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ABSTRACT: Under light illumination, it is usually considered
that photocatalytic oxidations of organics such as volatile organic
compounds over semiconductors are driven by the transfer of
photogenerated carriers. Some studies also proposed that the
photocatalytic oxidations might take place according to the light-
assisted Mars—van Krevelen (MvK) pathway that involved the
participation of lattice oxygens under aerobic conditions. Based on
the concept of the MvK mechanism, the current work first gives an
elaboration on the light-assisted MvK pathway and its intrinsic
difference from the charge carrier transfer pathway. We then
examined which one of these two mechanisms is responsible for
the the photocatalytic oxidation of formic acid over TiO,.
Comprehensive experiments, including apparent kinetics, online
electric conductances, vacuum electric conductances, online optical
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Light-assisted Mars-van-Krevelen pathway

transmittances, and first principle calculations, were carried out to discuss this problem. The results showed that the
photocatalytic oxidations of formic acid over TiO, dominantly follow the charge carrier transfer pathway at both low and
elevated temperatures, the light-assisted MvK mechanism could not play a major role, and there was also no transition from the

charge carrier transfer to the light-assisted MvK mechanism with an increase of reaction temperature.

1. INTRODUCTION

Upon UV light illumination, many oxide materials can be used
to oxidize organics such as volatile organic compounds
(VOCs) due to the function of the photocatalytic effect.'
It has been usually accepted that the photocatalytic oxidations
of VOCs happen via the pathway of charge carrier transfer.’””
The mechanism of the charge carrier transfer pathway is shown
in Figure 1A. In this pathway, the photocatalytic effect is a
result of electron transfer from the conduction band (CB) to
the valence band (VB) of semiconductors.'”"" The electron
transfer leads to a generation of various oxidative radicals (or
species) that include superoxide 0,7, O~ (electron trapped at
dissociated oxygen atom or lattice oxygens), hydroxyl radicals
(-OH), 0;*, and others,"”” which can then react with
organics. The intrinsic feature of this mechanism is that the
photoinduced charge carriers, the holes and electrons, must go
out of the photocatalysts together to participate in photo-
catalysis, independent on the specific pathways of charge
carrier transfer.

Some studies suggested that the photocatalytic oxidations of
benzene over TiO,, happening via the charge carrier transfer
pathway, might decrease as the temperature increased.'”"’
They saw that the photocatalytic oxidations at elevated
temperatures were more efficient than those at ambient (or

near ambient) temperatures. This was therefore attributed to a
great decrease of the activation energy of the benzene
oxidations by lattice oxygens, with the reduced TiO, being
reoxidized by gas-phase O,. The photocatalytic oxidations of
benzene over ZnO and titanate and the photocatalytic
oxidations of acetaldehyde over WO; and TiO, were also
proposed to happen in this way at elevated temperatures.'*~"”
It has been also suggested that the photocatalytic oxidations
over TiO,, including 2-propanol-to-acetone,'® methanol-
(ethanol)-to-aldehyde,"” and alcohol oxidations,” could take
place apparently by using lattice oxygen of TiO, at room
temperatures, with the gas-phase O, replacing reacted lattice
oxygens. The universal character of the Mars—van Krevelen
(MvK) pathway includes the participation of the catalyst’s
components in the reactions.”' ~** For organic oxidations over
oxides, the MvK mechanism requires that lattice oxygens are
first extracted and react with organics, with the generated
oxygen vacancies being then replenished by gas-phase O, or
other oxidative species.“’25 Therefore, these studies meant that
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Figure 1. Mechanism of the photocatalysis driven by (A) charge
carrier transfer mechanism and the photocatalysis happening
according to (B) the light-assisted MvK mechanism. The charge
carrier transfer driven photocatalysis requires that the photogenerated
electrons go out of a semiconductor by an interfacial transfer way and
then go back to the semiconductor after causing the photocatalytic
effect. Instead, in the light-assisted MvK mechanism, light illumination
reduces the thermal barrier for extracting lattice oxygens.

the photocatalytic oxidations of organics might happen via the
redox cycle of the MvK pathway.'*~*°

Because this pathway also requires UV light excitation of
electrons from the CB to VB, it is called the light-assisted MvK
mechanism in this research. Based on the above description,
the mechanism of the light-assisted MvK pathway is shown in
Figure 1B. In this pathway, the role of light excitation is to
reduce the thermal barrier of lattice oxygens reacting with
organics;12 this would lead to an increase in oxidations
happening via the MvK pathway, apparently showing as a
photocatalytic effect. Therefore, the intrinsic feature of the
light-assisted MvK pathway in organic oxidations over oxides
involves a light-assisted extraction of lattice oxygens to react
with organics. Because the light-assisted lattice oxygen
extraction might be not sensitive to heat activation, for
example, direct light reduction of oxides, the light-assisted
MvK mechanism does not mean a pure light-assisted increase
of the thermocatalytic effect.

