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Abstract: Titanium oxide (TiO2) nanostructures, the most widely used photocatalysts, are known to suffer
from poisoning of the active sites during photocatalytic decomposition of volatile organic compounds.
Partially oxidized organic compounds with low volatility stick to the catalyst surface, limiting the practical
application for air purification. In this work, we studied the UV-driven photocatalytic activity of bare
TiO2 toward toluene decomposition under various conditions and found that surface deactivation is
pronounced either under dry conditions or humid conditions with a very high toluene concentration
(~442 ppm). In contrast, when the humidity was relatively high (~34 %RH) and toluene concentration was
low (~66 ppm), such deactivation was not significant. We then modified TiO2 surfaces by deposition of
polydimethylsiloxane and subsequent annealing, which yielded a more hydrophilic surface. We provide
experimental evidence that our hydrophilic TiO2 does not show deactivation under the conditions that
induce significant deactivation with bare TiO2. Conversion of toluene into dimethylacetamide was
observed on the hydrophilic TiO2 and did not result in poisoning of active sites. Our hydrophilic TiO2

shows high potential for application in air purification for extended time, which is not possible using
bare TiO2 due to the significant poisoning of active sites.
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1. Introduction

Emission of volatile organic compounds (VOCs) is regarded as a serious problem in environmental
science and engineering. Indoors, VOCs can be emitted from materials such as paints and adhesives,
causing sick-building syndrome [1,2]. In outdoor environments, VOCs emitted from vehicles and
power stations are not only harmful to humans by themselves, but also create particulate matter by
reacting with NOx and sunlight [3,4].

Various methods can be applied to remove VOCs. Porous adsorbents (activated carbons,
metal-organic-frameworks, and meso- and micro-porous materials with diverse chemical compositions)
with high surface areas can be used to capture VOCs [5–8]. As a representative example of commercially
available adsorbents, activated carbons are relatively cost-effective. As a result, activated carbon filters
are widely used for purifying air in the indoor and outdoor atmosphere. In addition, adsorbents are
advantageous for VOC removal because no energy source is needed in the VOC-capturing process.
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However, adsorbents must be replaced once the surface adsorption sites of the adsorbents are all
occupied by adsorbed molecules. Used adsorbents can be regenerated by heating; however, this
process can create secondary emission of VOCs [9].

Alternatively, VOCs can be removed by catalysis, using either thermal (dark) or photocatalysts [10–14].
Recently, photocatalytic degradation of VOCs has been drawing much attention. Titanium oxide (TiO2) is
the most widely used photocatalyst due to its chemical stability and cost-effectiveness [15–17]. Since TiO2

has a band gap of ~3.2 eV, ultraviolet (UV) light sources are required to initiate photocatalytic processes on
TiO2 surfaces [15–17]. Recently, UV light-emitting diodes have become less expensive, which has increased
the attention on indoor air purification by TiO2-based photocatalysis. Once TiO2 is exposed to UV light
with energy exceeding 3.2 eV, electron-hole pairs are created in TiO2. The electron-hole pairs then interact
with O2 and H2O in the atmosphere, forming strong oxidizing agents such as O2

− and OH· radicals, which
can decompose organic molecules in the atmosphere [15,16].

In photocatalysis, the catalytic active sites on the surface can be easily covered by reaction
intermediates, particularly during photocatalytic oxidation of relatively large and stable molecules such
as benzene and toluene. Photocatalytic oxidation of those large molecules often involves the formation
of various partially oxidized species that are recalcitrant to further oxidization into CO2 and H2O due
to their high stability. Therefore, deactivation of the photocatalytic surface is much more pronounced
during the photocatalytic degradation of larger molecules than of smaller molecules [18]. In previous
works, the reaction rate of photocatalytic decomposition of toluene was found to drastically decrease with
reaction time, and poisoning of the TiO2 surface by partially oxidized species of toluene such as benzoic
acid or benzaldehyde was found to be responsible for this deactivation phenomenon [18]. Many attempts
have been made to alleviate such poisoning problems by modifying the surface structure of TiO2 [19–22].
TiO2 nanotubes were found to facilitate the approach of oxygen molecules toward the surface active sites
of TiO2 compared to thin films consisting of TiO2 nanoparticles with random shapes, thereby increasing
the oxidation rate and reducing poisoning during the photocatalytic oxidation of toluene. Such methods,
however, require significant development before they will be ready for commercial use [20].

