
TiO2

h+

The schottky barrier

Φb

Φs

Figure 5: The schematic Schottky barrier. In the figure, Ef
represents the Fermi level, VB represents valence band, CB stands
for conduction band, h+ denotes a hole. Φb is the height of the
Schottky barrier, and Φs is the work function of titanium dioxide;
Ex stands for built-in electric field; E0 represents the surface
potential energy of the precious metal.
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valence band of the TiO2 composite semiconductor are
excited and transported to the TiO2 conduction band, as
shown in Figure 7 [74]. Generally, a semiconductor with a
similar band structure and a narrow band gap is chosen to
composite with titanium dioxide. For example, CdS-TiO2,
SnO2-TiO2, Fe2O3-TiO2, WO3-TiO2, and other semiconduc-
tor composites have been applied. The synergistic effect
between the matched band structure of two components
can broaden the spectral response range of the composite
catalyst and improve the life of photocarriers to a certain
extent. The construction of heterojunction is a new research
direction in the field of photocatalysis [75–78]. The band
diagram of CdS-TiO2 composite system is shown in
Figure 8 [79]. The band gap of CdS is about 2.4 eV. CdS is
excited first under illumination, and the photogenerated
electrons are transported to the TiO2 conduction band to
achieve photogenerated carrier separation [80]. Studies have
shown [81] that CdS-TiO2 is usually used in experiments
due to its good composite effect.

5.3. Metal Ion Doping. The results [82] showed that the
absorption spectra of nano-TiO2 doped with Fe3+ and
Mn2+ could produce red shift and improve its photocatalytic
activity. This discovery quickly led to the study of metal ion
modification of pure titanium dioxide. Li [83] prepared Ag-
doped TiO2 to degrade formaldehyde and found that when
the dosage of Ag/TiO2 was 40 g, the degradation rate of
formaldehyde could reach more than 93%. Kubacka et al.
[84] studied the catalytic degradation of toluene by TiO2
modified by cations (such as V, Mo, and W) and found that
photocatalytic activity of TiO2 modified by V and W is
improved. Frindell et al. [85] studied the influence of doping
with rare earth elements on TiO2 and found that the spectral
response range of TiO2 was effectively broadened after mod-
ification by rare earth elements. Li et al. [86] found that TiO2
modified by Au/Au3+ has a good photocatalytic ability to
degrade methylene blue, because the doping of Au3+ can
broaden the spectral response range. Researchers [87–89]
found that some metal ions such as 19 kinds of Mo5+,
Fe3+, etc. can improve the photocatalytic activity of TiO2,
while some were on the contrary, such as CO3+ and Al3+,
which would accelerate the recombination of electrons and
holes to a certain extent and reduce its photocatalytic activ-
ity. Huang [90] studied the modification of titanium dioxide
by doping La and Ce, and the results showed that when the

doping amount of La and Ce was 1.5wt% and 0.5wt%,
respectively, the transformation of TiO2 from anatase to
rutile phase could be greatly inhibited. Liu [91] studied the
influence of doping amount of Fe3+ on formaldehyde degra-
dation performance of TiO2, and the results showed that
when doped with 0.5% Fe3+, formaldehyde degradation rate
was up to 92.5%.

The action principle of TiO2 doped by metal ion is as
follows [92]:

(1) The position of Ti4+ is replaced by metal ions, caus-
ing lattice distortion. TiO2 produces more defects to
capture free electrons, which improves the photocat-
alytic activity to a certain extent

(2) Metal ions are doped into TiO2, and they can be used
as free electron acceptors to capture them, which
hinders the recombination of carriers

(3) After doping with metal ions, TiO2 forms an impu-
rity level [93], which reduces the band gap width to
a certain extent and widens the spectral response
range.