It is important to note that the charge carrier transfer
pathway might happen via the MvK redox cycle. After trapping
photoinduced holes, it was proposed that the lattice oxygens of
TiO, can also participate in organic oxidations, and the
generated oxygen vacancies are then replenished with O,~
species.”® It was also proposed that the benzene molecule
(CgHg) could first trapped a hole to be transferred as active
benzene (C4Hg"), which can then react with lattice oxygens of
TiO,, and the reduced TiO, was reoxidized by O,."
Therefore, the charge carrier transfer and the MvK pathways
cannot be rigorously distinguished in the case that the
photoinduced charge carriers participate in photocatalytic
oxidations along with lattice oxygens. In addition, it seems that
whether photocatalysis could happen via the MvK pathway
might depend on temperatures. For example, it was suggested
that the photocatalytic oxidations of benzene over TiO,
followed the charge carrier transfer pathway at ambient
temperature, which would transfer to the light-assisted MvK
pat}llzvla%y at elevated temperatures, for example, 240 or 290
OC. L3

Taking TiO, as an example, although it has been seen that
lattice oxygens might be extracted by organics under anaerobic

conditions upon light illumination, many isotopic labeling
studies also revealed that photocatalytic oxidations of organics
generally do not need participation of lattice oxygens under
aerobic conditions due to the presence of other oxidative
radicals caused by charge carrier transfer (see subsection
3.2.3). This implies that photocatalytic oxidations might not
proceed via the light-assisted MvK pathway when O, is
present. Therefore, whether a photocatalytic oxidation could
happen via the light-assisted MvK pathway seems to be
dependent on organics to be oxidized, or there is still an
inconsistency. Because light-assisted extraction of lattice
oxygens from oxides plays a major role in this mechanism,
we will discuss between the charge carrier transfer and the
light-assisted extraction of lattice oxygens so as to disclose the
importance of the light-assisted MvK pathway in a VOC
photocatalysis under aerobic conditions.

TiO, was chosen because it is a typical photocatalyst that
has been widely used in photocatalytic oxidations. Transient
photocatalytic studies have already revealed that lattice
oxygens could be extracted to oxidize formic acid under
anaerobic conditions.”' In addition, formic acid adsorbs on
TiO, surfaces in a dissociated mode. The resulting formates
and H ad-atoms can then be oxidized as CO, and H,0 upon
light illumination without forming any long-lived intermediates
and carbonate depositions.””*’ Therefore, instead of other
organics, this research therefore chose formic acid to be
oxidized to obtain a more general conclusion. To have a good
recognition, a comprehensive study, including apparent
kinetics, online electric conductances, vacuum electric
conductances, online optical transmittance, and first principle
calculations, was carried out to discuss this problem. By
combining the analysis of other published results, we obtained
a result that the photocatalytic oxidation of formic acid in the
presence O, should follow the charge carrier transfer pathway
at both low and elevated temperatures, and the probability of
the light-assisted MvK pathway should be very low.

2. EXPERIMENTAL SECTION

2.1. Materials. Commercial P25 TiO, (primary particle
size of >25 nm, surface area of ~50 m?/ g, anatase-to-rutile
ratio of around 3:1) was used as the photocatalyst. Twenty
milligrams of P25 was ultrasonically dispersed in a glass
container (¢ 50) with S mL of water. The water was then
removed by heating at ~100 °C for half an hour to form a thin
TiO, coating on the bottom of the glass container. This thin
TiO, coating was used for the photocatalysis of formic acid.

2.2. Photocatalytic Measurements. Photocatalytic and
thermocatalytic experiments were done in a self-designed
quartz closed-circulation cylindrical reactor (Figure S1). The
main part of the reactor is a cylindrical quartz glass container
and is linked with a Photoacoustic IR Multigas monitor
(INNOVA Air Tech Instruments Model 1412) to monitor
organic and CO, concentrations. A Pt100 resistance
thermometer detector (RTD) connected with a temperature
display was inserted into the reactor to check the real reaction
temperature. A heating plate underneath was used to heat the
reactor. The heating plate was adjusted until the reactor
temperature reached the required value as detected by a Pt100
RTD. A mercury lamp (USHIO SP-9), with light output with a
thin optical fiber, was used as the light source. A band-passed
optical filter was used to generate 365 nm monochromic light.
The light intensity reaching the TiO, surface was determined
with a Si diode photodetector. For temperature-variable
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experiments, the temperature was changed between 20 and
215 °C with 15 °C intervals at constant light intensity (3 mW/
cm?). For light intensity-variable experiments, the light
intensity was changed at a constant temperature. The effect
of light illumination on surface temperature was confirmed by
infrared thermography (FLIR E60), which showed that the
light illumination did not cause a change in surface
temperature.

Carbon dioxide (CO,) evolution was used to evaluate the
photocatalytic activity. Because carbonate contaminations on a
TiO, surface can also contribute to the CO, generation, all
samples were first preilluminated by UV light for 24 h to
remove carbonate contamination before starting the experi-
ments. Fresh air was then flowed through the reactor for ~15
min to purge out the old air until the initial CO, concentration
was lower than 20 ppm. The reactor tightness was also
confirmed to be good by observing a change in CO,
concentration in a blank experiment.

Two experiments were designed for photocatalytic and
thermocatalytic experiments according to the following
procedures, as shown in Figure S2. Before injecting formic
acid, the reactor was first kept in the dark for 30 min at the set
temperature, and then light was switched on to illuminate the
TiO, sample for another 30 min to see the effect of carbon
contaminations. By switching off the lights, 2 uL of liquid
formic acid was then injected into the reactor to observe a pure
thermocatalytic effect in procedure 1 (Figure S2A). Differently,
as shown in Figure S2B, by keeping the light on, 2 uL of liquid
formic acid was injected to observe the photocatalytic effect in
addition to the thermocatalytic effect in procedure 2. The pure
photocatalytic effect was obtained by subtracting the CO,
evolution speeds of procedure 2 with that of procedure 1. The
photocatalytic rates were evaluated by using the initial CO,
evolution speeds, as shown in Figure S2A,B.