In the present work, we modified the surface of commercially available TiO2 nanoparticles
(P-25, Evonik) using a polydimethylsiloxane (PDMS) coating and subsequent annealing. We have
recently shown that our methods of PDMS coating on nanoparticles can be easily scaled up [23–27].
We show that hydrophilically-modified TiO2 (hereafter referred to as h-TiO2) is much more resistant to
poisoning during photocatalytic decomposition of toluene compared to bare TiO2. The mechanism of
the poisoning-resistant behavior of h-TiO2 is discussed in detail. We conclude that h-TiO2 has high
potential for application in photocatalytic air purification.

2. Results and Discussion

2.1. Characterizations of Samples

Figure 1 shows the XPS data for bare TiO2, PDMS-coated TiO2 (coating temperature: 180 ◦C),
and vacuum-annealed TiO2 (h-TiO2). In the C 1s spectra shown in Figure 1a, PDMS deposition results in
a negative chemical shift of the peak. Bare TiO2 should be free from any carbon in principle, yet some
carbon impurities can always be found on samples that have been exposed to air. Carbon atoms
observed on bare TiO2 can be attributed to those in amorphous carbon structures with sp2 or sp3

hybridizations [28–30]. The C 1s signal of PDMS-coated TiO2 can be attributed mostly to C atoms from
the PDMS framework [28–30]. The carbon impurities originally present on TiO2 can be oxidized and
removed during PDMS coating at 180 ◦C under air. After vacuum annealing of the PDMS-coated TiO2,
additional shoulders at higher binding energies appeared, which is indicative of the formation of C-OH
and C=O [28–30]. Formation of such functional groups in the vacuum-annealed sample was verified
by FT-IR measurements [28,31], which resulted in the improved hydrophilicity of h-TiO2 compared
to bare TiO2 particles. h-TiO2 particles were mostly dispersed in water as they were dispersed into
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a bi-layer heterogeneous mixture consisting of toluene and water, whereas bare TiO2 particles were
dispersed both into toluene and water under the same conditions (Supporting Information 7).

In the O 1s core level spectra (Figure 1b), bare TiO2 showed features of the lattice oxygen of
TiO2 at lower binding energies, as well as some hydroxyl groups on the surface at higher binding
energies [29,30]. Upon PDMS coating, a peak centered at 531.5 eV became pronounced, originating
from PDMS [29,30]. Upon subsequent annealing, peaks at higher binding energies corresponding
to –OH, C=O can be observed, together with a small peak at 533 eV, attributed to SiOx due to the
oxidation of Si atoms in PDMS [29,30]. In the Si 2p spectra (Figure 1c), the PDMS-coated surface
showed features of Si(II), corresponding to that of PDMS [29,30]. Upon annealing, the Si 2p peak
intensity became smaller, which indicates that much of the PDMS was desorbed from the surface of
TiO2. Some broad features, which can be attributed to SiOx, were identified in the Si 2p spectrum of the
vacuum-annealed sample. The Ti 2p spectra of all samples showed the doublet feature of Ti(IV) due to
spin-orbit coupling, without any indication of lower oxidation numbers of Ti in any sample [29,30].
In the UV/VIS DRS spectra, h-TiO2 showed absorption of visible light, which indicates the presence
of Ti(III) and Ti atoms with even lower oxidation numbers (Supporting Information 2). The optical
band gap of bare TiO2 and h-TiO2 were determined using Kubelka-Munk method [32,33], and they
are 3.2 and 3.1 eV, respectively (Supporting Information 2). However, this was not verified by the
Ti 2p spectra in XPS. It seems that oxygen vacancies creating lower oxidation numbers in nearby Ti
atoms can be found in deeper layers of TiO2 far from the surface. Please note that XPS is only surface
sensitive, whereas UV/VIS monitors many layers deeper [34]. We believe that the lattice oxygen of
TiO2 is used to partially oxidize the PDMS upon vacuum annealing, yet this results in subsurface or
bulk oxygen vacancies rather than vacancies at the surface.
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Figure 1. (a) C 1s and (b) O 1s XPS spectra of bare TiO2, PDMS-coated TiO2, and vacuum-annealed
TiO2. (c) Si 2p XPS spectra of PDMS-coated TiO2 and vacuum-annealed TiO2. (Note that the area
of every spectrum is normalized to the respective Ti 2p area.) (d) Ti 2p XPS spectra of bare TiO2,
PDMS-coated TiO2, and vacuum-annealed TiO2.
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2.2. Photocatalytic Decomposition of Toluene under Dry Conditions