The following conditions which can improve the photo-
catalytic activity of TiO2 doped by metal ion should be met:

(1) The shallow trapping potential wells for electrons
and holes are formed in TiO2 which is doped with
metal ions. For example, the energy level of Fe3+ is
close to the valence band and conduction band of
TiO2 [94], so TiO2 doped by Fe3+ forms a shallow
trapping potential well, effectively capturing elec-
trons and holes [95, 96]. In recent years, researchers
have achieved outstanding results by doping [97, 98]
titanium dioxide with rare earth elements. The rea-
son is that the 5d vacant orbit of rare earth elements
provides a place for electron migration

(2) Doping with metal ions similar to Ti4+ ion radii
(74.5 pm) (for example, Fe3+, Co3+, Ni3+, and Cr3+

ion radii are 69.0 pm, 68.5 pm, 70.7 pm, and
75.5 pm [99], respectively). Because metal ions with
similar ionic radius are more likely to replace Ti4+,
the band structure of TiO2 is changed, the shallow
trapping potential well is formed, and the photocat-
alytic activity is improved. There is a parabolic
relationship between the concentration of doped
metal ions and the photocatalytic performance
[100, 101], so the photocatalytic activity can be
improved only by doping metal ions with appropri-
ate concentration.

5.4. Nonmetallic Ion Doping. Studies [102, 103] have shown
that N-doped nano-TiO2 can broaden its spectral response
range, which has aroused the attention of scholars at home
and abroad to nonmetal ion doped TiO2. Li [104] believed
that the formaldehyde degradation rate of TiO2−xNx mate-
rial obtained at a solution pH of 5 and calcination tempera-
ture of 500°C could reach 70.18%, and the degradation

CB

VB

Visible light

Dye+Dye

O2

–O2
–

e– e–

Figure 6: Mechanism of dye-sensitized titanium dioxide
photocatalytic reaction.
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reaction complied with first-order kinetics. Liu et al. [105]
used the sol-gel method to prepare the nitrogen-doped
TiO2 film to degrade formaldehyde. The study showed that
the degradation rate of formaldehyde reached 90% within
24 h, and it had excellent stability and reusability. Wang
et al. [106] believe that TiO2 is doped with nitrogen, and
the N2p state near the valence band is the reason for
improving catalytic performance. Palgrave et al. [107] stud-
ied the band gap width of titanium dioxide after nitrogen
doping, and he believed that there was a correlation between
the diffusion path and chemical state of nitrogen atom
doping and TiO2 band gap. Tompsett et al. [108] modified
titanium dioxide by nitrogen atoms and found that nanotita-
nium dioxide had good photocatalytic degradation perfor-
mance under the light condition of 440 nm wavelength.
Zhang et al. [109] studied the photocatalytic performance
of the TiO2 product calcined in NH3 and then calcined in
H2. They found that the synergistic effect of oxygen vacan-
cies and N impurities can improve the efficiency of degrad-
ing pollutants.

The action principle of TiO2 doped by nonmetallic ion is
as follows:

(1) When the oxygen position of TiO2 is replaced by
nonmetallic anions, which can change the distortion
of the TiO2 structure and reduce the recombination
of electron-hole pairs to a certain extent, more elec-
trons and holes can participate in the reaction [110]

(2) The hybridization of O orbital with nonmetallic ions
(such as N3- and C4-) causes the conduction band of
TiO2 to shift down, which reduces the band gap
width of TiO2 and widens the spectral response
range

(3) Nonmetallic anions enter the titanium dioxide lattice
to replace the interstitial sites, forming a deep impu-
rity level. On the one hand, the spectral response
range is broadened; on the other hand, at the deep
impurity level, electrons and holes will recombine.
It has been proven that it is very important to solve
this competitive relationship for improving the pho-
tocatalytic activity. N3-, P3-, C4-, and S2- are common
nonmetallic anions which doped into titanium diox-
ide, among which N3- [111] has the best doping
effect.

In summary, the main methods to broaden the spectral
response range of nano-TiO2 and improve its photocatalytic
performance include noble metal deposition, surface photo-
sensitization, metal ion doping, nonmetal ion doping, etc.

6. TiO2 Loaded on Activated Carbon

Studies at home and abroad have found that nano-TiO2
supported on the carrier (such as silicon dioxide and acti-
vated carbon) to prepare TiO2/AC composite material can

CH3NH3PbI3–3.93

–4.0

–7.3
–5.43

–5.3 –5.1

AuCuSCN

TiO2

VB

CB
hv

e–

h+

E (eV)

Figure 7: Schematic energy level diagram of TiO2 and CH3NH3Pb I3.

