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ABSTRACT

In this paper a structure-activity and -selectivity relation is established for three commercial
TiO, sources (P25, P90, PC500). Morphological and electronic parameters of the photocatalysts
are determined using widely applicable and inexpensive characterization procedures. More
specifically, the electronic properties are rigorously characterized using an electron titration
method yielding quantitative information on the amount of defect sites present in the catalyst.
Surface photovoltage measurements on the other hand provide complementary information on
the charge carrier recombination process. As model reaction, the degradation of a solid layer of
stearic acid is studied using an in-situ FTIR reaction cell that enables to investigate the catalyst
surface and possible formation of reaction intermediates while the reactions are ongoing. We
show that the order of photocatalytic conversion is: PC500 > P90 > P25, matching the order of
favorable morphological properties. In terms of selectivity to CO, formation (complete
mineralization), however, this trend is reversed: P25 > P90 > PC500, now matching the order of
advantageous electronic properties, i.e. low charge carrier recombination and high charge
carrier generation. With this we intend to provide new mechanistic insights using a wide variety
of physical, (wet) chemical and operando analysis methods that aid the development of

performant (self-cleaning) photocatalytic materials.

KEYWORDS

Photocatalysis, titanium dioxide (TiO,), structure-activity relation, stearic acid, in-situ FTIR,

selectivity, electron titration, surface photovoltage, self-cleaning
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1. INTRODUCTION

Photocatalysis is a well-established technology for pollution abatement in both the gas and
aqueous phase.[1-4] More recently, photocatalytic self-cleaning materials have become an
important application field as well.[5] In the selection of the most suitable catalyst, not only
high activity but also pricing and safety play an important role. In this regard titanium dioxide
(TiO,) is an ideal candidate since it is relatively inexpensive, non-toxic, (photo-)stable and easily
activated under UV light illumination.[6] In addition, it is already used in a number of everyday
applications like the food industry, sunscreen, paint and cosmetics, that could facilitate rapid
transition of self-cleaning TiO, applications from the laboratory scale to commercial
applications.[5] One of the major drawbacks of TiO, based photocatalysis is its low efficiency,
which is mainly due to charge carrier recombination. This problem can be circumvented by
improving the photo-electronic properties or by modifying the photocatalyst on the
morphological level.[7] The former involves the formation of composite semiconductors,
doping or modification with (noble) metal nanoparticles.[8] The latter is mainly based on
maximizing the exposure of the catalyst surface to pollutants by increasing the surface area
using different (nanosized) geometries.[9] An additional advantage is that charge carriers are
formed closer to the surface thus reducing charge carrier recombination.[7,10] It is evident that
different factors play an important role and understanding the interplay between these
phenomena is essential for further optimizing the photocatalytic efficiency. One should also
keep in mind the final application. It is shown that the material properties that dominate the

overall photocatalytic activity in agueous phase differ from those in gas phase.[11-13] On the
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other hand, very limited information is available on the driving properties for self-cleaning
applications taking place at the solid (catalyst) - solid (pollutant) - gas (ambient) interface.

In this study both morphological and electronic properties of three commercially available
photocatalysts are rigorously characterized in order to adequately evaluate the photocatalytic
self-cleaning activity and thus establish a full structure-activity relation. A valuable correlation
between photocatalytic activity and structural and physical properties of commercial TiO, has
been established by Ohtani’s group using statistical multivariable analysis.[13] They used five
different representative reactions and their relative rates were linked to six different material
properties. Since all reactions were conducted in aqueous or gas phase, no conclusions can be
made on the driving factors of self-cleaning photocatalytic materials. The electronic properties
of photocatalysts can be studied using different (fundamental) spectroscopic techniques like
electron paramagnetic spectroscopy (EPR),[14-16] time resolved microwave conductivity
(TRMC) measurements,[17] photoacoustic spectroscopy (PAS)[18,19] and other ultrafast
spectroscopic techniques.[20-22] While these techniques yield insightful information, they
require dedicated expensive equipment and often tedious and complex sample preparation
steps. In this work it is our intent to use simple, widely applicable and inexpensive
characterization procedures that yield all the information required. More in particular, we used
a facile and fast characterization technique based on an adapted electron titration method
using a thiazine dye (thionine) yielding information on the electronic properties of powder TiO,
samples. This electron titration method is based on the generation and storage (trapping) of
electrons of irradiated TiO, colloids in de-aerated conditions in the presence of a hole

scavenger. UV excitation of TiO, in de-aerated ethanol renders the suspension blue, which is
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attributed to trapping of electrons at Ti*" sites. This electron excess can be titrated using a
suitable acceptor molecule like thionine. Because of the charging effect and the possibility to
titrate the excess charge, it is possible to quantify the number of electrons stored on the TiO,
particles.[23—-30] The abovementioned electron titration method is thus used to evaluate the
electronic properties of different commercially available TiO, photocatalysts. These results are
complemented by direct surface photovoltage (SPV) measurements and morphological
characterization data. Further linking the electronic and morphological characteristics of the
samples to their ability to degrade a solid layer of stearic acid (SA), enables us to interpret the

photocatalytic self-cleaning behavior of the investigated catalysts.