We conducted photocatalytic decomposition of toluene experiments under dry air with an
initial toluene concentration of 66 ppm using a batch reactor. Bare TiO2 and h-TiO2 were used
as photocatalysts. For each sample, the reaction was repeated three times. After the first ~10 h reaction
was completed, the reactor was evacuated and then refilled with dry air and 66 ppm of toluene, and the
photocatalysis experiment was conducted again. This whole process was repeated again after the
second photocatalysis experiment was finished. Results using these two different photocatalysts are
summarized in Figure 2 and Supporting Information 3.
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Figure 2. (a) Changes in toluene concentration under dry conditions over bare TiO2 as a function of UV
irradiation time. Each reaction experiment was performed under dry conditions and an initial toluene
concentration of 66 ppm. The photocatalytic decomposition experiment was repeated three times
without changing the catalyst sample. (b) Comparison of total removed toluene and total evolved
CO2 after 600 min of UV irradiation of each experiment in (a). Note that the y-scales are different for
each species. (c) Changes in toluene concentration under dry conditions over h-TiO2 as a function of
UV irradiation time. (d) Comparison of total removed toluene, total evolved CO2, and total evolved
dimethylacetamide (inset) after 600 min of UV irradiation of each experiment in (c).

When bare TiO2 was used as the photocatalyst, the decomposition rate of toluene during the
first reaction dramatically decreased over time; after 500 min of UV irradiation, almost no further
removal of toluene could be observed. Please note that the slope (first order derivative value) of a
specific time-period in a curve of Figure 2a corresponds to the temporary reaction rate. Carbon dioxide
evolution could also be observed over time during the first reaction (Supporting Information 3),
although the amount of produced CO2 was much less than expected assuming that toluene completely
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oxidizes into CO2 and H2O. Obviously, a large portion of the toluene molecules was not completely
oxidized into CO2 and H2O, but only partially oxidized (most likely into benzaldehyde and benzoic
acid, as shown in previous studies). The catalyst surface was covered by these partially oxidized
species, resulting in gradual reduction in the photocatalytic removal rate of toluene and CO2 evolution
rate over time [18]. In the subsequent photocatalytic experiments, almost no removal of toluene could
be detected. This suggests that, over the course of the first experiment, the bare TiO2 surface was
already mostly deactivated by the partially oxidized species of toluene occupying the active sites of
the TiO2 photocatalyst.

The amounts of removed toluene and evolved CO2 in the three successively performed photocatalysis
experiments are summarized in Figure 2b. The initial concentration (ppm) of toluene was determined by
the relative partial pressure of toluene to total pressure of gas mixture, whereas the number of toluene
molecules (µmol) was calculated based on the perfect gas law considering the total volume of the reactor
(5.3 L). The number of CO2 molecules in the reactor was calculated based on a linear relationship between
the number of carbon atoms existing in an injected gas and FID (Flame Ionization Detector) peak intensity
of GC (Gas Chromatography). More details on the calculation process of each value can be found in
Supporting Information 8. In the first photocatalytic decomposition experiment of toluene with bare TiO2,
the total amount of removed toluene was 7.10 µmol, and the total amount of evolved CO2 was 20.86
µmol. Considering that one completely mineralized toluene molecule generates 7 molecules of gaseous
CO2, it appears that less than half of the removed toluene molecules were totally oxidized. The rest of the
toluene molecules can be assumed to be partially oxidized and covering the surface. It is worth noting
that, even though almost no removal of toluene was observed in the second and third experiments, some
evolution of CO2 was detected. It seems that some portion of the partially oxidized species of toluene
remaining on the surface were slowly oxidized further, yielding CO2 and H2O, yet rearrangement of the
structure of the partially oxidized species did not seem to create free active sites available for adsorption
and photocatalytic decomposition of additional toluene molecules from the gas phase in the second and
third experiments.

In Figure 2c,d, the results of the photocatalytic decomposition of toluene using h-TiO2

photocatalysts are demonstrated. Compared to the results of the first photocatalytic decomposition
experiment of bare TiO2, h-TiO2 shows less photocatalytic activity toward toluene than bare TiO2

in terms of average photocatalytic decomposition rate, total amount of toluene removed, and total
CO2 evolved (Supporting Information 3). However, the pronounced deactivation of the photocatalyst
observed for bare TiO2 in the repeated experiments was not observed with h-TiO2. Therefore, when
one compares the results of the second and third photocatalysis experiments for the two different
samples, h-TiO2 is suggested to be a superior photocatalyst to bare TiO2.