CdS
e

CB

VBh
hv

TiO2

Figure 8: Energy band diagram of the CdS-TiO2 composite system.

Table 5: The relationship between TiO2/AC usage times and
formaldehyde degradation rate.

Usage times Formaldehyde degradation rate

1 96.54

2 96.06

3 96.74

4 94.82

5 93.85

6 92.72
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effectively solve the problem of difficult recovery of titanium
dioxide powder and increase the photocatalytic activity of
TiO2. Activated carbon can increase the local concentration
around the catalyst, increase the contact area between pol-
lutants and titanium dioxide, and completely degrade the
intermediate products [112].

Huang et al. [113] studied the layer-by-layer deposition
of photocatalyst TiO2 and activated carbon on electrospun
fibers by electrospray and obtained the NF-P/C multilayer
composite film. It was found that the reason why the com-
posite film has a larger contact area with air pollutants is
because the electrospun nanofibers with a large specific sur-
face area serve as the carrier of the photocatalyst. At the
same time, it is more convenient to access and prevent the
powder from scattering. Wu [114] prepared ACF/photocata-
lyst-free composite materials, which combined adsorption
and catalysis to accelerate the degradation of indoor pollut-
ants such as formaldehyde. Sun et al. [115] studied the deg-
radation effect of TiO2/ACF adsorption catalyst materials on
formaldehyde, and the results showed that the degradation
rate of synergistic materials to formaldehyde can reach
94.06%, and the adsorption capacity of activated carbon for
formaldehyde is 60mg/g, which is much higher than that
of the single activated carbon.

From the study on the degradation of formaldehyde by
the adsorption-catalytic synergistic material prepared by
Wu et al., it can be seen that the degradation rate of HCHO
can be greatly increased after the adsorption-mass transfer-
degradation process. While the supporting body provides a
reaction environment for the catalyst, the AC can be regen-
erated in situ.

Chen et al. [116] explored the effect of the pore structure
and specific surface area of activated carbon on the catalytic

performance of the adsorption-catalytic synergistic material,
and the results showed that the photocatalytic activity of the
synergistic material increased with the increase of the
average pore size and specific surface area of the activated
carbon. At the same time, Lu et al. [117] used the sol-gel
method to support activated carbon with different pore sizes
and specific surface areas on titanium dioxide to degrade tol-
uene, the degradation rate of titanium dioxide supported by
activated carbon with large specific surface area could reach
97%, and the deactivation time of catalyst was significantly
delayed.

It can be seen from the research of Chen and others that
the specific surface area and pore size of activated carbon
have a significant impact on the catalytic degradation perfor-
mance of the adsorption-catalytic synergistic material. Acti-
vated carbon with mesopores and macropores supported
titanium dioxide can significantly improve the photocata-
lytic performance.

Luo et al. [118] studied the dispersibility of TiO2 in syn-
ergistic materials, and they found that titanium dioxide has
excellent dispersibility, with an average particle size of about
40 nm, and the catalyst active sites are evenly distributed, so
the synergistic performance is significantly improved. Wang
[119] studied the dispersibility of titanium dioxide on the
surface of TiO2/AC materials through an electron micros-
copy. They found that titanium dioxide is more uniformly
supported on the surface of activated carbon, but there are
also a small part of titanium dioxide agglomerated particles,
which they believe the particles can reduce the free energy of
the system through agglomeration to improve the load
stability. Xing et al. [120] effectively controlled the agglom-
eration of catalyst particles by controlling the times of sup-
porting TiO2 on the surface of activated carbon.

Table 6: Some previous studies on adsorption and photocatalysis.

Type Researchers Degradation effect of formaldehyde Experimental inquiry factor

Adsorption

Lin et al. [25]
Coconut shell carbon has the highest

adsorption performance for formaldehyde.
Explore the effect of activated carbon pore size

distribution on adsorption performance.

Liu et al. [60]
The adsorption capacity of modified
activated carbon to formaldehyde

is 4.78mg/g.

The adsorption performance of formaldehyde
on phosphoric acid modified and nitrogen

activated carbon was studied.

