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H I G H L I G H T S

• The most stable adsorption mode of
phosphoric acid on anatase TiO2 (101)
surface is demonstrated.

• Phosphoric acid modified TiO2 shows
a remarkable photocatalytic activity.

• The main intermediates of gaseous o-
xylene degradation on PT0 and PT1
surface are identified.

• The influence of surface phosphoric
acid on photodegradation inter-
mediates of gaseous o-xylene is pro-
posed.

G R A P H I C A L A B S T R A C T

H3PO4 adsorbed on TiO2 by forming H–O2C and =O–Ti5C bonds, further change o-xylene adsorption config-
uration to favor its methyl oxidation.
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A B S T R A C T

For the oxide-based photocatalysts, polyoxylic acid modification can affect their adsorption/desorption prop-
erties and further regulate photocatalytic reaction pathway, which is crucial for enhancing photocatalytic ac-
tivity and selectivity. Herein, phosphoric acid modified TiO2 was synthesized by a facile impregnation-calci-
nation method for photocatalytic degradation of gaseous o-xylene. According to FTIR, XPS, and EDS analysis,
phosphoric acid was anchored on the surface of TiO2 successfully. The surface P atomic percentages for PT1 was
2.45%. The as-prepared phosphoric acid modified TiO2 (PTx) had a photocatalytic performance superior to that
of commercial TiO2 and unmodified TiO2 (PT0), with increasing by 2.2 times at most. Interestingly, the phos-
phoric acid molecules strongly adsorbed on anatase TiO2 surface by forming H–O2C and =O–Ti5C chemical
bonds according to the first principle calculations, which changed TiO2 surface properties (specific surface area
and surface negative electrostatic field) and further improved adsorption and charge carrier separation and
transfer, thus improving the photocatalytic activity. Additionally, according to the intermediates results, the
relative abundance of intermediates shows obvious difference. Acetone was detected as the most abundant
intermediates during o-xylene degradation for PT0, whereas that was o-methyl benzaldehyde for PT1, which
could be ascribed to the difference of surface adsorption configuration of o-xylene. According to the tempera-
ture-programmed desorption (TPD) results, the surface modified by phosphoric acid could change the o-xylene
adsorption configuration to favor its methyl oxidation (standing configuration), whereas the unmodified surface
could be more favorable to the benzene ring-open reaction (lying configuration). This work will deepen the
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understanding of the relevance of surface modification and surface photocatalytic reaction, which also provides
a feasible strategy to improve photocatalytic selectivity.

1. Introduction

Over the last few decades, environmental problems, especially air
pollution, have seriously threatened human health [1–3]. Volatile organic
compounds (VOCs) represent an important class hazardous air pollutant, of
which most are considered potentially mutagenic and carcinogenic to
human beings [4,5]. Up to now, some conventional treatment techniques
including adsorption [6,7], membrane separation [8], thermal catalysis
[9,10], ozone oxidation [11], biological purification [12], and plasma
treatment [13,14] are widely applied to eliminate VOCs, but some of them
are nondestructive and need high energy consumption. Recently, photo-
catalytic oxidation (PCO), efficient and environmentally friendly, has been
increasingly used to removal VOCs [15–17].

For expanding the applications of PCO technology, high efficiency and
selectivity, long lifetime and low-cost photocatalyst materials are desired.
Titanium dioxide is always considered as the most promising candidate
among many photocatalysts. To advance this promising photocatalyst,
various modification strategies were proposed [18–24]. Moreover, many
previous works were proposed on photocatalyst preparation and mod-
ification for removal of VOCs. Matsuda et al. [25] used a sol-gel method
and treated with polyethylene glycol to prepare a transparent porous
anatase-type nanocrystalline silicon dioxide film, which had higher pho-
tocatalytic degradation activity for removal gaseous acetaldehyde. Zhang
et al. [26] prepared Ag/AgBr/TiO2 composites by a deposition precipita-
tion method, which was mainly used for photocatalytic degradation of
VOCs. It is more stable under ultraviolet and visible light, and has better
photocatalytic efficiency for benzene, acetone, etc. than P25. Jo et al. [27]
prepared nitrogen-doped N-TiO2 and evaluated the photocatalytic de-
gradation ability of modified and unmodified pure TiO2 for VOCs. The four
target gases (ethylbenzene, p-xylene, m-xylene, o-xylene), the degradation
rate of the ring reactor coated with N-TiO2 materials are higher than 90%,
which is significantly better than the degradation efficiency of the reactor
coated with TiO2. A.H. Mamaghani et al. [28] developed a novel hydro-
thermal route to synthesize crystalline and hierarchically porous TiO2

under acidic/basic reaction environment for MEK degradation and in-
vestigated the effect of photocatalyst features (crystallinity, surface area,
crystal size, OH population, and porosity) and operation parameters (inlet
concentration, airflow rate, and relative humidity) on photocatalytic ac-
tivity, which suggested the importance of finding the best balance between
surface area, crystal size, crystallinity, OH density, and meso-porosity to
optimize the photoactivity. These preparation and modification methods
for removal of VOCs either have complicated and time-consuming steps or
have ambiguous mechanism on degradation intermediates and structure-
property relationship. Surface modification by inorganic acid was con-
sidered as a facile, effective method to improve photocatalytic activity of
TiO2 for degrading VOCs. On the one hand, surface acid modification will
avoid the light shielding effect caused by composites. On the other hand,
the surface acid modification method is simple and efficient, and it is more
favorable to degrade gaseous pollutants than aqueous pollutants because
surface complex could be easily attacked by water molecules and further
desorbs in the liquid phase, which can be avoided in the gas phase [29,30].
It was reported that phosphate, widely present in the natural world, can
adsorb strongly on the surface of TiO2 by surface complex, which can
greatly influence the interfacial and surface chemistry of TiO2 [31]. Hence,
phosphoric acid was chosen as phosphate source to modify TiO2. There
have been many previous reports focusing on phosphoric acid surface
modification. For example, Jung won Kim et al. [32] reported that surface
modified TiO2 (P-TiO2/Pt) was prepared by a simple two-step method
using phosphoric acid (as phosphate source) and chloroplatinic acid (as
platinum source). P-TiO2/Pt showed a significantly higher photocatalytic