Regarding the reaction products of photocatalytic decomposition of toluene using h-TiO2, there
was a second reaction product in addition to CO2, which was identified by GC. With aid of ex-situ
GC/MS (Gas Chromatography/Mass Spectrometer) analysis, we identified the second product as
dimethylacetamide (Supporting Information 4). It is suggested that the higher vapor pressure of
dimethylacetamide than that of typical reaction intermediates of toluene (e.g., benzoic acid, benzyl
aldehyde) allowed dimethylacetamide to be easily detached from the h-TiO2 surface so that it remained
active throughout the toluene photocatalytic decomposition. However, it is likely that not all produced
dimethylacetamide was detected by the GC spectra or GC/MS analysis. Since dimethylacetamide has a
much lower vapor pressure than toluene at room temperature, and because dimethylacetamide is quite
polar, the molecules are likely to be easily adsorbed to the inner wall of the reactor. Therefore, we should
scrutinize the quantitative analyses of the reaction yield of this toluene oxidation side reaction, as well
as selectivity of h-TiO2 for a specific reaction product. Figure 2d summarizes the total amounts of
removed toluene, produced CO2, and produced dimethylacetamide in the three successively performed
experiments using h-TiO2. The deactivation of the photocatalyst in this case is much less pronounced
than in the case of bare TiO2. Particularly, the amount of produced dimethylacetamide is almost
uniform between each experiment.
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2.3. Photocatalytic Decomposition of Toluene under Humid Conditions

It was previously reported that deactivation of the TiO2 surface during photocatalytic
decomposition of toluene is less pronounced or not observed when the humidity of the atmosphere
is relatively high and the initial toluene concentration is low [18]. It was proposed that, in high
humidity, hydroxyl (OH) radical formation is facilitated by the interaction between water vapor in the
atmosphere and the holes created by the optical excitation of TiO2. Hydroxyl radicals are known to
act as oxidizing agents and are particularly effective in oxidizing various carbon-containing species
chemisorbed on the TiO2 surface into CO2 and H2O [18,35].

As one can see from Figure 3a, which shows the total amounts of removed toluene and produced
CO2 in each of the two successively performed photocatalysis experiments using bare TiO2, the number
of moles of CO2 produced is ~7 fold greater than the respective value of toluene removed, and there is
no indication of deactivation in the subsequent photocatalysis experiments. It is worth emphasizing
that the initial concentration of toluene in the experiments of Figure 3 was 66 ppm, which was the
same value as that used for the experiments shown in Figure 2. The only difference in experimental
conditions between Figures 2 and 3 is the relative humidity of the atmosphere, which are 0% and ~34%,
respectively. In contrast to the results of the experiments under dry conditions shown in Figure 2a and
Supporting Information 3, in which the toluene removal and CO2 evolution rates in the first reaction
experiment gradually decreased over time, the toluene removal and CO2 evolution rates were not
significantly reduced with time under humid conditions (Supporting Information 5). Our observation
that no significant deactivation of TiO2 photocatalyst surface occurs during toluene decomposition
under high humidity is in line with previously reported results [18].

Catalysts 2018, 8, x FOR PEER REVIEW    6 of 13 

 

2.3. Photocatalytic Decomposition of Toluene under Humid Conditions 

It  was  previously  reported  that  deactivation  of  the  TiO2  surface  during  photocatalytic 

decomposition of toluene is less pronounced or not observed when the humidity of the atmosphere 

is  relatively high  and  the  initial  toluene  concentration  is  low  [18].  It was proposed  that,  in high 

humidity, hydroxyl (OH) radical formation is facilitated by the interaction between water vapor in 

the atmosphere and the holes created by the optical excitation of TiO2. Hydroxyl radicals are known 

to act as oxidizing agents and are particularly effective in oxidizing various carbon‐containing species 

chemisorbed on the TiO2 surface into CO2 and H2O [18,35]. 

As one can see from Figure 3a, which shows the total amounts of removed toluene and produced 

CO2  in  each  of  the  two  successively  performed  photocatalysis  experiments  using  bare TiO2,  the 

number of moles of CO2 produced is ~7 fold greater than the respective value of toluene removed, 

and there is no indication of deactivation in the subsequent photocatalysis experiments. It is worth 

emphasizing  that  the  initial concentration of  toluene  in  the experiments of Figure 3 was 66 ppm, 

which was the same value as that used for the experiments shown in Figure 2. The only difference in 

experimental conditions between Figures 2 and 3 is the relative humidity of the atmosphere, which 

are 0% and ~34%, respectively.  In contrast  to  the results of  the experiments under dry conditions 

shown in Figure 2a and Supporting Information 3, in which the toluene removal and CO2 evolution 

rates in the first reaction experiment gradually decreased over time, the toluene removal and CO2 

evolution  rates were  not  significantly  reduced with  time  under  humid  conditions  (Supporting 

Information 5). Our observation that no significant deactivation of TiO2 photocatalyst surface occurs 

during toluene decomposition under high humidity is in line with previously reported results [18]. 

