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� O-xylene and acetaldehyde
adsorption could influence the band
structure of TiO2.

� O-xylene was acceptor molecule
while acetaldehyde was donor
molecule.

� Acetaldehyde and o-xylene
adsorption would change the band
structure of TiO2.

� The photocatalysis of o-xylene was
dominant by �OH, while the
photocatalysis of acetaldehyde was
dominant by �O2

�.
g r a p h i c a l a b s t r a c t

Different band bending situations would be formed when o-xylene and acetaldehyde adsorbed on TiO2

surface, and this could result in different generation situations of active radicals.
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Most studies on the photodegradation of volatile organic compounds (VOCs) have focused on the synthe-
sis of efficient photocatalysts. However, little attention has been paid to the band bending change of
semiconductive photocatalysts after the adsorption of VOCs. Herein, we first disclose how the adsorption
of two typical VOCs influences the band bending of P-type rutile TiO2 and consequently changes the
amount of reactive radicals. This provides a new way to understand the experimental phenomenon of
heterogeneous reactions. Theoretical computations of the adsorption model and zeta potential tests both
verified that o-xylene is an acceptor molecule when it adsorbs on the TiO2 surface, and it tends to attract
electrons from TiO2. In contrast, acetaldehyde is a donor molecule. A distinct electron transfer direction
between TiO2 and adsorbed molecules (o-xylene and acetaldehyde) induces a different band bending
degree. O-xylene adsorption alleviates the downward band bending of TiO2 itself, whereas acetaldehyde
adsorption strengthens the downward band bending. The probability of electrons and holes reaching the
TiO2 surface is influenced by this change, which has a considerable influence on the generation of active
radicals. Consequently, o-xylene adsorption leads to more hydroxyl radical generation, and acetaldehyde
adsorption results in less hydroxyl radical generation. As a result, hydroxyl radicals play the predominant
role in the degradation of o-xylene, whereas the photocatalysis of acetaldehyde is dominant for
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Scheme 1. Schematics of the band structure o
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superoxide radicals. In addition, the band bending of a semiconductor induced by gaseous molecule
adsorption has the potential for application in gas sensors to improve sensitivity.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

O-xylene and acetaldehyde are two typical volatile organic
compounds (VOCs) that have attracted much attention [1–6].
These VOCs are very common contaminants in our daily life,
including in indoor and outdoor environments, and they are harm-
ful to human health [7–10]. It is crucial to remove them from our
living environments. For the elimination of VOCs, photocatalysis
is one of the most effective treatments. TiO2 is one of the most pop-
ular photocatalysts because of its non-toxicity, low price, abun-
dance, and good stability [11–19]. Although TiO2 has many
advantages, some challenges still exist when it is applied for the
photodegradation of o-xylene and acetaldehyde. Three main draw-
backs limit the application of TiO2 in gaseous photocatalysis, which
include poor light adsorption, fast recombination of e�–h+ pairs,
and inferior adsorptive capacity [20–24]. To achieve higher photo-
catalytic performance, most studies have focused on various
modifications of TiO2. To make TiO2 possess a visible light response,
Ce-doped TiO2 and carbon quantum dot-decorated TiO2 have been
synthesized to enhance the light harvesting capacity [25,26]. To
restrain the recombination of e�–h+ pairs, Ag@TiO2 and TiO2/TaS2
composites have been synthesized to reduce the charge transfer
resistance [27,28]. To improve the adsorptive capacity, nitrogen-
doped graphene/TiO2 and reduced graphene oxide/TiO2 hybrids
have been synthesized to strengthen gaseous pollutant adsorption
[29,30]. These modifications indeed made TiO2 a more efficient
photocatalyst for the removal of gaseous o-xylene and acetalde-
hyde. However, these studies mostly focused on how to improve
the photocatalytic performance of TiO2 via material modification.
However, for gas–solid photocatalysis, gaseous molecules
adsorbed on the surface of a photocatalyst via physical and chem-
ical adsorption is the first and essential step of photocatalytic reac-
tions. Some reports have verified that the adsorptive effect of
gaseous molecules on the TiO2 surface can influence the band
structure and active radicals of TiO2, which has a considerable
impact on the photocatalytic process [31–33]. For the photocatal-
ysis of o-xylene and acetaldehyde, their adsorptive effect on the
band structure and the active radicals of TiO2 were generally
ignored. Thus, the effect of o-xylene and acetaldehyde adsorption
on TiO2 has not been explored until now, and it deserves to be
investigated in detail.