activity than any of bare TiO2, P-TiO2, and Pt/TiO2 for the degradation of
phenolic compounds. The authors also pointed out that the surface phos-
phoric acid modification that replace the surface hydroxyl groups on TiO2

favored the formation of unbound OH radicals instead of surface-bound OH
radicals. Qin et al. [33] modified Degussa P25 TiO2 with the phosphoric
acid and showed the surface modification improved the thermal stability
which was closely related to the inhibition effect of phosphate group on the
surface mass diffusion as well as the directing connection of TiO2 nano-
particles. Bai et al. [34], Chen et al. [35] and Cui et al. [36] suggested
surface acid treatment not only influenced the morphology and structure
properties, but also modulated electrons capture by promoting O2 ad-
sorption. Wu et al. [37] co-modified residual chlorine rutile TiO2 nanorods
with phosphoric and boric acids and tested the photocatalytic activity to-
wards gas-phase acetaldehyde and liquid-phase phenol. The authors con-
firmed the targeted co-modification could greatly promote the capture of
the photogenerated electrons, thus improving the photocatalytic activity.
Hence, based on the previous reports, few studies focused on how phos-
phoric acid adsorbed on the surface at the molecular level and what the
influence of modified surface on the photodegradation intermediates is,
which is crucial for understanding the relationship between surface acid
modification and surface photodegradation reaction. During VOCs photo-
degradation reaction, given the short residence time of reactants and ad-
sorption competition, many oxidation intermediates are generated [38,39].
In fact, generation of intermediates is one of the main concerns associated
with PCO application since some of these intermediates can be even more
toxic than their parent compounds [40,41]. O-xylene, a typical aromatic
VOC, is delivered to the atmosphere via natural and industrial operations
[42,43], also used as a solvent and cleaning agent in different industrial
process. The o-xylene derivatives might cause headache, dizziness, kidney
and coronary disease, exhaustion. Therefore, it is critical to eliminate o-
xylene in the indoor air environment and investigate their oxidation in-
termediates mechanism.

The objective of this work is helping the targeted design of TiO2-
based photocatalyst by understanding of how phosphoric acid adsorbed
on the surface at the molecular level and what the influence of modified
surface on the photodegradation intermediates is. Herein, phosphoric
acid modified TiO2 was synthesized by a facile impregnation-calcina-
tion method for photocatalytic degradation of gaseous o-xylene. The
different adsorption configurations and corresponding LDOS and elec-
tron density difference (EDD) were calculated for understanding the
adsorption mode of phosphoric acid and its influence on the surface.
The as-prepared phosphoric acid modified TiO2 (PTx) had a photo-
catalytic performance superior to that of commercial TiO2 and un-
modified (PT0). Moreover, possible surface reaction process on both
surfaces was proposed.

2. Experimental

2.1. Chemicals and materials

Commercial titanium dioxide (TiO2, Anatase) was purchased from
Aladdin Industrial Corporation. Phosphoric acid (H3PO4, wt% ≥ 85%)
was purchased from Sinopharm Chemical Reagent Co., Ltd. Absolute
ethanol was supplied by Shanghai Zhenxing Co., Ltd. Deionized (DI)
water was produced by a Milli-Q system (R > 18.1MΩ). P-benzoqui-
none (PBQ) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) were
purchased from Aladdin Industrial Corporation. All chemicals used in
our study were of analytical grade and used without further purifica-
tion.
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2.2. Synthesis of phosphoric acid modified TiO2

Briefly, 0.5 g of commercial TiO2 was added into a plastic bottle
containing 5 mL absolute ethanol and 25 milling balls. Then it was
milled for 24 h, marked as suspension A. At the same time, an appro-
priate amount of phosphoric acid was added into a beaker containing
25 mL deionized water, followed by stirring for 2 h, marked as solution
B. Then suspension A was dropped into solution B, with the mixed
suspension stirring for 2 h. After that, the mixed suspension was cen-
trifuged and washed by deionized water several times until the pH of
supernatant was 7 or neutral, and then dried at 80 °C. Then the sample
was heated to 450 °C at a heating rate of 5 °C/min, kept at 450 °C for
0.5 h, and then naturally cooled to room temperature in a muffle fur-
nace to obtain phosphoric acid modified TiO2. The samples were de-
noted as PTx, where x represented the mass ratio of added phosphoric
acid and TiO2. Commercial TiO2 was also used for comparison. Here,
the commercial TiO2 is anatase TiO2 without any further treatment,
purchased from Aladdin Industrial Corporation. The PT0 is prepared by
impregnation-calcination method without adding phosphorous acid,
using commercial TiO2.