 

Figure 3. Photocatalytic decomposition experiments of toluene under high humidity. Each reaction 

experiment was  conducted under high humidity  (33.6%  relative humidity)  and  an  initial  toluene 

concentration of 66 ppm. The photocatalytic decomposition experiment was repeated twice without 

changing the catalyst sample. (a) Comparison of total removed toluene and total evolved CO2 after 

600 min of UV irradiation of each experiment in the presence of bare TiO2. (b) Comparison of total 

removed  toluene and  total evolved CO2 after 600 min of UV  irradiation of each experiment  in  the 

presence of h‐TiO2. Note that the y‐scales are different for each species. 

When h‐TiO2 was used for the toluene photocatalytic decomposition experiments under high 

humidity, there was again no indication of photocatalyst deactivation. Comparing the results of bare 

TiO2 and h‐TiO2, bare TiO2 showed more toluene removal and CO2 evolution activity under highly 

humid conditions than h‐TiO2. Moreover, the formation of dimethylacetamide, which was observed 

during photocatalytic decomposition of toluene on h‐TiO2 under dry conditions as a side product 

(Figure 2 and Supporting Information 4), was suppressed by the increased humidity. 

When the humidity of the atmosphere for the photocatalytic reaction was slightly reduced (from 

34 to 25%) and the toluene initial concentration was greatly increased (from 66 to 442 ppm), for both 

bare TiO2 and h‐TiO2,  the results were qualitatively analogous  to  those under dry conditions and 

lower toluene concentration (0 %RH and 66 ppm). As shown in Figure 4a and Supporting Information 

0

4

8

12

16

20

24

28

0

10

20

30

40

50

60

70

2
nd

1
st

63.81
69.61

9.489.75

 

E
v
o
lu
te
d
 C
O
2 
(
m
o
l)

 

R
em
o
v
ed
 t
o
lu
en
e 
(
m
o
l)

 Toluene
 CO

2

0

2

4

6

8

10

12

14

0

5

10

15

20

25

30

35

2
nd

1
st

24.5824.94

3.593.86

 

E
v
o
lu
te
d
 C
O
2 
(
m
o
l)

 

R
em
o
v
ed
 t
o
lu
en
e 
(
m
o
l)

 Toluene

 CO
2

(a) Bare TiO2 (b) h‐TiO2 

Figure 3. Photocatalytic decomposition experiments of toluene under high humidity. Each reaction
experiment was conducted under high humidity (33.6% relative humidity) and an initial toluene
concentration of 66 ppm. The photocatalytic decomposition experiment was repeated twice without
changing the catalyst sample. (a) Comparison of total removed toluene and total evolved CO2 after
600 min of UV irradiation of each experiment in the presence of bare TiO2. (b) Comparison of total
removed toluene and total evolved CO2 after 600 min of UV irradiation of each experiment in the
presence of h-TiO2. Note that the y-scales are different for each species.

When h-TiO2 was used for the toluene photocatalytic decomposition experiments under high
humidity, there was again no indication of photocatalyst deactivation. Comparing the results of bare
TiO2 and h-TiO2, bare TiO2 showed more toluene removal and CO2 evolution activity under highly
humid conditions than h-TiO2. Moreover, the formation of dimethylacetamide, which was observed
during photocatalytic decomposition of toluene on h-TiO2 under dry conditions as a side product
(Figure 2 and Supporting Information 4), was suppressed by the increased humidity.

When the humidity of the atmosphere for the photocatalytic reaction was slightly reduced (from
34 to 25%) and the toluene initial concentration was greatly increased (from 66 to 442 ppm), for both
bare TiO2 and h-TiO2, the results were qualitatively analogous to those under dry conditions and lower
toluene concentration (0 %RH and 66 ppm). As shown in Figure 4a and Supporting Information 6,
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bare TiO2 showed significant deactivation as the reaction progressed and across repeated experiments.
Evolution of CO2 was much less than the expected, according to the assumption of complete toluene
mineralization. Obviously, the increased partial pressure of toluene dominated the adsorption sites on
the surface of TiO2, reducing the probability of water chemisorption and OH radical formation.
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Figure 4. Photocatalytic decomposition experiments of toluene under high humidity with high
initial toluene concentration. Each reaction experiment was conducted under high humidity (25.2%
relative humidity) and an initial toluene concentration of 442 ppm. The photocatalytic decomposition
experiment was repeated three times without changing the catalyst sample. (a) Comparison of total
removed toluene and total evolved CO2 after 600 min of UV irradiation of each experiment in the
presence of bare TiO2. (b) Comparison of total removed toluene, total evolved CO2, and total evolved
dimethylacetamide (inset) after 600 min of UV irradiation of each experiment in the presence of h-TiO2.
Note that the y-scales are different for each species.