Owing to the distinct physical and chemical properties of differ-
ent gaseous molecules, the TiO2 surface with different adsorbed
gaseous molecules will have different charge transfer situations
[31]. Some gaseous molecules tend to donate their electrons to
TiO2 when adsorbed on the TiO2 surface, which are called donor
molecules. In contrast, some gaseous molecules tend to accept
electrons from TiO2 when adsorbed on the TiO2 surface, which
are called acceptor molecules. Electron transfer can induce an elec-
f (a) intrinsic TiO2, (b) intrinsic Ti
tric field [34–36], and corresponding band bending will form near
the TiO2 surface. For intrinsic TiO2 (Scheme 1a), upward band
bending can form when an acceptor molecule adsorbs on the
TiO2 surface (Scheme 1b). However, a donor molecule can result
downward band bending (Scheme 1c) [31]. Regarding the direction
of the band bending, if an electron is located at the formed electric
field, as shown in Scheme 1b, the electron will tend to move to the
bulk, and the band will bend upward. Oppositely, if an electron is
located at the formed electric field, as shown in Scheme 1c, the
electron will tend to move to the surface, and the band will bend
downward. This upward or downward band bending will exert
an effect on the separation of e�–h+ pairs and the generation of
active radicals. Therefore, the interaction between TiO2 and gas-
eous molecules should be given much attention and studied
thoroughly.

However, real TiO2 is not an intrinsic semiconductor but either
a P- or N-type semiconductor. As shown in Scheme 2, for N-type
TiO2 (Scheme 2b, c), its EF(bulk) will shift toward the conduction
band. Then, electrons will flow from EF(bulk) to EF(surfasce) until
an equilibrium occurs, which will induce upward band bending
[31]. Thus, the band structure of N-type TiO2 itself shows upward
band bending. However, as shown in Schemes 2d and e, the band
structure of P-type TiO2 shows downward band bending.

Based on the aforementioned ideas, that is, that the interaction
between TiO2 and gaseous molecules deserves to be studied in
depth and real TiO2 is not an intrinsic semiconductor, in this study,
rutile TiO2 was synthesized through hydrolysis and calcination.
The band bending of rutile TiO2 induced by o-xylene and acetalde-
hyde adsorption was investigated, and its effect on the generation
of active radicals was explored. The synthesized rutile TiO2 was
confirmed to be a P-type semiconductor. Furthermore, o-xylene
was confirmed to be acceptor molecule, and acetaldehyde was a
donor molecule according to theory and experiments. Rutile TiO2

with different adsorbed molecules (o-xylene and acetaldehyde)
had distinct band bending situations, and had distinct generation
situations for active radicals. These results could explain the exper-
imental phenomenon of why �O2

� is the dominant radical for
acetaldehyde photocatalysis, while o-xylene photocatalysis is
dominant for �OH. In this study, we not only investigated the inter-
action between TiO2 and adsorbed gaseous molecules in depth but
also expanded the insights to gaseous photocatalysis.
2. Experimental details

2.1. Chemical reagents

Tetrabutyl titanate (TBOT) and ethanol were supplied by Sino-
pharm Chemical Reagent Co. Ltd. DMPO (5,5-dimethyl-1-
O2 with an acceptor molecule, and (c) intrinsic TiO2 with a donor molecule.



Scheme 2. Schematics of the band structures of (a) intrinsic TiO2, (b) (c) N-type TiO2, and (d) (e) P-type TiO2.
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pyrroline N-oxide, a radical scavenger) was supplied by DOJINDO
Laboratories (purity > 99%). Then, 50-ppm o-xylene (50 ppm
acetaldehyde) was supplied by Shanghai Wetry Standard Refer-
ence Gas Analytical Technology Co. Ltd. Deionized water (DI) was
supplied by a Milli-Q system.