2.3. Characterization

The morphologies, nanostructures and composition of samples were
observed by Field Emission Scanning Electron Microscope (FE-SEM,
Magellan 400) and Transmission Electron Microscope (TEM, FEI
Electron Optics, Tecnai G2 F20). The elemental mapping analysis was
determined using Energy Dispersive Spectrometer (EDS). X-ray dif-
fraction (XRD) were carried out on a high-resolution powder X-ray
diffractometer (BRUKER AXS GMBH, D8 ADVANCE) using Cu Ka ra-
diation (λ = 0.15418 nm, 2θ varied from 20° to 80°, 8°/min). Fourier
transform infrared (FTIR) spectra were collected by a Thermofisher
iN10 iZ10 infrared spectrophotometer with a KBr pellet technique. X-
ray photoelectron spectroscopy (XPS) and valance band XPS (VB-XPS)
experiments were carried out on a RBD upgraded PHI-5000C ESCA
system (Perkin Elmer) with MgKα radiation (1253.6 eV). Raman
spectra were collected by a DXR Raman Microscope using a laser with
an excitation wavelength of 532 nm at laser power of 7 mW (Thermal
Scientific Corporation, USA). The Brunauer–Emmett–Teller (BET) spe-
cific surface area of the samples was measured by a Micromeritics ASAP
3000 nitrogen adsorption apparatus (All the samples were degassed at
120 °C for 5 h before nitrogen adsorption measurements were taken).
UV-vis diffuse reflectance spectra were obtained on a Shimadzu UV-
3600 spectrometer by using BaSO4 as reference. Photoluminescence
(PL) spectra were tested at room temperature by an Edinburgh
Instruments FLSP-920 fluorescence spectrophotometer with an excita-
tion wavelength of 320 nm. Photocurrent response and electrochemical
impedance characterization were carried out on a CHI 660D electro-
chemical workstation with a conventional three-electrode quartz cell.
The working electrodes were prepared by coating sample suspension
(containing 50 mg sample and 2 mL absolute ethanol) onto the cleaned
FTO glass (1.0 * 2.5 cm). Platinum plate and Ag/AgCl electrode were
used as counter electrode and reference electrode, respectively.
Photocurrent response for the electrodes were measured under 0.2 V
versus Ag/AgCl. NaCl solution (100 mL, 1 mol/L) was used as an
electrolyte solution. An AM1.5G solar power system was used as light
irradiation source. Electrochemical impedance spectra (EIS) were
measured by applying 5 mv alternative signal versus the reference
electrode over the frequency range of 0.1 Hz–1 MHz. The 100 mL of
0.1 mol/L KCl, 1 mmol/L Fe(CN)2 and Fe(CN)3 was utilized as an
electrolyte solution. Electron spin resonance (ESR) signals of radicals (%
OH and %O2

−) spin-trapped by 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) in water or ethanol were detected by a JES-FA200 spectro-
meter. Temperature-programmed desorption (TPD) measurements of
photocatalysts were conducted on ChemiSorb PCA-1200 instrument
(Builer, China). Briefly, sample powder (0.1 g) was pretreated in a

quartz tube at 120 °C for 1 h under a high-pure N2 flow, and then the
temperature was cooled to 30 °C. For gaseous o-xylene adsorption sa-
turation, the sample was continuously blown with 50 ppm o-xylene for
2 h at 30 °C. After adsorption, the sample was flushed with high-pure N2

flow to remove the physically adsorbed o-xylene on the powders. An o-
xylene-TPD profile of the sample was recorded by increasing the tem-
perature from 30 °C to 800 °C at a heating rate of 10 °C/min under high-
pure N2 flow.

2.4. Photocatalytic experiments and intermediates detection

Photocatalytic degradation experiments of gaseous o-xylene were
carried out on a continuous, automated, gas flow photocatalytic real-
time test system equipped with a gas mixer, a cuboid reactor
(15 * 8 * 1 cm) and gas chromatograph (Fig. S1). First, 0.1 g sample was
mixed with 10 mL ethanol, and then the suspension was doctor-blade
coated on glass plate (12 * 5 cm), which was placed into a reaction
chamber and sealed with a quartz glass. Then 25 ppm o-xylene flowed
through the reaction chamber at a flow rate of 40 mL/min. The re-
sidence time was calculated to be 2.4 min (residence time = 120 mL/
40 mL/min * 12 cm/15 cm= 2.4 min). After the adsorption–desorption
equilibrium between gaseous o-xylene and photocatalyst surface was
established in the dark for 2.5 h, the lamp was turned on. Herein, a
300 W xenon lamp was utilized to provide simulated sunlight irradia-
tion with a light density of 80 mW/cm2 measured with THORLABS
GmbH (PM100D; S314C detector). And the distance between sample
and irradiation source was ca. 30 cm. Finally, the concentrations of o-
xylene during the photocatalytic degradation process were monitored
by a gas chromatography (equipped with a flame ionization detector).
The degradation efficiency of o-xylene was calculated by using the
formula: (1 − C/C0) × 100%, where C0 was the initial concentration
and C was the concentration of o-xylene at different time intervals. The
intermediate products of photocatalytic degradation of gaseous o-xy-
lene were identified by a gas chromatography-mass spectrometer
(Thermo Fisher Scientific, TSQ 8000 Evo). Before the GC-MS analysis,
the PT0 and PT1 sample powder collected after 240 mins photocatalytic
reaction was heated at 200 °C for 5 min. Gaseous intermediates des-
orbed from the surface were analyzed by GC-MS. The column tem-
perature program of GC was set as follows: the initial temperature was
35 °C for 3 min, then increased up to 280 °C and remained at this
temperature for 3 min. The injector temperature was 280 °C. Helium
was used as the carrier gas. Mass spectrometric detection was operated
with 70 eV electron impact (EI) mode and the ionization temperature
was 250 °C. The scavenger experiment was the same as photocatalytic
experiment. The difference was that the scavenger experiment needed
to add ROS scavenger (2,2,6,6-tetramethylpiperidine oxide, TEMPO, %
OH scavenger and p-benzoquinone, PBQ, %O2

− scavenger) during the
photocatalytic test. During the test, 0.01 g TEMPO or PBQ was mixed
with 0.1 g photocatalyst in ethanol, then the mixture was drip-coated
onto a dry glass plate for scavenger experiments.