The results for h-TiO2 given the same reaction conditions were also analogous to results under
dry conditions (Figure 4b). A slight degree of deactivation was indicated between the first and second
photocatalysis experiments, yet the second and third experiments showed almost identical catalytic
activity for the decomposition of toluene and evolution of CO2. In addition, dimethylacetamide
formation was observed, similar to the results of Figure 2d under dry conditions, which is quantitatively
almost the same as the three successively performed photocatalysis experiments.

2.4. Proposed Surface Structure of h-TiO2

Figure 5 illustrates a model of the surface structure of h-TiO2, which reconciles all the results of
the photocatalysis experiments shown in Figures 2–4 and Supporting Information 3–6. We propose
that the h-TiO2 surface consists of two different domains. One domain has an identical atomic
surface structure to that of bare TiO2, whereas the second domain consists of hydrophilic surface
functional groups (such as hydroxyl, aldehyde, or carboxyl groups) bound to Si atoms originating
from PDMS. It is worth mentioning that the formation of very thin films of PDMS (thickness of
~1 nm) on various substrates via the presented TVD (Thermal Vapor Deposition) method had been
previously proved [26,28,36]. Besides, the re-vaporization of deposited PDMS thin films from its
substrates by annealing at temperature above 400 ◦C under dry air condition was also evidenced by
our previous results of TGA(Thermo-Gravimetric Analysis) analysis [37]. Therefore, it is likely that
some of deposited PDMS films (thickness of ~1 nm) were re-vaporized from TiO2 particles in the
post-annealing process of the present study (at 800 ◦C, under vacuum condition), forming the bare
TiO2 domains. We would like to mention that the ratio XPS peak intensity of Si 2p/Ti 2p decreased
upon the post-annealing process, implying the re-opening of bare TiO2 domain by the re-vaporization
of some of PDMS films (Figure 1c).
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Under dry conditions with lower toluene concentrations (0 %RH and 66 ppm of toluene)
and humid condition with very high toluene concentrations (25 %RH and 442 ppm of toluene),
the h-TiO2 surface showed some deactivation of the surface domain with the same structure as bare
TiO2. Under these conditions, h-TiO2 also formed dimethyacetamide through the catalytic reactions
taking place on the hydrophilic domain. Since the hydrophilic domain preferentially adsorbs water
molecules over toluene compared to bare TiO2, the catalytic reactions resulting in the formation of
dimethylacetamide on the hydrophilic domain could be fully suppressed under high humidity and
low toluene concentration conditions. In other words, toluene and water molecules competitively
adsorb onto the hydrophilic domain surfaces, and the photocatalytic decomposition of toluene toward
the formation of dimethylacetamide can only be found when toluene can chemisorb onto that surface.

The lower rate of toluene removal on h-TiO2 surface than on bare TiO2 was observed at the initial
stage of photocatalytic reaction, especially when dimethylacetamide formation was found (Figures 2 and 4),
and this can be also understood based on the proposed surface structure of h-TiO2 sample. There is an
additional reaction path of toluene removal on h-TiO2 surface compared to the case of bare TiO2; toluene
conversion to CO2 on the surface of bare TiO2 domain and the conversion of toluene to dimethylacetamide
on the hydrophilic domain. The initial reaction rate of the dimethylacetamide formation on hydrophilic
domain was lower than the CO2 formation on bare TiO2 domain, resulting in the lower overall rate
of toluene removal on the surface of h-TiO2 compared to the case of bare TiO2 at initial stage of the
photocatalytic reaction. It is worth noting that only slight deactivation of photocatalytic activity of h-TiO2

was observed in the repeatedly performed experiments whereas the photocatalytic activity of bare TiO2

was significantly reduced when the experiments were repeated under the same conditions (Figures 2
and 4). On h-TiO2, both domains (bare and hydrophilic domains) exist, yet the bare TiO2 domain is
rapidly deactivated and therefore the main reaction path on h-TiO2 surface in an extended time period
is dominated by hydrophilic domains, where toluene is converted into dimethylacetamide. Bare TiO2

domain is only active at the very early stage of the photocatalysis experiment.
The molecular-level mechanism for the formation of dimethylacetamide from toluene warrants

further study and possibly theoretical works in the future. In any case, formation of dimethylacetamide
indicates the activation of N2 molecules on the hydrophilic domains of h-TiO2. In this context,
it is worth mentioning that ammonia formation from N2 and H2 has been observed using some
photocatalysts in previous studies [38].