2.3. Electric Conductance Measurement. The elec-
tronic conductances over the course of the formic acid
photocatalysis were measured with a self-designed reactor
(Figure S3). The main part includes a steel cylinder container
and a top cover containing a piece of quartz glass for light
illumination. Two electrodes, which were connected with an
electric source meter, were mounted on the wall of a cylinder
container. A thin TiO, coating was prepared on a quartz glass
substrate by doctor-blading a p2S paste, which was then
subjected to annealing at 450 °C for 1 h to remove organics.
Two gold thin film electrodes were deposited on the TiO,
coating to leave a 0.2 mm TiO, strip between them for
conductance measurements (Figure S4). Additionally, two
large-area TiO, coated quartz glasses were also placed in the
reactor for photocatalytic reactions. A Pt100 RTD was sealed
inside the reactor and connected to a temperature display to
show the reaction temperature. A heat plate was used to heat
the reactor to the required temperature. A solar simulator
equipped with a band-passed filter is used to generate 365 nm
monochromic light that does not lead to an increase in surface
temperature. The conductances were measured at different
light intensities by keeping the temperature unchanged and at
different temperatures by keeping light intensity unchanged.
The conductances were also measured in N,, O,, and air
atmospheres with light intensity and temperature being kept
unchanged. For each atmosphere, the corresponding gas (N,,
O,, or air) was piped through the reactor for at least 3 h to
drain out the old atmosphere. For all measurements, after
injecting 2 uL of liquid formic acid, the reactor was kept in the

dark for 10 min to allow evaporation. The UV light was turned
on to illuminate the TiO, sample. The photocatalytic activity
and the online conductances of the TiO, coating were
monitored during the whole procedure with a Photoacoustic
IR Multigas monitor (INNOVA Air Tech Instruments Model
1412) and an electronic source meter (KEITHLEY 2450
SourceMeter).

Vacuum conductances were measured in a self-designed
setup that contains an electrical conductance measurement
part, a vacuum system, an atmospheric system, a temperature-
controlling system, and a light source, as shown in Figure S5.
The INSPEC electrical conductance testing chamber contain-
ing a temperature-programmed sample platform is the main
part. The top cover contains a piece of quartz glass to allow
light illumination on the sample surface. The temperature can
be under accurate control between —190 and 450 °C via a
heating and a liquid N, cooling system. The TiO, coating and
the Au film electrodes were prepared according to the same
manner. After the TiO, coating was placed on the sample
platform, the chamber was evacuated to below 1 m Torr by
combining a mechanical pump and a molecular pump. The
vacuum conductances at different temperatures and different
O, partial pressures under simultaneous light illumination were
measured. The UV light was generated according to the same
way above. For both the air pressure and vacuum conductance
measurements, the resistances were measured with a four-
probe mode with 1.0 V voltage drop between the two Au
electrodes.

2.4. UV-Vis Transmittance Spectroscopy. The online
UV—vis transmittance spectra in the course of the photo-
catalytic degradation of formic acid under light illumination
were measured by using a self-designed reactor (Figure S6) at
ambient temperature. Before starting the measurement, high-
purity N, was flowed through the reactor at least for 30 min to
expel as much of the residual O, as possible. In the presence of
formic acid (3 pL), the UV—vis transmittance spectra in the
dark and under light illumination were measured to see the
effect of light illumination on the UV—vis absorption, with the
dark UV—vis spectrum being used as the baseline. To avoid the
effect of incident light on the transmittance spectra measure-
ment, a mercury lamp (USHIO SP-9) was equipped with a
band-passed optical filter to allow the 365 nm monochromic
light illumination on the sample. The light intensity
approaching the sample surface was estimated to be around
1 mW/cm? Under simultaneous UV light illumination, the
dynamic changes in optical absorption at 450 and 800 nm were
measured to show the electronic structure induced by formic
acid photocatalysis.

2.5. First Principle Calculation. The first principle
computational calculation was performed by the DFT plane
wave pseudo potential method. The general gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE) functional and ultrasoft pseudopotentials was used to
describe the exchange correlation effects and electron ion
interactions. The kinetic energetic cutoffs of 24 and 288 Ry for
the smooth part of electronic wave functions and augmented
electron density were used. The Quantum-ESPRESSO code,
Pwscf package,”® was used to perform the ab initio quantum
calculation. Monkhorst-Pack (M-P) k-space sampling was
adopted for SCF calculations. The convergence threshold for
the self-consistency energy calculation was set to 107° Ry.

The slab model was used to construct an anatase (101)
surface. The surface was represented by three-layer slabs made
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of 2 X 3 unit cells; this is enough to assess the influence of
removing a surface bridging oxygen. A vacuum space (20 A) of
sufficient separation was imposed to ensure no interaction with
the lowest layer of the upper slabs. In addition to the bridging
oxygen (Oy,), all other Ti and O atoms were fixed during the
calculation. The bridging oxygen was replaced from one
position to another position along the Z axis. The dependence
of the total energy on the average Ti—O, bond length was
plotted to obtain a potential energy landscape.

3. RESULTS AND DISCUSSION

3.1. Apparent Kinetics of Formic Acid Photocatalytic
Oxidations over TiO,. The blank experiment showed that
formic acid was not subjected to direct oxidation in the
absence of TiO,. However, the decrease in formic acid
concentration was also seen due to an inevitable adsorption on
reaction systems, although CO, was not generated. Therefore,
CO, evolutions were used to show the rates of formic acid
photocatalytic oxidations according to Figure S2. The rates of
formic acid thermocatalytic and photocatalytic oxidations were
obtained from the CO, evolutions at different temperatures in
the dark and upon illumination (Figure S7).