2.5. Theoretical calculation details

The first principle calculations were carried out using Vienna Ab-
initio Simulation Package (VASP) [44,45]. The Generalized Gradient
Approximation (GGA) exchange correlation function given by Perdew-
Burke-Erzenhof was used for the geometry optimizations and properties
calculations [46]. Initially, the bulk TiO2 was fully relaxed in a
2 × 2 × 2 supercell. The optimized lattice parameters were calculated
as a = b = 3.778 Å, b = 9.491 Å; α = β = γ = 90.00°, which are in
close agreement with the experimental values [47,48]. A 4 × 4 × 1 k-
point set was used along with 400 eV as cutoff energy. An ultra-soft
pseudopotential was used during all calculations. Next, the optimized
bulk structure of TiO2 was cleaved along the (101) direction to create a
slab model. The surface model contained 158 number of atoms in-
cluding 64 Ti and 94 oxygen atoms. The thickness of the surface was
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calculated as 13.14 Å. A vacuum of 20 Å was used to avoid the inter-
action of the self-mirror refection’s during calculations. A 1 × 2 × 1 k-
point set was used as for the surface calculations. The cutoff energy was
400 eV for all calculations. Additionally, a pairwise force field DFT-D2
was used to describe the weak non-covalent van der Waals interactions
accounted in Grimme function [49]. The lattice was relaxed until the
maximum force and displacement was 0.03 eV/Å and 0.001 Å, re-
spectively. The electronic configurations of the atoms used are as fol-
lows: for surface Ti: [Ne] 3s2 3p6; O: [He] 2s2 2p6; for molecule P: [Ne]
3s2 3p3; O: [He] 2s2 2p4; H:1s1. Additionally, the bottom four layers
were fixed to imitate bulk, while the surface layers were allowed to
relax during the calculations. Different configurations of the phosphoric
acid molecules were used to find the most stable adsorption complex.
The following equation was used for the adsorption energy calculations.

=E E E Eads molecule/surface molecule surfcae

where Emolecule/surface is the energy of the adsorption complex, Emolecule

is the energy of the molecule in the gas phase, and Esurface is the energy
of the clean surface. The most stable adsorption complex was further
used to calculated the partial density of states (PDOS) and electron
density difference (EDD).

3. Results and discussion

3.1. Characterization of photocatalysts

The general crystallite size, microstructure and element mapping of
the samples were characterized by TEM, high resolution TEM (HRTEM)
and SEM-EDS. It’s obvious that PT0 had larger crystallite size than
commercial anatase TiO2 and PT1 (Fig. 1a–c). The size distribution
analysis was shown in Fig. S2, from which it can be seen that the mean

particle size was 5.77 nm, 12.93 nm and 6.97 nm for TiO2, PT0 and PT1
respectively. It is suggested that phosphate group would effectively
hinder crystallites to agglomerate and further grow [33,50]. This de-
monstrated that TiO2 was modified by phosphate group successfully
and phosphate group could link firmly with the surfaces of the as-pre-
pared crystallites [50]. Fig. 1d exhibited HRTEM image of PT1, in
which the crystallite size was approximately 7 nm and a clear d-spacing
of 0.35 nm obtained from PT1 was consistent with (101) planes of
anatase TiO2. EDS mapping of PT1 indicated that element P was uni-
formly dispersed on the surface of TiO2 (Fig. 1e–h).

The phase structures of the samples were analyzed by X-ray dif-
fraction (XRD). As shown in Fig. 2a, several typical peaks at ca. 25.1°,
38.6°, 46.4° and 55.1° exhibited were crystallized in anatase phase
(JCPDS No. 21-1272) [51,52]. It was seen that full width at half max-
imum of PT0 was smaller than any other modified samples, indicating it
possessed better crystallinity and smaller crystallites. It’s consistent
with TEM results. Fig. 2b displayed the FT-IR spectra of PT0-PT2. The
IR peaks at about 1630 and 3400 cm−1 were ascribed to surface hy-
droxyl and adsorbed water molecules, respectively [53]. It was noticed
that the phosphoric acid modified TiO2 (PT0.1-PT2) had stronger IR
peaks at about 1630 cm−1, which implied the higher amount of surface
hydroxyl groups. This was favorable for generating hydroxyl radicals.
In addition, the new peak appeared at about 1000–1200 cm−1 re-
presenting the symmetric stretching mode of phosphate group [54]. X-
ray photoelectron spectroscopy measurements (XPS) were performed
for identifying the surface element chemical status of the photo-
catalysts, and the results are shown in Fig. 2c-d. The O1s peak of PT0
can be resolved into two peaks at about 530.07 eV and 531.73 eV,
corresponding to the lattice oxygen of TiO2 and oxygen of surface hy-
droxyl, respectively [55]. While the O1s of PT1 has three peaks at about
530.03 eV, 530.93 eV and 532.52 eV attributed to the lattice oxygen of

Fig. 1. TEM images of (a) commercial anatase TiO2, (b) PT0 and (c) PT1. HRTEM image of (d) PT1. (e) SEM and (f, g, h) EDS mapping images of PT1.
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Fig. 2. (a) XRD patterns of TiO2 and PT0-PT2. (b) FT-IR spectra of PT0-PT2. XPS spectra of (c) O1s and (d) P2p for PT1.