Liu et al. [62]
The saturated adsorption capacity of

formaldehyde increased by nearly 50%.
H2SO4 modified activated carbon was investigated.

Photocatalytic

Zhu et al. [60]
The degradation rate of formaldehyde
is about 29% without UV irradiation.

Explore the influence of different wavelengths
of light irradiation TiO2 on formaldehyde

degradation.

Zhu et al. [62]
When the relative humidity and blue

light intensity were 13% and 38.5mW/cm2,
the degradation rate of formaldehyde was 77%.

The effect of Au/TiO2 photocatalytic removal
of formaldehyde in gas phase was studied.

Liu et al. [105]
Formaldehyde degradation rate reached

90% within 24 h and has excellent stability.
TiO2 thin films doped with nitrogen were

prepared by the sol-gel method.

Sun et al. [115]
The adsorption capacity of TiO2/ACF
is 60mg/g, which is much higher than

that of activated carbon alone.

The degradation effect of TiO2/ACF adsorptive
catalyst on formaldehyde was studied.

Li et al. [122]
When the TiO2/AC material was used

for six times continuously, the formaldehyde
degradation rate still reached 92%.

The reusability of the adsorption-catalyzed
comaterial was studied.
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Ma and Li [121] explored the influence of nano-TiO2
loading amount on the degradation of formaldehyde by
wood-based activated carbon/TiO2 composite materials.
The study showed that the degradation rate of formaldehyde
first increased and then decreased with the increase of nano-
TiO2 loading amount. Li et al. [122] found that when the
titanium dioxide loading concentration on the surface of
activated carbon increased, the light transmittance would
decrease, so the degradation rate of formaldehyde would
decrease. At the same time, she also studied the repeated
practicability of adsorption-catalytic synergistic materials.
As shown in Table 5, when the TiO2/AC material was used
for six times continuously, the degradation rate of formalde-
hyde still reached 92%.

Hu and Deng [123] studied the position of titanium
dioxide loaded in the pore size of activated carbon by
scanning electron microscopy. By comparing the electron
micrographs of the activated carbon surface before and
after loading, they found that when the catalyst loading
reaches a certain threshold, the transition pores of acti-
vated carbon would be blocked, thus affecting the adsorp-
tion performance.

According to Hu and Deng’s research on the effect of
titanium dioxide loading on the degradation of adsorbates,
when the loading amount reaches a certain threshold, TiO2
will block the macropores and mesopores of activated car-
bon, affecting the migration rate of pollutants and thus
reducing the degradation efficiency. Therefore, the compos-
ite ratio of adsorbent and catalyst should be adjusted to
achieve the best catalytic degradation activity.

Table 6 lists some previous research results. It can be
seen that compared with conventional formaldehyde degra-
dation system, TiO2/AC has significantly improved formal-
dehyde degradation effect.

7. Conclusions and Outlook

According to the different adsorption modes, activated car-
bon adsorption can be divided into physical adsorption
and chemical adsorption. Better pore gradient distribution
speeds up the internal diffusion of formaldehyde in the aper-
ture of activated carbon, improves the physical adsorption
capacity, and increases the number of acidic oxygen-
containing functional groups on the surface of activated car-
bon is conducive to improving the chemical adsorption of
formaldehyde polar molecules. TiO2/AC adsorption and cat-
alytic comaterial prepared by TiO2 supported on activated
carbon is conducive to solving the problem of difficult recy-
cling of catalyst. Through the absorption and concentration
of formaldehyde by activated carbon, it provides a good
reaction environment for photocatalysis and improves the
degradation rate. In the preparation process, metal ion/non-
metal ion doping modification, on the one hand, can effec-
tively broaden the spectral response range and, on the
other hand, to a certain extent, inhibits the recombination
of electrons and holes. If modified TiO2 is loaded on the sur-
face of activated carbon, the adsorption synergistic material
will have great advantages in adsorption catalysis.

With the in-depth study of TiO2 mechanism, TiO2/AC
materials with high removal efficiency, large adsorption
capacity, low energy consumption, and selectivity will be
prepared to improve the preparation level of adsorption-
catalytic comaterials, and TiO2/AC materials will have
broader application prospects.
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