The Arrhenius dependences of photocatalytic and thermo-
catalytic rates on temperatures are shown in Figure 2. TiO,
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Figure 2. Arrhenius plots of thermocatalysis and photocatalysis of
formic acids by TiO, under UV light illumination at different
temperatures.

presents obvious thermocatalytic activity when the temper-
ature exceeds 125 °C. The photocatalytic effect (red line) was
obtained by removing the thermocatalytic contribution (black
line). The thermocatalysis is in good agreement with the
thermal activation mode. The apparent activation energy
(Eapp) was determined to be 52.71 + 4.21 kJ/mol (0.55 eV).
The photocatalysis also follows an Arrhenius mode when the
temperature was lower than 125 °C. Its E,,, is 8.48 + 1.17 kJ/
mol (0.09 eV). This result indicates that the photocatalytic
oxidation of formic acid should be dominated by a single
mechanism at temperatures below 125 °C so no transition in
the photocatalytic pathway could be determined. The decrease
of photocatalytic activity at temperatures higher than 125 °C
will be discussed below (see section 3.5). If the photocatalysis
at ambient temperatures is dominated by charge carrier
transfer, this result shows that the photocatalysis over all
temperatures must be driven by charge carrier transfer.

The photocatalytic rates reach maxima at 125 °C. We also
studied the photocatalytic oxidations of formic acid by varying

the light intensity at this temperature. Figure 3 shows the log—
log dependence of the photocatalytic rate on light intensity ().
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Figure 3. Log—log dependence of the speeds of the formic acid
photocatalysis on light intensity.

It has already been revealed by many studies that, if a
photocatalysis is driven by the charge carrier transfer, its speed
depends on light intensity in a (sub)linear way according to r
o I% where I is the light intensity and a is the index.”” It is
seen from Figure 3 that the I-dependence of the formic acid
photocatalysis on TiO, is in good agreement with a sublinear
mode, and the index @ is 0.29. Zhu et al. studied the
formaldehyde photocatalysis over TiO, at some higher light
intensity;* their results also showed that the formaldehyde
photocatalysis depends on light intensity in a (sub)linear way.
Therefore, the above result indicates that the photocatalytic
oxidation of formic acid over TiO, should proceed according
to the charge carrier transfer mechanism, rather than the light-
assisted MvK mechanism; this will be discussed in detail below.

3.2. Unimportance of Light-Assisted Lattice O Heat
Extraction in Photocatalytic Oxidation under Aerobic
Conditions. The above study shows that the mechanism of
formic acid photocatalysis over TiO, is the same over low and
elevated temperatures. A transition from the charge carrier
transfer to the light-assisted MvK mechanism was not
identified. Here, we will discuss the light-assisted extraction
of lattice oxygens from TiO, and its contribution to the
photocatalytic effect by combining published results.

3.2.1. Lattice Oxygen Extraction by Direct Photo-
reduction. Different from dark conditions, lattice oxygen
extraction includes three cases upon light illumination. First,
lattice oxygens could be extracted under direct breaking of Ti—
O bonds by light excitation, which is known as photoreduction.
However, the quantum yield is very low. For example, it was
shown by XPS that the quantum yield is 5.0 X 1077.>" STM
study also revealed that the cross section for forming oxygen
defects by photoreduction is 1072*% cm? photon™..*” Because
the light fluxes used in these studies were almost two orders of
magnitude higher than that used in usual photocatalysis, this
kind of light-assisted lattice oxygen extraction might be
statistically meaningless to a real photocatalytic oxidation.

3.2.2. Light-Assisted Heat Extraction of Lattice Oxygens.
Lattice oxygens could be also extracted in the following way.
Light excitation generates a h-polaron (O7) in the TiO, lattice
and elongates the Ti—O~ bond length.”>** As shown in Figure
4A, the Ti—O~ bond evolves on its own potential energy
surface (PES), which returns by relaxation to its ground state
PES, albeit with an excited vibrational energy. The oxidative
reaction may take place when the excited vibration energy is
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Figure 4. (A) Diagram potential energy landscape for the Ti—O bond and Ti—O— bond; (B) atomic slab model for anatase (101) surface, with an
Oy, being replaced from one position to another; (C) the potential energy landscape of anatase (101) surface by moving the Obr along Z direction;
(D) dependence of activation speed of surface Oy, via light-assisted heat extraction and the activation speed of surface Oy, via the normal heat

extraction.

sufficient to overcome the energy barrier for releasing an active
oxygen atom. This description of light-assisted lattice oxygen
extraction does not involve the transient leaving of photo-
induced holes from TiO, to reactive substrates. In this case,
light illumination only reduces the thermal barrier for heat
extraction of lattice oxygens by organics, so it means that
photocatalysis is a pure light-assisted increase of the
thermocatalytic effect.

To show its importance, we theoretically compared the
speed of this kind of lattice extraction with that of normal pure
heat extraction. It has been shown that the Ti—O bond length
could be elongated by ~10% in forming an h-polaron (07).*
By means of a first principle calculation, the PES of an anatase
TiO, (101) surface was estimated by moving a bridging oxygen
atom along the Z direction, as shown in Figure 4B. The
dependence of total potential energy on the Ti—O, (bridging
oxygen) bond length is shown in Figure 4C. The dissociation
energies of a Ti—Oy, bond with a ground vibrational energy
and a 10% elongated Ti—Oy, bond with the excited vibrational
energy are 9.15 and 7.57 eV, respectively. Therefore, the
thermal barrier for extracting a vibrationally excited bridging
oxygen atom from an anatase TiO, (101) surface is estimated
to be more than 80% of that of Ti—Oy, in the ground state.