2.2. Synthesis of rutile TiO2

First, 7 mL of DI was dispersed in 200 mL of ethanol by sonica-
tion for 10 min. Then, 10.5 mL of TBOT was slowly dropped in
above the DI and ethanol mixture under magnetic stirring. The
obtained suspension was centrifuged and washed with ethanol
and DI three times (8000 rpm). Afterwards, the precipitates were
dried in a vacuum oven at 40 �C for 10 h to obtain a powder sam-
ple. Finally, the powder sample was calcinated at 700 �C for 6 h,
and rutile TiO2 was obtained (Fig. S1). Mole numbers of all reagents
used in the synthesis are listed in Table S1.

2.3. Characterizations

XRD spectra were collected on a X-ray diffractometer from a
Bruker AXS GMBH (Germany). UV–Vis tests were conducted on a
Lambda 950 spectrometer (PerkinElmer). Photoluminescence (PL)
measurements were carried out on a luminescence instrument
(LS-55) using an excited wavelength of 320 nm. Valence band
X-ray photoelectron spectroscopy (XPS) was performed on a
Microlab 310F. The adsorption of o-xylene and acetaldehyde on
the TiO2 surface was achieved using a PCA-1200 (a gas adsorption
apparatus). Zeta potential tests were performed on a zetaPLUS
instrument (Brookhaven Instruments). Electron spin resonance
(ESR) measurements were performed on a JES-FA200 instrument
by using DMPO as the radical scavenger. Mott–Schottky and
photo-current tests were performed on a three electrode system
(CHI 660D). Hall effect plots were made by using a physical prop-
erty measurement system at 300 K (PPMS-9, Quantum Design).

2.4. Evaluation of photocatalytic activity

Gaseous o-xylene and acetaldehyde (concentration: 50 ppm,
flow flux: 20 sccm) were used as the target pollutants to evaluate
the photocatalytic performance. Gas chromatography (GC) was
used to detect the concentrations of the target pollutants. The
reaction chamber was a cuboid vessel sealed by a quartz pane
(size of 15 cm � 8 cm � 1 cm). The powder sample was coated
onto a glass slide for immobilization (size: 12 cm � 5 cm). The
removal ratio (X) of the targeted pollutant was labeled as
X = (1 � C/C0) � 100% in which C0 was the initial concentration
and C was the real-time concentration of the target pollutant
(Irradiation: a 260-W fluorescent lamp, light wavelength:
400 nm, light intensity: 20 mW/cm2).

2.5. Computational details

The first principle calculation was achieved using the Vienna Ab
Initio Simulation (VASP) package. The geometries of the molecules
in the gas and on the rutile TiO2 (1 1 0) surface with different con-
figurations were optimized by using generalized gradient approx-
imation (GGA) implemented by Perdew–Burke–Erzhenhof (PBE).
To account for the weak Van der Waal forces (vdW) between the
gas molecules and the TiO2 (1 1 0) surface, a vdW D correction
method (DFT-D framework) provided by Grimme was used. The
adsorption energy (DEads) was calculated according to Eq. (1):

DEads ¼ EMolecule þ ESurfaceð Þ � EMolecule=Surface ð1Þ
EMolecule represents the energy of a molecule in the gas phase,

ESurface is the slab energy without adsorption, and EMolecule/Surface

is the energy of the surface and molecular complex.