Fig. 3. Geometrically optimized structures for (a) phosphoric acid molecule and (b) (101) surface of anatase TiO2. (c) The most stable adsorption mode of phosphoric
acid molecule on (101) surface.
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TiO2, O (P–O or O–H) and O (P=O), respectively [56]. The P2p peak
can be seen at about 133.6 eV, which is assigned to the P5+ [57]. The
surface atomic percentages for Ti, O, P and C were 22.55%, 57.18%,
2.45% and 17.83% respectively, which has been determined by XPS
(see Table S1). Moreover, as shown in the Raman spectra of PT0 and
PT1 (Fig. S3), the peak at 144 cm−1 (e.g., symmetric stretching vi-
bration of O–Ti–O of TiO2) shifted to a higher wave number, indicating
phosphate absorbed on the surface strongly. These results demonstrated
that the phosphate groups were anchored on the surface of TiO2 suc-
cessfully and the phosphate modification would have certain effects on
the surface properties.

3.2. First principle calculations

Initially, the phosphoric acid molecule and anatase (101) surface
were optimized to get a geometrically stable structure (Fig. 3a-b). After
geometry optimization, the length of P=O, P–O and O–H bond have
been calculated as 1.45 Å, 1.59 Å and 0.97 Å. The full relaxed anatase
(101) surface was composed of 5-fold coordinated Ti atoms (Ti5c), 6-
fold coordinated Ti atoms (Ti6c), 2-fold coordinated O atoms (O2c) and
3-fold coordinated O atoms (O3c). On the clean surface, the optimized
Ti–O distances (Ti5C–O2C, Ti5C–O3C and Ti6C–O2C) were 1.82 Å, 2.08 Å
and 1.86 Å, respectively, which was consistent with the previous report
[58].

Phosphoric acid molecule or phosphate group adsorption on anatase
(101) surface were studied. There were eight possible adsorption con-
figurations with different adsorption energies calculated (Table 1). In
the eight adsorption configurations (Fig. S4), p3 is the most stable one
because of its highest exothermic adsorption energies. Fig. 3c showed
p3 adsorption configuration with H(H3PO4)–O2C and =O(H3PO4)–Ti5C
bond formed, of which the lengths are 1.37 and 2.07 Å, respectively. It
can be clearly seen that there was structural deformation of lattice
structure on the surface as well as phosphoric acid molecule. For ex-
ample, the Ti5C–O2C and Ti6C–O2C bond length are larger than before
(1.82 to 1.91 Å, 1.86 to 1.88 Å). The P=O and O–H bond of phosphoric
acid molecule are elongated (1.45 to 1.49 Å, 0.97 to 1.09 Å). These
results demonstrated p3 adsorption configuration could be the most
probable adsorption on the surface and phosphoric acid molecule is
chemically adsorbed through chemical bond formation (H(H3PO4)–O2C

and =O(H3PO4)–Ti5C bond). These results suggested the phosphoric
acid molecules would be captured by anatase (101) surface effectively
and anchored on the surface by chemisorption.

To further understand adsorption mechanism of H3PO4 on anatase
(101) surface, we calculated the local density of states (LDOS) and
charge density difference of adsorption mode p3 (Fig. 4). The total
LDOS for phosphoric acid molecule adsorbed on anatase was shown in
Fig. 4a, which demonstrated that p states and d states are the main
contributors for VB and CB of the complex structure. The PDOS for Ti5c,
O2c, =O and H was given in Fig. 4b–e. It was observed that VB max-
imum (VBM) mainly consisted of O2p from surface O and molecule
=O. Whereas the CB minimum (CBM) mainly consisted of Ti 3d.
Moreover, PDOS for Ti (Fig. 4b) and =O (Fig. 4d) experienced sig-
nificant change in shape and intensity in contrast to Ti in clean surface
(Fig. S5a) and =O in gas phase molecule (Fig. S5b), which indicated
coupling between Ti and =O states. In addition, PDOS for surface O
(Fig. 4c) and molecule H (Fig. 4e) had obvious broaden peaks, com-
pared with O in clean surface (Fig. S5c) and H in gas phase molecule
(Fig. S5d), which also confirmed strong interaction between surface O
and molecule H. These results were consistent with the above

discussion on adsorption configurations. Electron density difference
(EDD) was displayed in Fig. 4f, which presented the change of electron
distribution. The green and yellow part represented electron-rich and
the electron depleting region respectively. It was observed that the
electron density near surface O2c and molecule =O increased, which
indicated they tended to receive electrons. Whereas the electron density
near molecule H and surface Ti5c decreased, suggesting they tended to
lose electron. As a result, the strong chemical adsorption between
H3PO4 molecule and TiO2 (101) formed, leading to favorable charge
transfer. This result was also in good agreement with the optimized
adsorption result.