It was reported that the thermal barrier of lattice oxygen
extraction from TiO, by a methoxy group is ~33 kJ in the
dark.®® Our results show that the energy barriers are 52 kJ/mol
for formic acid thermocatalysis. The thermal energy barrier for
benzene thermocatalysis is ~56 KkJ/ mol."? Therefore, it is
reasonable to assume that the energy barrier for extracting a
lattice oxygen in thermocatalysis is ~50 kJ/mol, based on
which we gave an estimation for the light-assisted lattice O
activation and normal lattice oxygen thermal activation (see
the Supporting Information). According to this calculated PES

and experimental data, the energy barrier for the light-assisted
heat extraction of lattice oxygens from an anatase TiO, (101)
surface was assumed to be ~40 kJ/mol, much higher than the
E,,, of photocatalysis (~8.5 kJ/mol). As shown in Figure 4D,
the rate of the light-assisted heat extraction of bridging lattice
oxygens is at least two orders of magnitude lower than that of
the normal heat extraction even at room temperature.
Therefore, it was thought that this kind of extraction of lattice
oxygens cannot play a leading role under normal conditions.

3.2.3. Heat Extraction of Lattice Oxygens Carrying
Photoinduced Holes (O~ Species). Lattice oxygens could be
also extracted along with the photogenerated holes. In this
case, a photogenerated hole could be first trapped at a lattice
oxygen; the resulting O~, carrying the hole, has higher activity
and can then be extracted to oxidize organics. The formed
oxygen vacancy on the TiO, surface could be replenished by
O, dissociation at a fast rate. Therefore, in principle, the
photocatalysis happening in this way follows the light-assisted
MvK mechanism. However, because the photogenerated holes
also go out of semiconductors for participation in photo-
catalysis along with lattice oxygens, the photocatalysis
therefore also follows the charge carrier transfer pathway. In
a broad sense, although this case could be thought as the light-
assisted MvK pathway, it does not mean a photoassisted
increase of the pure thermocatalytic effect.

Many works have studied this light-assisted lattice oxygen
extraction and its role in TiO, photocatalysis under anaerobic
conditions. Isotope experiments have shown that TiO, lattice
oxygens could be extracted upon UV light irradiation;”’ =" this
was reported to have contribution to the photocatalysis of
formic acid, acetic acid, and benzene in the absence of
0,.">***! Direct participation of bridging lattice oxygens of
TiO, in water photocatalysis and benzene aqueous photo-
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catalysis was also proposed using Ti'*O, as a photocatalyst.****

Furthermore, under anaerobic conditions, direct involvement
of bridging lattice oxygens in gaseous acetaldehyde photo-
catalytic oxidation on the anatase surface was observed by
isotopic studies.** Under an ultrahigh vacuum condition, the
photoinduced extraction of lattice oxygens from TiO, by
organics was also observed.’® It has been reported that the
transient photocatalytic oxidations of acetic acid and formic
acid under anaerobic conditions also involved an extraction of
lattice oxygens from TiO,, with the oxygen diffusion from the
bulk to the surface providing the oxygens needed for reacting
with these organics.*>*

Under anaerobic conditions, this light-assisted extraction of
lattice oxygens from TiO, for organic oxidations was not
supported in some studies. For example, Ngo et al. attributed
the photocatalysis of acetic acid over TiO, to hole mediation.*’
Some studies were compared between thermocatalysis and
photocatalysis of methanol, acetaldehyde, acetic acid, and
formaldehyde and also did not evidence the light-assisted
extraction of lattice oxygens in photocatalysis due to their
different reaction pathways.*’ " It has been also reported that
the residual O, molecules contribute to high-vacuum CO
photocatalysis under electron transfer mediation, rather than
the light-assisted lattice oxygen extraction.”” Spectroscopic
study has also shown that the light-assisted lattice oxygen
extraction was unimportant in photocatalysis. For example, in
situ high-vacuum IR study revealed that the photoinduced
transformations of methoxy to formate agreed well with a two-
hole-mediated mechanism.’® Although some studies have
reported the role of lattice bridging oxygens in the light-
assisted organic species dissociation on a TiO, surface, they
also did not claim the direct light-assisted extraction of lattice
oxygens.‘”’54

Under aerobic conditions, '*O isotope labeling study has
revealed that the alcohol-selective photocatalysis on a TiO,
surface does not involve the extraction of lattice oxygens but
was directly transferred from molecular O,.>° Other photo-
catalytic reactions, including the cleavage of aryl rings and the
decarboxylation of saturated carboxylic acids, did not involve
the attendance of lattice oxygens.”® An isotope labeling study
has further revealed that both *O atoms in H,'®0 and %0,
were directly transferred to react with benzene without the
participation of lattice oxygens.”” In addition, an FTIR study
showed that the oxygen exchange between formates on TiO,
and '*0, does not need the participation of lattice oxygens.”® It
has been also seen by an isotopic study that the photo-
electrochemical oxidation of formic acid on O'3-enriched TiO,
did not include the transfer of *O from TiO, to CO,.”” By
using a pure Ti'®O, photocatalyst, by means of FTIR, an
isotopic study has also been carried out to study the role of
lattice oxygens in formic acid oxidation.”” Although small
amounts of C'*0'0 and C'80, were detected, they were not
from the reaction between lattice '*O with formates on the
TiO, surfaces but from the O-exchange between the generated
C'®0, and Ti'*0,. A transient photocatalytic study shows that
the acetic acid photocatalytic decomposition under anaerobic
conditions might involve participation of lattice oxygens, while
that under aerobic conditions unlikely follows the MvK
mechanism, and the adsorbed oxygen should react with acetic
acid in a different pathway.*’

Therefore, it can be known that this kind of lattice oxygen of
TiO, might be extracted upon light illumination to participate
in photocatalytic reactions under anaerobic condition due to

the absence of other oxygen species. However, it should be
unimportant under aerobic conditions because other pathways,
caused by charge carrier transfer, could play a major role in
photocatalytic oxidations of formic acid over TiO, materials.