3. Results and discussion

3.1. Identification of the semiconductor type of the synthesized rutile
TiO2

First, the synthesized TiO2 was characterized by XRD. As shown
in Fig. S1, it was confirmed to be the rutile phase (JCPDS No. 21-
1276). As mentioned in the Introduction, real TiO2 itself is not an
intrinsic semiconductor but has a downward or upward band
bending structure, which depends on whether it is P or N type.
Thus, it is necessary to know the semiconductor type of synthe-
sized rutile TiO2. As shown in Fig. 1a, rutile TiO2 showed a negative
slope in the Mott–Schottky plots, indicating that the synthesized
TiO2 was a P-type semiconductor [37,38]. Furthermore, the
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enhancement direction of the photocurrent is a useful indicator to
estimate the type of semiconductor. In general, a positive enhance-
ment in the photocurrent usually occurs for an N-type semicon-
ductor, while P-type semiconductor shows a negative
enhancement in photocurrent [39–41]. As shown in Fig. 1b, the
photocurrent of rutile TiO2 showed an enhancement toward the
negative direction with the illumination of light. This result veri-
fied that the synthesized TiO2 was a P-type semiconductor. In addi-
tion, the Hall effect plots of rutile TiO2 are displayed in Fig. 1c, and
the curve shows a positive slope, which also means it is a P-type
semiconductor [42]. Overall, the synthesized rutile TiO2 was deter-
mined to be a P-type semiconductor, which was confirmed by
three tests (Mott–Schottky plots, photocurrent response, and Hall
effect plots). Thus, the band structure of rutile TiO2 was clear. It
had a downward band bending structure because of the P type
semiconductor characteristic (Scheme 2e). However, to study the
interaction of rutile TiO2 with gaseous pollutants (o-xylene and
acetaldehyde), another important aspect to know was the electron
transfer properties of the gaseous pollutants (o-xylene and
acetaldehyde).
3.2. Electron transfer properties of the gaseous pollutants (o-xylene
and acetaldehyde)

To understand the electron transfer between TiO2 and gaseous
molecules, the most important thing to know is their detailed
adsorption mode. The adsorption modes of o-xylene and acetalde-
hyde on the TiO2 surface were investigated through theoretical
computations. As shown in Fig. S1 (XRD spectrum), the strongest
diffraction peak for rutile TiO2 was for the (1 1 0) facet, which
meant (1 1 0) was the main crystal facet of this studied TiO2. There-
fore, the theoretical computation was performed on the TiO2

(1 1 0) facet with the corresponding gaseous molecule. The adsorp-
tion of o-xylene on the TiO2 surface is shown in Fig. S2. There were
five adsorption modes in total, which are labeled as O1, O2, O3, O4,
and O5. The adsorption energies of O1–O5 were 0.1592, 0.0712,
0.0752, 0.01928, and 0.00127 eV, respectively. In general, the big-
ger the adsorption energy, the more stable the corresponding
adsorption mode. Thus, type O1 was the most stable adsorption
mode for o-xylene adsorption. Fig. S3 shows the adsorption mode
of acetaldehyde on the TiO2 surface. Six kinds of adsorption modes
were observed, which are denoted as A1, A2, A3, A4, A5, and A6.
The adsorption energies of A1–A6 were 0.686, 0.67, 0.616, 0.508,
0.462, and 0.32 eV, respectively. It was obvious that type A1 was
the most stable adsorption mode for acetaldehyde adsorption. In
summary, O1 and A1 were the most stable adsorption modes for
o-xylene and acetaldehyde adsorption, respectively. Therefore,
the charge density difference of O1 and A1 was computed to
explore the electron transfer between TiO2 and these gaseous
molecules. The charge density difference for O1 is shown in
Fig. 1. (a) Mott–Schottky plots for rutile TiO2, (b) photocurrent re
Fig. 2a, while Fig. 2b shows the charge density difference for A1.
In these two images, green is the electron-rich region, while yellow
represents the electron-depleting region. For o-xylene adsorption
(Fig. 2a), the green region mainly focused on the o-xylene mole-
cule. Thus, the electrons tended to flow from TiO2 to o-xylene,
which meant o-xylene here was an acceptor molecule. In contrast,
for acetaldehyde adsorption (Fig. 2b), the green region mainly cen-
tralized on TiO2. Thus, in this case, acetaldehyde tended to donate
its electrons to TiO2 as a donor molecule. To summarize, in this
case, o-xylene was confirmed to be an acceptor molecule, whereas
acetaldehyde acted as a donor molecule, according to theoretical
computations. In addition, these results are also in good agreement
with some previous studies [43,44].