3.3. Optical, photoelectrical and adsorption properties

From above results, it was demonstrated that phosphoric acid was
modified on anatase TiO2 (101) surface successfully and strong inter-
action between them was formed by chemical bond (H(H3PO4)–O2C and
=O(H3PO4)–Ti5C bond). Therefore, to investigate the influence of this
modification to optical, band structure, photoelectrical and adsorption
properties, UV-vis, VB-XPS, PL, photocurrent response, electrochemical
impedance, temperature-programmed desorption (TPD) and dark ad-
sorption of samples were measured. Firstly, UV-vis absorption spectra
were shown in Fig. 5a, presenting no significant difference between PT0
and PT1. The band gap calculated from the Kubelka-Munk function
[59] (inset of Fig. 5a) were 3.02 and 2.95 eV for PT0 and PT1, re-
spectively. These results implied phosphoric acid modification would
not influence the optical property and band gap significantly. Even
though it would not influence the band gap, it would change the VB
maximum (VBM) position from +2.90 to +3.12 eV, which were
measured by the VB X-ray photoelectron spectra (Fig. 5b). According to
the formula of ECB = EVB − Eg, the corresponding CB minimum (CBM)
position of PT0 and PT1 would be located at ca. −0.12, +0.17 eV,
respectively. Combined with the above results, the well-matched band
structure of PT0 and PT1 was illustrated in Fig. 5c. It displayed the VBM
and CBM were shifted to more positive potential, which would promote
generation of hydroxyl radicals (%OH) and inhibit generation of su-
peroxide (%O2

−) [60]. Photoelectrons generation, separation, and
transmission are crucial for photocatalytic reactions. Fig. 5d showed the
photoluminescence (PL) spectra of samples under the excitation wa-
velength of 320 nm. A strong PL peak represents a higher chance of
recombination between electrons and holes. Obviously, the intensity of
the PL peak for PT0.5 and PT1 was lower than that for PT0, indicating a
lower recombination rate of photogenerated electrons and holes in the
phosphoric acid modified TiO2. The photocurrent response of samples
as measured under all spectrum light illumination (on-off interval of
10 s). Generally, the higher photocurrent response means the higher
charge carrier density and more efficient charge carrier separation. As
shown in Fig. 5e, PT0.5 and PT1 have higher photocurrent response
than PT0, indicating the superior charge carrier separation and trans-
mission properties in the phosphoric acid modified TiO2. In addition,
electrochemical impedance spectra (EIS) was also utilized to probe the
separation efficiency of charge carrier. As shown by the EIS Nyquist
plots (Fig. 5f), the arc radii of PT0.5 or PT1 was smaller than that of
PT0, indicating lower resistance and improved charge transfer ability of
PT1. This is consistent with the above PL spectra and photocurrent
response results.

Temperature-programmed desorption (TPD) and dark adsorption
measurements were utilized to characterize the adsorption properties of
samples for gaseous o-xylene. The higher intensity of desorption peak

Table 1
Adsorption energies of phosphoric acid molecule on anatase (101) surface.

Adsorption configuration p1 p2 p3 p4 p5 p6 p7 p8

Ead (eV) −0.436 −0.216 −0.726 −0.404 −0.643 −0.581 17.568 17.584
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means that more gaseous molecules are adsorbed. As shown in Fig. 6a,
the intensity of desorption peaks of PT1 was higher than that of PT0,
suggesting that PT1 are capable of adsorbing more gaseous o-xylene
and the change of desorption temperature could change the molecules
adsorption configuration on the surface. This could be beneficial to the
subsequent photocatalytic degradation reaction. The dynamic dark

adsorption could also reflect the adsorption performance. As shown in
Fig. 6b, the maximal adsorption percent of gaseous o-xylene are 55%
and 68% by PT0 and PT1 respectively. The final adsorption equilibrium
of gaseous o-xylene was obtained in 140 min for PT0, while PT1 ob-
tained the final adsorption equilibrium in 130 min. The results in-
dicated that o-xylene adsorption by PT1 was more favorable than

Fig. 4. Local density of states: (a) phosphoric acid molecule adsorbed on anatase, (b) Ti5c and (c) O2c of (101) surface; (d) =O and (e) H of phosphoric acid molecule.
(f) charge density difference for the most stable adsorption mode (p3).

Fig. 5. (a) UV-vis absorption spectra and corresponding Tauc plot (inset of (a)). (b) Valence-band XPS spectra and (c) schematic of the band structures. (d) PL spectra,
(e) photocurrent response and (f) Electrochemical impedance spectra (EIS) Nyquist plots of the as-prepared photocatalysts.
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unmodified PT0, which was consistent with the above TPD results.

3.4. Photocatalytic degradation of gaseous o-xylene and degradation
intermediates

The photocatalytic degradation of gaseous o-xylene for all the
samples were evaluated (Fig. 7a). It was obvious that there was no
significant degradation by photolysis (blank). Moreover, the phosphoric
acid modified TiO2 samples displayed higher photocatalytic degrada-
tion activities compared to commercial TiO2 (TiO2) and unmodified
TiO2 (PT0). Specifically (Fig. 7b), with TiO2 and PT0 used as the pho-
tocatalysts, the conversion of o-xylene was 54.5% and 40.3% after
60 min of irradiation respectively. However, when PT1 was used as the
photocatalyst, the removal efficiency was improved to 91.2%, in-
dicating its excellent photocatalytic performance. However, if the sur-
face phosphoric acid amount continued to increase, the activity would
begin to go down. The excess surface phosphoric acid would be not
favorable for the charge transportation mainly from one light-irra-
diating side along the particle to another no-light side or to different
surface positions in the same particle, leading to a decreased charge
separation and then to a low photocatalytic activity [30]. In addition,
the photocatalytic degradation was reported to proceed via a pseudo-
first order reaction with a Langmuir-Hinshelwood model when the in-
itial concentration (C0) of pollutant is small. The simulation equation
was expressed by the following equation: ln(C0/C) = kt, where C is the
concentration of gaseous o-xylene at time t, C0 is the initial con-
centration after equilibrium adsorption, and k (min−1) is the apparent
first-order reaction rate constant [61]. The apparent rate constants were
calculated and the results were shown in Fig. 7c, the k values were
0.0135 min−1, 0.00903 min−1, 0.0282 min−1, 0.0371 min−1,
0.0427 min−1 and 0.0321 min−1 for TiO2, PT0, PT0.1, PT0.5, PT1 and
PT2, respectively. The PT1 exhibited the highest degradation rate,

which was approximately 3.2 times and 4.7 times as high as that of
TiO2 and PT0 respectively. For PT1, the simulation equation was also
expressed by the following equation (Langmuir-Hinshelwood model):