3.3. Confirmation of the Charge Carrier Transfer
Mechanism. Online electrical conductance experiments were
carried out to confirm that the photocatalytic oxidations of
formic acid over TiO, result from charge carrier transfer in an
air atmosphere. In the light-assisted MvK mechanism, the
light-assisted extraction of lattice oxygens in general is the
limiting step of TiO, photocatalysis. This mechanism creates
oxygen vacancies on a TiO, surface, which can then be
replenished by O, in a faster speed.”®> Therefore, TiO,
cannot be reduced in air for low-level organic oxidation
under normal light illumination if the photocatalysis happens
in the light-assisted MvK mode. Because the TiO, does not
present an electrical conductance in the absence of formic acid
upon UV light illumination in air, it is expected that the online
conductances also do not respond to UV light illumination if
the photocatalysis happens in this way. On the contrary, the
online conductances will present a sharp change due to the
sudden change in the electron number if the photocatalysis
results from charge carrier transfer.’**

Figure SA shows the photoconductances of TiO, and CO,
evolutions during the photocatalytic oxidations of formic acid

300 800
(A) oo
250 L o _._...,.-l-n 4700
4600
o~ 200F {500 =
i £
G 5 S
X 150 ——0.48 mW/cm®| 400 o
's pd ——0.90 mW/em® —
< 100} 2 —— 178 mwiem?| 1390 o
8 ——3.03mwWiem®| {200 O,
o) 4100
o bataEd . 0
0 20 40 60 80 100
Time (min)
300 40

——0.48 mW/cm2

250 ——0.90 mW/cm2
—1.28 mW/cm2|

200 ——3.03 mW/cm2
150

100

o (10°xQ™

50

d [CO,)/dt (ppm/min)

Time (min)

Figure 5. (A) Online electric conductances and corresponding CO,
evolution in the course of formic acid photocatalysis under UV light
illumination with different light intensities and at 60 °C; (B)
comparison between the time dependences of the online photo-
conductances and d[CO,]/dt

at 30 °C in air for different light intensities. This shows a sharp
increase in electrical conductances upon light illumination,

along with a gradual CO, evolution. The conductances are
determined by the electron injection from formates to TiO, and
electron transfer from TiO, to O, Because the O,
concentration does not change in the course of the

photocatalysis, the conductance profiles should match the
rate of CO, evolution to some extent. Figure 5B shows that the



100.4
(A) Trapped electron absorption
1002 F yrpach tail

absorption
100.0 +

Dark
——light (2-min)
—light (4-min)

99.8

T (%)

99.6

99.4

1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 800

Wavelength (nm)

(B)

800 nm

uo b1

4o b

450 nm

S,
0 2 4 6

Time (min)

Figure 6. (A) Room temperature UV—vis spectroscopic transmittance of a P25-TiO, coating in the dark and under UV light illumination; (B)
dynamic change in absorption at 450 and 800 nm in the course of formic acid photocatalysis under UV light illumination. (Note that sample
transmittance in the dark was used for the baseline for measuring the change induced by light illumination. We thought that the transmittance
slightly higher than 100% is due to the system mistake and instability during the measurement.)

40 1000
(A) —N,
4800
30
P {600
1
'C: 20k
= g / 1400
Z 3 g
2 y
© 10F 8 ' Ve
o P, 4200
=]
g%
_A_L&M
0 = ’ 0
0 80

Time (min)

[CO,] (Ppm)

107 F (B)

10°F
~
n 7 Transfer to
G 10 residual O,
% 2
2
S 10°
Z
e}

10°

10™

12I00 16I00
Time (s)

800 2000 2400

Figure 7. (A) Online conductances and corresponding CO, evolution in the course of formic acid photocatalysis in N, air and O, at 30 °C under
0.6 mW/cm’ light illumination; (B) comparison between the photoconductances of TiO, material in N, atmosphere and vacuum (temperature: 30

°C; light intensity: 1.0 mW/ cm?).

conductance profiles and d[CO,]/dt present such a matching
to some extent, implying that the photoconductances result
from charge carrier transfer, rather than a lattice oxygen
extraction, hence supporting the conclusion that the formic
acid photocatalysis is driven by hole transfer.

Online UV—vis transmission spectra of TiO, coating were
further measured to monitor any dynamic change of the TiO,
electronic structure during the photocatalytic oxidation of
formic acid under N, protection. Oxygen vacancies in general
relate with the Urbach tail absorption of TiO,, so it is expected
that the light-assisted extraction of lattice oxygens will lead to
an increase in the exponential tail absorption below the
absorption edge.”> However, the light-induced injection of
electrons to TiO, mainly leads to a change in near-IR
absorption, arising from trapped electrons.® Figure 6A shows
the UV—vis transmittance spectra of the TiO, coating before
and after UV light illumination in the presence of formic acid
after correcting for the baseline related to the dark trans-
mittance of the TiO, coating. Dynamic changes in trans-
mittances at 450 nm (oxygen vacancies) and 800 nm (trapped
electrons) were monitored, as shown in Figure 6B. It is seen
that the Urbach tail absorption associated with oxygen vacancy
generation is unchanged because the transmittance below 550
nm is unchanged, whereas the absorption relating to trapped
electrons shows an increase because the transmittance above
500 nm shows a regular decrease. This result shows that the
electron generation in TiO, does not correlate with oxygen

vacancy formation, agreeing well with the above online
conductance analysis. In conclusion, the light-assisted extrac-
tion of lattice oxygens could not have a statistical meaning in
the formic acid photocatalysis; this is also in agreement with
the above first principle calculation.