In addition to theoretical computations, zeta potential tests
were conducted to explore the electron transfer of TiO2 with differ-
ent adsorbed molecules. Zeta potentials can reflect the electrical
charge of the TiO2 surface. Fig. 3a shows the zeta potential curve
of bare TiO2. As shown, TiO2 has different zeta potential values at
different pH. Here, TiO2 with adsorbed acetaldehyde is labeled as
TiO2-ACEAds, and TiO2 with adsorbed o-xylene is labeled as TiO2-
OXYAds. Fig. 3b shows the zeta potential curves for TiO2, TiO2-
ACEAds, and TiO2-OXYAds at a pH of 5.74. Clearly, the zeta potential
of TiO2 was approximately �31 mV for the three cyclic tests. How-
ever, TiO2-ACEAds had a more positive zeta potential (approxi-
mately �18 mV) compared with that of TiO2, and TiO2-OXYAds

had a more negative zeta potential (approximately �38 mV) com-
pared with that of TiO2. As mentioned in Scheme 1b, the acceptor
molecule tended to accept the electrons of TiO2 when it adsorbed
onto the TiO2 surface, and this made the TiO2 surface more nega-
tively charged. For the donor molecule, it tended to donate its elec-
trons to TiO2 when it adsorbed onto the TiO2 surface, and this made
the TiO2 surface more positively charged (Scheme 1c). Thus, the
results of the zeta potential tests verified that o-xylene was an
acceptor molecule and acetaldehyde was a donor molecule. In
summary, we confirmed both theoretically (Fig. 2) and experimen-
tally (Fig. 3) that o-xylene acted as an acceptor molecule and
acetaldehyde acted as a donor molecule.
3.3. Band bending of TiO2 induced by o-xylene and acetaldehyde
adsorption

Based on the aforementioned analyses, two critical problems
were solved. One was that the synthesized rutile TiO2 was a P-
type semiconductor with a downward band bending structure.
The second was that o-xylene acted as an acceptor molecule, while
acetaldehyde acted as a donor molecule. Therefore, the interaction
between TiO2 and the gaseous molecules could be studied in detail.
Acceptor molecules can induce upward band bending when
adsorbed on the TiO2 surface, whereas downward band bending
would be generated if a donor molecule was adsorbed (Scheme 1).
sponse for rutile TiO2, and (c) Hall effect plots for rutile TiO2.



Fig. 2. Charge density differences for (a) O1 and (b) A1 (Green shows the electron-
rich region, and yellow shows the electron-depleting region). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Thus, o-xylene adsorption can induce upward band bending of
rutile TiO2, and acetaldehyde adsorption can induce downward
band bending of rutile TiO2. As shown in Fig. 4a–c, acetaldehyde
can donate its electrons to rutile TiO2 because it is a donor mole-
cule. Then, an electric field can form at the interface of rutile
TiO2 and acetaldehyde (Fig. 4c), and downward band bending
can occur at the same time. Fig. 4a, d, and e show the charge trans-
fer process between rutile TiO2 and o-xylene. O-xylene acted as an
acceptor molecule, and it can extract the electrons of rutile TiO2.
Thus, in contrast, the charge transfer at the interface of rutile
TiO2 and o-xylene (Fig. 4e) induced upward band bending.

Combining the fact that the rutile TiO2 is a P-type semiconduc-
tor and that of acetaldehyde adsorption induced downward band
bending, whereas o-xylene adsorption induced upward band bend-
ing, the band structure considering the interaction of TiO2 and
these gaseous molecules could be obtained. As shown in Fig. 5a,
rutile TiO2 had a downward band bending structure because it is
P-type semiconductor. The extent of downward band bending of
TiO2-ACEAds would be strengthened owing to the positive effect
of acetaldehyde (Fig. 5a–c). For TiO2-OXYAds, the extent of its
downward band bending was alleviated because of the negative
effect of o-xylene (Fig. 5a, d and e). To confirm these band structure
changes, some experimental evidence was required.