Unfortunately, dimethylacetamide is also regarded to be harmful to animals and human beings to
some extent [39]. However, dimethylacetamide shows lower vapor pressure than toluene and quite
high solubility in liquid water [40]. Therefore, removal of dimethylacetamide using an additional
apparatus in tandem with the photocatalytic air purifier is feasible. More importantly, bare TiO2
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suffers from deactivation during photocatalytic decomposition of aromatic compounds such as toluene
and shows reduced activity for all other VOCs (such as acetaldehyde and formaldehyde) with time.
In contrast, h-TiO2 can maintain its photocatalytic activity for a long time even after exposure to
toluene vapor under UV irradiation.

3. Materials and Methods

3.1. Sample Preparation

The first step of hydrophilic surface modification is thermal deposition of PDMS on TiO2 nanoparticles.
The schematic description of the process is shown in Figure 6a. A stainless-steel chamber with a volume
of 2.2 L was used as a reactor. A fluid amount of 30 g PDMS (1000 cs, Xiameter, Midland, MI, USA) was
loaded into a container made of aluminum foil with a lateral size of 5 cm × 7 cm, which was then placed
on the bottom of the chamber. 10 g of commercial TiO2 nanoparticles (P-25, Evonik, Essen, Germany)
was loaded into a container made of stainless-steel mesh with a lateral size of 10.5 cm × 10 cm, and the
container was placed 5 cm above the bottom of the chamber. The top part of the chamber was then covered
with a stainless-steel lid. Polyimide (PI) tape was used to seal the gap between the chamber and the lid.
The outside of the chamber was wrapped with a heating band, and the temperature of the chamber was
monitored by a K-type thermocouple attached to the upper side of the chamber and was controlled using
a thermo-regulator (SU-105K, Samwon Eng, Seoul, Korea).

The PDMS was deposited onto the TiO2 nanoparticles at a chamber temperature of 180 ◦C, based
on our previous works. The TiO2 particles modified by PDMS coating at 180 ◦C and subsequent
vacuum annealing showed the highest photocatalytic activity toward methylene blue and phenol
molecules [29]. The temperature of the chamber was increased from room temperature to 180 ◦C and
then kept at 180 ◦C for 12 h. After deposition, the chamber was cooled to room temperature, and the
PDMS-coated sample was collected.

The next step of hydrophilic surface modification is vacuum annealing of the PDMS-coated TiO2

powder, shown schematically in Figure 6b. PDMS-coated TiO2 powder was loaded in the middle of
a quartz tube and was fixed by placing quartz wool on either side of the powder. The quartz tube
was evacuated with a rotary pump, and the pressure of the tube was maintained at 10−3 torr during
the process. The temperature of the tube was increased from room temperature to 800 ◦C within 2 h
and maintained at 800 ◦C for another 2 h. After this process, the temperature was decreased to room
temperature, and the vacuum-annealed TiO2 sample was collected.
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3.2. Characterization

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface of bare TiO2, PDMS-coated
TiO2, and vacuum-annealed TiO2 (h-TiO2). The XPS spectra were acquired with Mg-Kα (1253.6 eV, X-ray
source) and a hemispherical analyzer (PHOIBOS-Has 2500, SPECS, Berlin, Germany). The measurements
were conducted in an ultra-high vacuum chamber with a base pressure of 3.0 × 10−10 torr at room
temperature. Optical properties of bare TiO2 and vacuum-annealed TiO2 were analyzed on UV-Vis
reflectance spectra in the wavelength range of 200~800 nm using a UV-Vis diffuse reflectance spectrometer
(UV-Vis DRS, UV-3600, SHIMADZU, Kyoto, Japan). Reaction products were identified by ex-situ thermal
desorption-gas chromatography mass spectrometry (TD-GC/MS). The gas mixture inside the reactor was
collected in a tedlar bag and was adsorbed to a single-bed tube (Tenax® TA, Supelco, Bellefonte, PA, USA)
by drawing 50 sccm from the bag into the tube for 20 min using a mass flow controller. The single-bed tube
was then heated to 280 ◦C in a thermal desorption system (TDSA2, GERSTEL, Linthicum, MD, USA) to
desorb the gas mixture, and the desorbed gas mixture was injected into a gas chromatograph (5975 series,
Agilent, Santa Clara, CA, USA) equipped with a capillary column (DB-1MS, 60.0 m × 250.00 µm, Agilent
Technologies) and an inert quardrupole-type mass selective detector.