3.4. Effect of Residual O, in an Inert Atmosphere. The
photocatalytic oxidations of organics by TiO, in principle are
lower under anaerobic conditions.*' In the absence of O,, the
lattice oxygens on the TiO, surface are extracted to react with
organics upon UV light illumination, which are then
replenished by the oxygens diffusing from the bulk. The
diffusion of lattice O from the bulk to the surface was thought
to limit the anaerobic photocatalysis.*”** The oxygen diffusion
from the bulk to the surface for healing oxygen vacancies has
been studied by high-resolution dynamic STM on a single-
crystalline anatase TiO, (101) surface.”” The thermal barrier of
this diffusion was estimated to be between 0.6 and 1.2 eV,
much higher than the E,,, of the formic acid photocatalytic
oxidations (~0.09 eV). Therefore, the mechanism of aerobic
photocatalysis of formic acid over TiO, is different from which
happens under anaerobic conditions.

However, it was reported that photocatalytic oxidations of
benzene in the absence of O, had the E,,, the same as that in
the presence of O,, based on which it was concluded that the
photocatalytic oxidation of benzene in the presence of O,
happened via the light-assisted MvK pathway.'” The E,,, was

app
determined to be ~21 kJ/mol, also much lower that of oxygen



bulk-to-surface diffusion. Therefore, oxygen sources other than
lattice oxygens might contribute to the benzene photocatalytic
oxidation in an inert atmosphere. TiO, belongs to an n-type
oxide favoring chemisorption of O,, which cannot be removed
by simply replacing an air atmosphere by adding inert gas. In
addition, it is also impossible to remove all O, if O, was simply
replaced by adding inert gas in a batch reactor. The residual O,
in an inert atmosphere might also contribute to the
photocatalysis. The online conductances during the formic
acid photocatalysis were measured under a N, atmosphere and
were compared with those in air and O, atmospheres. Figure
7A shows the online conductances and CO, evolutions. The
electrical conductance is the highest in N,, then air, and then
O,, and the rate of CO, evolution also shows an increase. The
time profiles of online conductance should resemble that of
CO, evolution if lattice oxygens are extracted to oxidize formic
acids in N, due to a gradual reduction of TiO,. However, the
electrical conductance presents a sharp increase to a maximum
and then decreases, completely different from the continuous
CO, evolution. This result shows that the photocatalytic
oxidations of formic acid cannot be dominated by lattice
oxygen extraction in N, protection. Because the conductance
profiles are similar for the three atmospheres, the pathway of
formic acid photocatalysis in N, must be the same as that in air
and O,. The first step is the fast injection of electrons from
formic acid to TiO,, and then the residual O,, rather than the
lattice oxygens, contributes to formic acid oxidation.

In the absence of formic acid, the electrical conductances in
N, and in vacuum (the residual O, pressure is lower than 1.0 X
1072 Pa) were compared to show the effect of residual O, in a
N, atmosphere, as shown in Figure 7B. After stopping light
illumination, because the decays of photoconductances are
mainly attributed to the electron transfer to O, (see below),
they clearly reveal that the residual O, in N, is much higher
than that in vacuum and results in a photoconductance of
approximately three orders of magnitude lower than that in
vacuum. Therefore, simply adding an inert atmosphere into a
batch reactor cannot eliminate the effect of O,, which could
indeed have an important effect on photocatalysis. As shown in
Figure 6A, more electrons are accumulated in TiO, to obtain a
high photocatalytic rate. Therefore, the simple attribution of
photocatalytic oxidations in an inert atmosphere to the light-
assisted extraction of lattice oxygens is unfounded if the effect
of residual O, cannot be ruled out. The UV—vis spectra and Ti
2p valence states of TiO, materials before and after the formic
acid photocatalysis in N, are almost the same (Figures S8 and
S9); this also does not reveal the light-assisted reduction of
TiO, materials by formic acid. It is also highly possible that the
residual O, led to the benzene photocatalytic oxidations in an
inert atmosphere, so its E,, is the same as that in the presence
0,

3.5. Effect of Temperature on Charge Carrier Trans-
fer. Figure 8A shows the vacuum conductances measured at
different O, partial pressures; this shows a decrease with O,
partial pressure. Figure 8B further shows that the conductance
decay increases with O, partial pressures. This result reveals
that the transfer of electrons from TiO, to O, is the dominant
way to eliminate the electrons contributing to conductances, so
the reduced conductances indicate a faster electron transfer to
O,. By keeping the O, partial pressure at 5 Pa, Figure 8C
shows that an increase in temperature results in a decrease in
photoconductances. Figure 8D further reveals that the electron
transfer to O, is accelerated by an increase in temperature.
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Figure 8. (A) Steady and transient electrical conductance of a P25-
TiO, coating under different O, partial pressures at temperature of 30
°C; (B) normalized transient photoconductance at different O, partial
pressures; (C) steady and transient electrical conductances of TiO,
coating at different temperatures under the condition of 5 Pa oxygen
partial pressure; (D) normalized transient photoconductances at
different temperatures.