2. EXPERIMENTAL

2.1 Chemical reagents

All products were used as received from the manufacturers without any modification or
purification unless stated otherwise. Three commercially available TiO, sources were used:
Aeroxide P25 (Evonik), Aeroxide P90 (Evonik) and PC500 (CristalACTiV). All other chemicals
were purchased from Emplura or Sigma-Aldrich.
2.2 Photocatalyst characterization

X-ray powder diffraction (XRD) measurements were conducted using a STOE StadiP apparatus
with CuKa radiation and an image plate detector. The Brunauer-Emmett-Teller (BET) specific
surface area was determined via N, adsorption with a Micromeritics Tristar Surface Area and
Porosity Analyzer. The samples were first degassed overnight at 573 K. A filler rod and

isothermal jacket were used during the measurements.
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The amount of electrons stored on TiO, was determined quantitatively using thionine acetate
salt (Sigma-Aldrich) as electron acceptor. 0.625 mg TiO, powder was suspended in 5 mL
absolute ethanol (Emplura, 99.5%) in an airtight reaction vessel and de-aerated with N,. The
weight before and after the de-aeration step was measured to account for volume losses. The
reaction vessel was subsequently illuminated with a low-intensity UVA lamp (Ayax = 352 nm, 5.3
+ 0.3 mW cm™ at sample distance) for one hour while stirring. The holes are readily scavenged
by the organic solvent and the suspension turns grayish-blue, which indicates the formation of
electron-rich TiO,. Afterwards, 1 mL of a de-aerated aqueous solution of thionine (0.1 mM) was
added to the reduced TiO, suspension causing the stored electrons to reduce the thionine dye
(blue) to its colorless leuco-thionine form. The resulting suspension was centrifuged for 20
minutes at 6000 rpm to eliminate the photocatalyst, after which the supernatant was loaded in
a sealable quartz cell (optical path length 10 mm) and the UV-VIS absorption at 602.5 nm was
measured using a Shimadzu UV-VIS 2501PC double beam spectrophotometer. To exclude the
adverse effect of oxygen, all experiments were entirely conducted under N, atmosphere (two-
hand Atmosbag with zipper lock, Sigma-Aldrich). Blanc samples were measured to correct for
dye adsorption on the TiO, catalyst. These samples underwent the same experimental
procedure but were shielded from UV light illumination using aluminum foil.

Surface photovoltage measurements were conducted as described by Verbruggen et al.[12]
using a custom made apparatus where the catalyst powder is sandwiched between two ITO
electrodes (Sigma-Aldrich, d = 1.2 mm, resistivity: 8-12 Q cm™), connected to an amplifier (1 x

10° voltage amplification). No external bias was applied. For all samples, 4.0 + 0.1 mg TiO,
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powder was used in such a way that a controlled area of 5 mm by 5 mm was illuminated with

UVA light (Amax =352 nm, 1.8 mW cm? at sample distance).

2.3 Photocatalytic self-cleaning activity measurement

The photocatalytic self-cleaning test was conducted by means of an in-situ stearic acid (SA)
degradation experiment, based on the method proposed by Paz et al.[31] Silicon wafers (1.5 cm
x 1.5 cm) were ultrasonically cleaned in ethanol and dried with compressed air. Afterwards, a 2
wt% TiO, suspension in absolute ethanol was prepared of which 25 ulL was drop casted on the
silicon wafer. The coated wafers were subsequently dried overnight at 363 K. A layer of stearic
acid (Sigma-Aldrich, 98.5%) was applied by spin coating 50 pL of a 0.25 wt% stearic acid solution
in chloroform (Sigma-Aldrich, 99.8%) for 1 minute at 1000 rpm after which the samples were
dried for 15 minutes at 363 K. The photocatalytic degradation of stearic acid was monitored by
means of FTIR spectroscopy using a patented in-situ reaction cell developed in our research
group.[32] This cell enables the in-situ observation of volatile and non-volatile reagents,
intermediates and products on the surface while the reactions are ongoing. The samples were
placed in the center of the reactor at an angle of 9° with the IR beam to minimize internal
reflection effects. During the experiments, IR spectra were recorded from 4000 - 400 cm™ at a
resolution of 1 cm™ by a Thermo Nicolet 6700 spectrometer (Thermo Fisher Scientific). The
reactor was first flushed with air after which it was sealed airtight and the sample was allowed
to equilibrate for one hour. An average of eight spectra was logged every three minutes using
an automated protocol (MacrosBasic, Thermo Fisher) and the built-in UV LEDs (Amax = 377 nm,

1.8 mW cm™ at sample distance) were switched on. The disappearance of stearic acid was
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followed by monitoring the integrated area in the wavenumber range 3000 - 2800 cm™,
corresponding to the asymmetric v,5(CHs) in-plane C-H stretch at 2958 cm™, an asymmetric
Vas(CH,) in-plane C-H stretch at 2923 cm™tand a symmetric vs(CH;) in-plane C-H stretch at 2853
cm™.[33] The concomitant formation of CO, and CO was monitored following the peak height

of the asymmetric stretch v.5(CO,) at 2360 cm™ and the stretch v(CO) at 2179 cm™ respectively.