3.3. Photocatalytic Reactions

Photocatalytic decomposition of toluene was carried out over the surface of bare TiO2 or
h-TiO2 film on an SUS (stainless steel) plate. The method for film preparation is explained in detail
elsewhere [35]. A high vacuum chamber (base pressure of ~10−5 torr) connected to a gas injection line
and a gas chromatograph (GC, HP 6890 series, Hewlett Packard, Palo Alto, CA, USA) was used as a
batch-type reactor. The top part of the chamber was closed with a viewport made of quartz. The gas
injection line was connected to three gas bottles of dry air, toluene, and water vapor through leak
valves. The GC was equipped with a 6-port valve (loop volume of 1 mL), and the valve was connected
to the chamber by a polytetrafluoroethylene (PTFE) tube. A diaphragm pump (DA70EEAC, flow
rate of 7 L/min, YLKTECH, Wuhan, China) was connected to the PTFE tube for fluent circulation of
the gas mixture in the reactor. The total volume of the reactor (including the PTFE tube) was 5.3 L.
The high vacuum chamber was also connected to another chamber equipped with a quadrupole mass
spectrometer (QMS, HAL 201, HIDEN, Warrington, UK), in order to verify the purities of the three
gases. See Supporting Information 1 for a schematic description of the experimental set-up.

Bare TiO2 or h-TiO2 film on an SUS plate was loaded into the high vacuum chamber.
Three different gases were introduced into the reactor, and the pressure of the reactor was recorded
through a Pirani vacuum gauge (SUPER BEE, InstruTech, Longmont, CO, USA). First, toluene gas
(50, 450 mtorr) was injected into the reactor, followed by water vapor (8 and 6 torr of water vapor
correspond to 33.6% and 25.2% relative humidity at 25 ◦C, respectively). Lastly, the reactor was filled
with dry air until the total pressure reached 760 torr. After the gas injection was complete, the gas
injection line was closed and separated from the reactor with an angle valve. Next, the diaphragm
pump was turned on to circulate the gas mixture in the reactor. The gas mixture was pre-circulated for
30 min to ensure homogeneity throughout the entire volume of the reactor. After the pre-circulation,
1 mL of gas mixture was injected into the GC every 10 min to measure the change in concentration of
each gaseous species over the reaction time. The GC was equipped with a capillary column (30.0 m ×
320 µm, DB-5, Agilent Technologies), a methanizer, and a flame ionization detector. After 100 min of
pre-adsorption in the dark, UV light (365 nm wavelength) was irradiated onto the surface of the bare
TiO2 or h-TiO2 through the quartz viewport using UV LED (500 mA of forward current, CUN6AF1B,
Seoulviosys, Ansan, Korea). Distance between the light source and the sample was 9 cm.

4. Conclusions

We modified the surface of TiO2 nanoparticles by thermal deposition of polydimethylsiloxane
followed by annealing under vacuum conditions. This process yielded hydrophilic functional groups
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on the surface of TiO2. Then, we compared the UV light-driven photocatalytic activities of bare TiO2

and hydrophilically-modified TiO2 (h-TiO2) for the toluene decomposition reaction under various
conditions. Bare TiO2 showed significant surface deactivation under dry conditions with low initial
toluene concentrations (66 ppm), which is ascribed to the accumulation of partially oxidized toluene
species (benzylaldehyde, benzoic acid) on the catalyst surface. In addition, under humid (25.2%)
conditions with very high initial toluene concentration (442 ppm), the surface deactivation was also
obvious. In contrast, under high humidity (33.6%) with low initial toluene concentration (66 ppm),
wherein the number of water molecules is much greater than the number of gaseous toluene molecules,
the surface deactivation was not significant. When h-TiO2 was used as photocatalyst, such surface
deactivation was not observed under the conditions where the deactivation of bare TiO2 was significant.
Under those conditions, toluene was converted to dimethylacetamide, which has a higher vapor
pressure than that of other partially oxidized species and so did not stick to the surface or show surface
deactivation. We propose that the h-TiO2 surface consists of two different domains: a bare TiO2 surface
domain and a hydrophilic surface domain decorated with hydrophilic functional groups. In the bare
TiO2 surface domain, the surface deactivation is pronounced when the proportion of gaseous toluene
molecules dominates the proportion of water molecules, whereas the hydrophilic surface domain is
resistant to any surface deactivation. We believe that our h-TiO2 has a high potential for application in
air purification for extended reaction times without significant surface deactivation during reaction.

Supplementary Materials: The materials are available online at http://www.mdpi.com/2073-4344/8/11/500/s1.
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