Although the decrease of photoconductances with temper-
atures is the same as that measured at atmospheric
pressures,>'® our data leads to an opposite conclusion that
the reduction in conductances with temperatures does not
mean a decrease but a possible increase in the photocatalytic
effect because the increase in electron transfer accelerates O,
activation for organic oxidations. Therefore, this result
provides a good proof that the photocatalytic effect, happening
via the charge carrier transfer pathway, cannot be lowered by
an increase in temperatures. To confirm this conclusion, the
electrical conductances in the course of formic acid photo-
catalysis in air were also measured at different temperatures.
Figure 9A shows that that the online photoconductances
present an obvious decrease with temperature. However,
instead of a decrease, CO, evolution speeds show a slight
increase with temperature (Figure 2). These results confirm
that the decrease in photoconductances with temperature can
be ascribed to the increase of electron transfer to O, and that
could then partially contribute to the increase in photo-
catalysis.

In addition, the vacuum conductances of TiO, with
preadsorbed formic acid were also measured, as shown in
Figure 9B. As compared to that without adsorbing formic acid,
the conductance shows an increase due to electron injection
from formic acid. Because electron transfer to O, is limited
under vacuum conditions, this result shows that the formic acid
photocatalysis is driven by hole transfer in its first step. It also
confirmed that this hole-mediated process does not decrease
with temperature, as a temperature rise can lead to an
enhanced conductance. Therefore, we concluded that increas-
ing temperatures can lead to an increase in both the electron
and hole transfer. The result is in good line with the conclusion
indicated in the apparent kinetic section, so the increase of
photocatalytic activity with temperatures is the natural result of
the increase of charge carrier transfer. The high photocatalytic
activity at elevated temperatures is partially contributed to the
normal role of heat in accelerating charge carrier transfer,
which cannot be ascribed to the light-assisted increase due to a
thermocatalytic effect. Therefore, the photocatalytic oxidations


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b05357/suppl_file/jp9b05357_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b05357/suppl_file/jp9b05357_si_001.pdf

180

)

120t

90

o (10°xQ

30k Light on

0 L ! L L

0 10 20 30 40 50 60
Time (min)

- (B)

After-adsorption

Pre-adsorption

1 1 1
200 300 400 500 600 700
Time (s)

1
0 100

Figure 9. (A) Online photoconductances of TiO, coatings in the course of formic acid photocatalytic oxidations at different temperatures (light
intensity: 1.8 mW/cm,); (B) vacuum photoconductances of TiO, coatings before and after formic acid adsorption on TiO, surface (light intensity:

2.0 mW/cm?).

of formic acid are dominantly driven by charge carrier transfer
at both low and elevated temperatures. There is no transition
from the charge carrier transfer to the light-assisted MvK
mechanism when the temperature increases.

3.6. Heat-Induced Decrease of Photocatalytic Effect.
Our data also points to the fact that the formic acid
photocatalysis over TiO, tends to decrease when the
temperature is higher than 125 °C. This heat-induced decrease
effect in photocatalytic activity seems to be common because it
was also seen by others. For example, it has been reported that
the activity of ethglene photocatalysis tends to decrease at high
temperatures.””® A heat induced decrease of ethylene
photocatalysis was experimentallgr observed when the temper-
ature was higher than 130 °C.”° A heat-induced decrease of
photocatalysis of acetaldehyde was also observed when the
temperature was higher than 130 °C.”' It has been also
reported that the benzene photocatalysis showed a heat-
induced decrease when the temperature was higher than 200
°C.”” In these studies, the heat-induced decrease in photo-
catalytic activity was ascribed to various reasons that included
heat-induced organic desorption, multiphonon recombination,
the removal of surface hydroxyls, and the others. We did not
see a sudden increase in organic desorption around the
transition temperature. It is also unlikely for surface
dehydration to happen at the temperature around 120 °C.”*
It has been reported that chemically adsorbed O, molecules on
TiO, surfaces desorb at temperatures above 120 °C.”*
Therefore, it is considered that the heat-induced decreased
effect of photocatalysis can be possibly attributed to a O,
thermal desorption from TiO, surfaces. Because the electron
transfer to O, is an indispensable step to the photocatalytic
cycle, the heat-induced decrease of photocatalytic activity at
high temperature should be a common phenomenon in
semiconductor photocatalysis.

4. CONCLUSIONS

In summary, the result of apparent kinetic analysis showed that
there is no transition in the mechanism of the formic acid
photocatalysis over TiO, with an increase in temperature. The
combination of the first principle calculation, online electric
conductances, and online optical transmittances revealed that
the light-assisted extraction of lattice oxygens could not play a
major role in the photocatalytic oxidation of formic acid in the
presence of O,, as compared to the charge carrier transfer
pathway. The vacuum electric conductances further showed
that the transfers of both the electrons and holes increase with

temperature, so we concluded that the increase of the
photocatalytic rate with temperature is due to the normal
thermal activation in photocatalysis, not from a promotion by
the light-assisted MvK pathway. In contrast, we also saw a
heat-induced decrease in photocatalysis possibly due to the
desorption of chemically adsorbed O,. Therefore, a conclusion
was obtained that the photocatalytic oxidations of formic acid
over TiO, should follow the charge carrier transfer pathway at
both low and elevated temperatures. The light-assisted
extraction of lattice oxygens should be unimportant in the
formic acid photocatalysis in the presence of O,. Based on our
results, we would like to note that it might be improper to
attribute the higher activity of aerobic photocatalytic
oxidations at elevated temperatures to a transition from the
charge carrier transfer to the light-assisted MvK pathways,
because the photocatalytic effect happening via the charge
carrier transfer pathway increased with temperatures. There-
fore, our results supported the conclusion that the higher
photocatalytic rate at elevated temperatures should be
attributed to the natural increase of charge carrier transfer.
In addition, it was also important to note that great care must
be taken to consider the effect of residual O, in an inert
atmosphere if this was used to confirm the participation of
lattice oxygens in photocatalysis.
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