Photoluminescence (PL) spectroscopy is a nondestructive and
contactless measurement that can be used to test band-bending
changes [45,46]. The band-bending region in the near surface
was approximately equal to the electric field region, which
Fig. 3. (a) Zeta potential curve for TiO2 as a function of different pH and (b) Ze
resulted from electron transfer of TiO2 and the gaseous molecules
[31]. The existence of this near surface electric field can facilitate
the separation of photo-induced electron–hole pairs [32,33]. Thus,
the recombination of the photo-induced electron–hole pairs in the
band-bending region would be considerably depressed because of
this electric field. Therefore, there was little PL emission coming
from the band-bending region, and this region is called the dead
layer, whereas the rest of the region of the band is called the active
PL region. Thus, the change in the PL intensity could reflect the
band structure change of TiO2 with different adsorbed molecules.
Based on the results shown in Fig. 5, it was verified that acetalde-
hyde adsorption strengthened the downward band bending of
rutile TiO2, and o-xylene adsorption alleviated it. Fig. 6a–c show
the band structure of rutile TiO2, TiO2-OXYAds and TiO2-ACEAds,
respectively. Briefly, the length of the dead layer of TiO2-OXYAds

(Fig. 6b) was shorter compared with that of rutile TiO2 (Fig. 6a).
However, the length of the dead layer of TiO2-ACEAds (Fig. 6c)
was longer compared with that of TiO2 (Fig. 6a). Oppositely, the
active PL region of TiO2-OXYAds was longer, whereas that of TiO2-
ACEAds was shorter in comparison to that of rutile TiO2. Therefore,
PL tests were conducted to evaluate the band structure change of
TiO2 with different adsorbed molecules. As shown in Fig. 7a, the
PL intensity of TiO2-ACEAds became weaker with increasing adsorp-
tion time compared with that of TiO2, which meant acetaldehyde
adsorption on the TiO2 surface could shorten the active PL region.
As shown in Fig. 7b, the PL intensity of TiO2-OXYAds became stron-
ger with increasing adsorption time compared with that of TiO2,
which meant o-xylene adsorption on the TiO2 surface lengthened
the active PL region. Thus, the PL results verified the effect of
acetaldehyde and o-xylene on the band structure of TiO2 experi-
mentally (Fig. 5). In addition to PL tests, X-ray photoelectron spec-
troscopy (XPS) is also a common measurement used to evaluate
the change in band structure [47–49]. Fig. 8a shows the valance
band XPS spectra for TiO2, TiO2-OXYAds, and TiO2-ACEAds, and
Fig. 8b shows a partially enlarged spectra from that in Fig. 8a. As
shown in Fig. 8b, the valance band positions of TiO2, TiO2-OXYAds,
TiO2-ACEAds were at 2.78 eV, 2.61 eV, and 2.96 eV (versus
NHE = 0). Compared with TiO2 (2.78 eV), TiO2-OXYAds had a valence
band position of 2.61 eV, which meant its valence band shifted
upward. For TiO2-ACEAds, it had a valance band position of
2.96 eV, which meant its valence band shifted downward. These
results were in good agreement with those in Fig. 5. In summary,
both PL and valence band XPS experimentally verified the effects
of the gaseous molecules (o-xylene and acetaldehyde) on the band
structure of TiO2 (Fig. 5). Moreover, Fig. S4 shows the UV–Vis spec-
tra of TiO2, TiO2-ACEAds-2h, and TiO2-OXYAds-2h, and there was
ta potential curves for TiO2, TiO2-ACEAds, and TiO2-OXYAds at a pH of 5.74.



Fig. 4. (a)–(c) Charge transfer process for rutile TiO2 with acetaldehyde and (a) (d),(e) charge transfer process for rutile TiO2 with o-xylene.

Fig. 5. (a)–(c) Band structure change from rutile TiO2 to TiO2-ACEAds and (a),(d),(e) band structure change from rutile TiO2 to TiO2-OXYAds.

Fig. 6. (a) Band structure of rutile TiO2, (b) TiO2-OXYAds, and (c) TiO2-ACEAds.
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almost no difference in their UV–Vis spectra. Namely, band bend-
ing had no influence on the light adsorption.