= = +r dc
dt

kKC
KC1 , where k is the reaction rate constant (ppm·min−1); K

is the adsorption constant (ppm−1); C is the o-xylene concentration in
the gas phase (ppm); and r is the reaction rate (ppm·min−1). The in-
verse rate 1/r versus the inverse concentration 1/C should be linear:

= +r kK C k
1 1 1 1 . It can be seen from Fig. S6 that the experimental data are
in good agreement with this assumption. It was therefore verified the
suitability of the Langmuir–Hinshelwood model. Value of the constant k
was given in Fig. S6. As discussed above, we concluded that the phos-
phoric acid modification played a vital role in enhancing photocatalytic
degradation of gaseous o-xylene. Based on the above results, the pos-
sible reasons were as follows: (i) the introduction of phosphoric acid
chemisorbed onto TiO2 surface led to the formation of strong acid sites
[62–64] or anion-induced negative electrostatic field [29,65], which
promoted separation and transfer of photogenerated electrons and
holes; and (ii) the specific surface area of PT1 increased markedly
(Table S2), as compared to that of PT0, which facilitated the access to
adsorption sites as well as catalytic sites during the photocatalytic re-
action. We further studied the stability and reusability of samples (Fig.
S7). As shown in Fig. S7a, PT1 deactivated more easily compared with
PT0, suggesting there might be more intermediates deposited on the
modified surface. However, after four cycles, there are still over 85% of
efficiency for o-xylene removal and phosphorous demonstrating good
reusability (Fig. S7b). In addition, after 120 min degradation, there was
no pronounced difference at about 1000–1200 cm−1 showing good
surface composition stability of PT1 (Fig. S7c).

During the photocatalytic degradation process, as the structure of
gaseous o-xylene molecule was decomposed, some intermediate pro-
ducts on the PT0 and PT1 surface were generated. The main inter-
mediate products were identified by GC-MS. The retention time (min),

Fig. 6. (a) Temperature-programmed desorption (TPD) and (b) dark adsorption of PT0 and PT1 for gaseous o-xylene.

Fig. 7. (a) Photocatalytic degradation of gaseous o-xylene as a function of irradiation time under 300 W Xenon lamp irradiation, (b) comparison of conversion
efficiency of TiO2, PT0 and PT1 and (c) Corresponding pseudo-first-order kinetic model of samples.
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molecular ion (m/z), and structure formula of the 12 identified pro-
ducts are listed in Table 2. As shown in Fig. S8, except CO2 peak at
1.38 min of retention time, it was obvious that there were 5 main in-
termediates peaks with a relative abundance of 1% or more for both
PT0 and PT1. For PT0, they were product 11 (100%, acetone), product
9 (16%, butanone), product 6 (15%, toluene), product 12 (14%, acet-
aldehyde) and product 4 (4%, o-methyl benzaldehyde). For PT1, they
were product 4 (100%, o-methyl benzaldehyde), product 11 (37%,
acetone), product 6 (14%, toluene), product 12 (10%, acetaldehyde)
and product 9 (5%, butanone). 100% means that acetone and o-methyl
benzaldehyde are most abundant intermediates for PT0 and PT1 re-
spectively. Other values represent abundance relative to acetone or o-
methyl benzaldehyde. Hence, the relative abundance of intermediates
changed after surface modification, indicating surface modification by
phosphoric acid could influence surface reaction process of o-xylene.
Generally, methyl oxidation, benzene-ring opening and subsequent

mineralization might be the three main reaction routes for o-xylene
degradation [66–69]. Therefore, the intermediates (mainly o-methyl
benzaldehyde and toluene) were primarily derived from the methyl
oxidation reactions, followed by the open-ring reactions of the benzene
ring to form smaller organic molecules (ketones and aldehydes, mainly
acetone, butanone and acetaldehyde). Then these small organic mole-
cules were further oxidized to CO2 and H2O. As shown in Fig. S9, the
CO2 yield of PT1 for degrading o-xylene, monitored by gas chromato-
graphy equipped with a flame ionization detector and methane re-
forming furnace, was supplied. The selectivity of CO2 was estimated as
53.8% using formula [70]: ×× × 10000CO CO

RE C8 (%)
out in

in
2 2 , where CO2 in and CO2

out represent the inlet and outlet concentrations of CO2, Cin represents
the inlet concentration of o-xylene and RE(%) represents removal effi-
ciency of o-xylene.

3.5. Possible photocatalytic mechanism

Generally, it is accepted that VOCs are degraded mainly through
reacting with photogenerated reactive oxygen species (ROS), such as
superoxide (%O2

−), hydroxyl radical (%OH) [71,72]. Therefore, to fur-
ther explore the reaction mechanism beneficial for in-depth under-
standing the photocatalytic degradation of gaseous o-xylene, electron
spin resonance (ESR) measurements and scavenger experiments were
conducted to evaluate the ability of samples to produce %O2

− and %OH
and their roles in photocatalytic process. The ESR signals of DMPO-%
O2

− and DMPO-%OH were displayed in Fig. 8a, the DMPO-%OH signals
of PT1 were stronger than that of PT0, whereas the DMPO-%O2

− signals
of PT1 were weaker than that of PT0. It meant that the phosphoric acid
modification would enhance %OH generation and inhibit %O2

− gen-
eration, which might be related to that the VBM and CBM were shifted
to more positive potential (Fig. 5c). The scavenger experiments result
was shown in Fig. 8b. The photodegradation efficiency of gaseous o-
xylene was slightly depressed with the addition of PBQ (%O2

− sca-
venger), whereas an obvious drop was observed when the TEMPO (%OH
scavenger) was introduced. Consequently, it could be inferred that the
produced %OH was the dominant ROS in the photocatalytic degradation
of gaseous o-xylene.