3.4. Effects of o-xylene and acetaldehyde adsorption on active radical
generation

A band structure change of TiO2 induced by gaseous molecule
adsorption will affect the generation of active radicals. It is well
accepted that �O2
� and �OHwould be generated through the reaction

of O2 + e� ? �O2
� and H2O + h+ ? �OH + H+. Therefore, the probabil-

ity of electrons and holes reaching the TiO2 surface has a consider-
able influence on the generation of active radicals. Fig. 9 shows the
corresponding energy barrier change of TiO2 after gaseous mole-
cule adsorption. Taking holes for example, the energy barrier of
reaching the TiO2 surface changed with different gaseous molecule
adsorptions. As shown in Fig. 9b, owing to the alleviated down-



Fig. 7. (a) PL spectra of TiO2, TiO2-ACEAds-0.5 h, and TiO2-ACEAds-2 h and (b) PL spectra of TiO2, TiO2-OXYAds-0.5 h, and TiO2-OXYAds-2 h.

Fig. 8. (a) Valance band XPS spectra of TiO2, TiO2-ACEAds and TiO2-OXYAds and (b) enlarged valence band XPS spectra of TiO2, TiO2-ACEAds, and TiO2-OXYAds.
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ward band bending, the energy barrier of holes of TiO2-OXYAds

decreased compared with that of TiO2 (Fig. 9a). However, for
TiO2-ACEAds (Fig. 9c), it had a higher energy barrier for holes com-
pared with TiO2. Thus, TiO2-OXYAds would generate more hydroxyl
radicals (�OH), while TiO2-ACEAds would generate less hydroxyl
radicals in the photocatalysis process. For the generation of super-
oxide radicals (�O2

�), it should have the opposite generation situa-
tion to that of �OH because the electric property of electrons is
opposite to that of holes.

To monitor the generation of active radicals (�O2
�, �OH), electron

spin resonance (ESR) tests were conducted. As shown in Fig. 10a,
there was little difference observed in the �O2

� ESR signals of TiO2,
TiO2-OXYAds, and TiO2-ACEAds. This could be related to the proba-
Fig. 9. (a) Schematics of the energy barriers of rut
bility of electrons reaching the TiO2 surface. As shown in Fig. 9,
the photo-induced electrons reaching the TiO2 surface need not
overcome any energy barrier. Thus, different band-bending situa-
tions (Fig. 9a–c) would not have a considerable effect on the pro-
cess of electrons reaching the TiO2 surface. Therefore, this could
be responsible for the little difference observed in the �O2

� ESR sig-
nals of three samples (Fig. 10a). Regarding the generation of �OH,
obvious differences were observed between TiO2, TiO2-OXYAds,
and TiO2-ACEAds (Fig. 10b). TiO2-OXYAds had much stronger �OH
ESR signals compared with those of TiO2, whereas the �OH ESR
intensity of TiO2-ACEAds was much lower compared to that of
TiO2 (Fig. 10b). As is well known, the generation of �OH is related
to the probability of holes reaching the TiO2 surface. As shown in
ile TiO2, (b) TiO2-OXYAds, and (c) TiO2-ACEAds.



Fig. 10. (a) ESR signals of superoxide radicals (�O2
�) of TiO2, TiO2-OXYAds, and TiO2-ACEAds (b) ESR signals of hydroxyl radicals (�OH) of TiO2, TiO2-OXYAds, and TiO2-ACEAds.
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Fig. 9, the photo-induced holes reaching the TiO2 surface need to
overcome the energy barrier. As mentioned, owing to the allevi-
ated downward band bending (Fig. 9b), the energy barrier of the
holes of TiO2-OXYAds became lower compared with that of TiO2

(Fig. 9a). However, for TiO2-ACEAds (Fig. 9c), it had a higher energy
barrier for holes compared to that of TiO2 (Fig. 9a). Thus, TiO2-
OXYAds tended to generate more �OH, whereas TiO2-ACEAds tended
to generate less �OH compared with TiO2. This was in good agree-
ment with the results of the �OH ESR tests (Fig. 10b). In summary,
different band-bending situations (Fig. 9) can affect the probability
of electrons and holes reaching the TiO2 surface. To reach the TiO2

surface, holes need to overcome an energy barrier, whereas elec-
trons do not. Therefore, the generation of �OH was influenced con-
siderably, whereas the generation of �O2

� was influenced slightly,
and this was verified by the ESR tests (Fig. 10).

To investigate the roles of active radicals (�O2
�, �OH) in the pho-

todegradation of o-xylene and acetaldehyde, controlled atmo-
sphere experiments were carried out. As shown in Fig. 11, there
were three different atmospheric conditions. The N2 + O2 + H2O
atmosphere ensured that both �O2

� and �OH were generated and
effective in the photocatalysis process. Similarly, the N2 + O2 atmo-
sphere ensured that only �O2

� was generated and effective, while
the N2 + H2O atmosphere ensured that only �OH was generated
and effective. As shown in Fig. 11a, for the photodegradation of
o-xylene, �OH played the predominant role (N2 + H2O), and �O2

�

Fig. 11. (a) Photodegradation of o-xylene by TiO2 under different controlled atmosphe
atmospheres.
played the secondary role (N2 + O2). In contrast, for the pho-
todegradation of acetaldehyde (Fig. 11b), the predominant radical
was �O2

� (N2 + O2), whereas the secondary radical was �OH
(N2 + H2O). These results could be well explained by the aforemen-
tioned band structure changes (Fig. 9) and radical generation situ-
ations (Fig. 10). In summary, the interaction between TiO2 and the
gaseous molecules was verified, and the effect of gaseous molecule
adsorption (o-xylene and acetaldehyde) on the photocatalysis was
verified. Furthermore, to confirm the universality, ZnO with differ-
ent adsorbed gaseous molecules was selected for ESR tests. As
shown in Figs. S5, 6, for ZnO with adsorbed o-xylene and acetalde-
hyde, the generation of �OH was influenced considerably, while the
generation of �O2

� was influenced only slightly, which was in agree-
ment with the results for TiO2. This indicates that the adsorbed
molecules had an influence not only on the generation of radicals
from TiO2 but also on that of another semiconductor (ZnO).

Briefly, compared with literature studies that have focused on
the synthesis of efficient photocatalysts [25–30], there were two
main novel parts of this study. First, the effect of o-xylene and
acetaldehyde adsorption on the band structure of TiO2 was taken
into account and investigated. Thus, more attention can be given
to the interaction itself between photocatalysts and VOCs in the
future. However, the change in band bending induced by o-
xylene and acetaldehyde adsorption had a considerable impact
on the generation of active radicals (�O2

�, �OH). This can provide
res and (b) photodegradation of acetaldehyde by TiO2 under different controlled



382 Q. Zeng et al. / Journal of Colloid and Interface Science 572 (2020) 374–383
new insights into the design and optimization of the band struc-
tures of photocatalysts.

4. Conclusions

In summary, the effect of electron transfer between TiO2 and
adsorbed molecules on band structure was taken into account.
The synthesized rutile TiO2 itself had a downward band bending
structure. O-xylene was confirmed to act as an acceptor molecule,
and acetaldehyde was confirmed to be a donor molecule both the-
oretically (Charge density difference) and experimentally (zeta
potential tests). O-xylene adsorption alleviated the downward
band bending of TiO2, whereas acetaldehyde adsorption strength-
ened the downward band bending of TiO2, which was verified
experimentally by PL and valence band XPS measurements. Thus,
more attention should be given to the interaction between photo-
catalysts and VOCs in the future. The change of band bending
induced by o-xylene and acetaldehyde adsorption had a consider-
able impact on the generation of active radicals (�O2

�, �OH). As a
result, the generation of �OH was influenced considerably, whereas
the generation of �O2

� was influenced slightly, which was confirmed
by ESR tests. These results could well explain the experimental
phenomenon that �O2

� is the dominant radical for acetaldehyde
photocatalysis and �OH is the dominant radical for o-xylene photo-
catalysis. This provides new insights into the design and optimiza-
tion of the band structures of photocatalysts. Briefly, this work not
only investigated the interaction between TiO2 and adsorbed gas-
eous molecules in depth but also expanded insight into gaseous
photocatalysis.
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