The possible mechanism of gaseous o-xylene photocatalytic de-
gradation by phosphoric acid modified TiO2 was illustrated in Fig. 8c.
Under simulated sunlight irradiation, phosphoric acid modified absorbs
photons generating electron-hole pairs. The introduction of phosphoric
acid chemisorbed onto TiO2 surface (H–O2C and =O–Ti5C chemical
bonds) induces strong acid sites or negative electrostatic field, which is
favorable to the access of photogenerated holes to the surface. Then the
holes react with water or surface hydroxyl (–OH) to form hydroxyl
radicals (%OH). The photogenerated electrons tend to move toward the
bulk rather than the surface after surface phosphoric acid modification.
But photogenerated electrons might be scavenged by oxygen (O2) on
unmodified area, resulting in production of %O2

− radicals. These radi-
cals attack o-xylene molecules in the close vicinity. Then the inter-
mediates (mainly o-methyl benzaldehyde and toluene) derived from the
methyl oxidation reactions are generated, followed by the open-ring
reactions of the benzene ring to form smaller organic molecules (mainly
acetone, butanone and acetaldehyde). Then these small organic mole-
cules were further oxidized to CO2 and H2O. Acetone and o-methyl
benzaldehyde are the most abundant intermediates during o-xylene
degradation for PT0 and PT1, respectively, which might be ascribed to
the difference of surface adsorption configuration of o-xylene [73,74]
and surface radicals generation [72,75]. Based on the ESR results
(Fig. 8a), there is no big difference between surface radical generation.
According to TPD results (Fig. 6a), the change of desorption tempera-
ture of PT0 and PT1 suggested surface modified by phosphoric acid
could change the o-xylene adsorption configuration. Hence, it is in-
ferred that surface modified by phosphoric acid changed the o-xylene
adsorption configuration (from lying to standing on the surface) to

Table 2
Identification of the photodegradation intermediates of o-xylene by GC-MS.

Product Retention time/min m/z Structure formula

1 5.10 91,106,77

2 11.05 105,77,134

3 8.68 119,91,134

4 7.75 91,119,65

5 3.69 43,71,114

6 3.36 91,92,65

7 2.77 43,60,72

8 2.57 43,86.71

9 2.36 78,86,134

10 1.96 43,58,59

11 1.60 43,72,86

12 1.45 44,56
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favor its methyl oxidation.

4. Conclusions

In summary, TiO2 surface modification by phosphoric acid was
successfully synthesized for photocatalytic degradation of gaseous o-
xylene under simulated sunlight irradiation. The PT1 showed superior
photocatalytic degradation activity (91.2% in 60 min) and reaction rate
(0.0427 min−1, 3.2 times and 4.7 times of TiO2 and PT0). the reasons

for the enhancement were as follows: (i) the introduction of phosphoric
acid chemisorbed onto TiO2 surface (forming H–O2C and =O–Ti5C
chemical bonds) led to the formation of strong acid sites or anion-in-
duced negative electrostatic field, which inhibited recombination of
photogenerated electrons and holes; and (ii) the specific surface area of
PT1 increased markedly, which facilitated the access to adsorption sites
as well as catalytic sites during the photocatalytic reaction. In addition,
the possible reaction process was proposed. Firstly, the o-xylene was
oxidized into intermediates (mainly o-methyl benzaldehyde and

Fig. 8. (a) Superoxide (%O2
−) signal with DMPO as scavenger in ethanol and hydroxyl radicals (%OH) signal with DMPO as scavenger in water. (b) Scavenger

experiments using PBQ and TEMPO as corresponding %O2
− and %OH scavenger. (c) Schematic diagram of possible mechanism of gaseous o-xylene photocatalytic

degradation.
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toluene) derived from the methyl oxidation reactions, followed by the
open-ring reactions of the benzene ring to form smaller organic mole-
cules (ketones and aldehydes, mainly acetone, butanone and acet-
aldehyde). Then these small organic molecules were further oxidized to
CO2 and H2O. For PT0, relative abundance order of intermediates is
acetone (67.1%) > butanone (10.7%) > toluene (10.1%) > acet-
aldehyde (9.4%) > o-methyl benzaldehyde (2.7%). Whereas for PT1,
it is o-methyl benzaldehyde (60.3%) > acetone (22.3%) > toluene
8.4%) > acetaldehyde (6.0%) > butanone (3.0%). The difference
might be ascribed to the difference of surface adsorption configuration
of o-xylene. The surface modified by phosphoric acid could change the
o-xylene adsorption configuration (from lying to standing on the sur-
face) to favor its methyl oxidation. The selectivity of CO2 during the o-
xylene degradation for PT1 was estimated as 53.8% and PT1 deacti-
vated more easily compared with PT0. Considering the commercial
utilization, the further optimization such as surface deactivation or
intermediates control will be required in future research. It is hoped
that our work could be helpful to understand the relevance of surface
modification and photodegradation reaction pathway and further pro-
mote the design of efficient photocatalyst and the potential application
of its VOCs removal.
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