3. RESULTS AND DISCUSSION

3.1 Morphological parameter characterization

An overview of the main important morphological material properties is given in Table 1. The
surface area was determined by means of N, adsorption/desorption measurements by applying
the BET method. XRD measurements were used to determine the crystallinity/crystal phases as

well as the primary crystallite size.

Table 1. Overview of important morphological properties of the three commercial TiO, sources.

f Pri llite size®
TiO, source Sur age_?rea rimary crystallite size Crystallinity
(m“g™) (hm)
85.6 wt% anatase
P25 59 18.8
14.4 wt% rutile®
89.3 wt% anatase
P90 125 10.9
10.7 wt% rutile®
85 wt% anatase
PC500 352 6.5

15 wt% amorphous®

® Primary crystallite size of the dominant crystal phase (anatase), determined using the Scherrer equation.

® Determined with the formula of Spurr and Myers using the intensity of the strongest anatase and rutile peaks,
being 25.28° and 27.4° 26.[34]

© As obtained from the manufacturer data.
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3.2 Electronic parameter characterization
Determination of defect states using electron titration method

As indicated in the introduction, it is our intent to use simple and inexpensive
characterization procedures without having to compromise on accuracy and precision. To
probe the electronic properties of the catalysts we therefore propose a modified electron
titration technique that enables quantitative analysis of defect sites, thereby gaining more
information on the electron-hole pair (e-h*) recombination process. The method is based on
the light-induced accumulation of electrons on TiO, powder in a de-aerated solution in the
presence of a hole scavenger. In Figure 1 (a) equal amounts of TiO, powder are suspended in
de-aerated ethanol. The left reaction vessel was illuminated by UV light, while the right vessel
was shielded from illumination using aluminum foil. Charge separation takes place in the
illuminated sample where the holes are scavenged by the organic solvent, causing the electrons
to be trapped at Ti** forming Ti**, i.e. the electrons accumulate on the TiO, powder in the form
of Ti**.[27] This can be verified macroscopically by the appearance of a distinct grayish-blue
color (Figure 1 (a)). It is possible to determine the concentration of these accumulated electrons
using thionine (TH) as acceptor molecule. Thionine exists as a monovalent cation and is readily
reduced to its colorless leuco form (THZ’) via a two-step reduction, as can be derived from
reactions (1) and (2).[28,29]

2T3* + 2THgpuey = 2Ti** + 2TH™ )

2TH™ - TH(Zc:)lorless) +TH (2)
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In order for this reaction to occur spontaneously, the reductive power of the trapped
electrons should be strong enough, i.e. the defective sites should have a more negative
electrochemical potential than the TH/TH? redox couple. The redox potential of the dye used in
this study is +0.064 V vs. NHE.[29] Assuming the accumulated electrons are trapped just below
the conduction band edge of TiO, (-0.52 V vs. NHE[35]), the stored electrons will indeed react
readily with the thionine molecules, reducing them to their colorless form (reactions (1) and
(2)). This can be seen in Figure 1 (b). A known amount of a de-aerated thionine dye solution is
added to both reaction vessels. In the previously irradiated TiO, suspension (left), the stored
electrons reduce the dye to its colorless form, causing the grayish-blue color (indicative of
electron storage) to disappear. The non-illuminated reaction vessel (right) attains the dark blue
color of the thionine dye solution. Using the extinction band of thionine at 602.5 nm (&ionine iN
a five-to-one ethanol/water mixture is determined to be 81800 M cm'l), it is possible to
determine the amount of thionine molecules that are reduced. The reader is referred to Figure
S1 in the supplementary information for the UV-VIS absorption spectra of the thionine dye
before and after reduction to its colorless form.

Keeping in mind that two electrons are needed to bleach one thionine molecule, the amount
of trapped electrons can thus be calculated. It is important to note that both the stored
electrons on TiO, and the reduced leuco form of the dye are highly stable under inert
atmosphere but are easily oxidized by coexisting oxygen in the solution (Figure 1 (c) and (d)).
Even small amounts of O, present during the measurement would result in quenching of the
signal and consequently lead to large experimental errors. The errors on the values we

obtained are quite low (Figure 2), demonstrating the high accuracy and reproducibility of the

10
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electron titration method. Our values are also in the same order of magnitude as the ones
found in literature by applying a comparable analysis.[13,23,27] For instance, Prieto-Mahaney
et al.[13] determined the molar amount of defective sites for commercially available P25 to be
59 umol g*, which is somewhat lower than the value of 95 pmol g™ that we obtained. They
used triethanolamine as hole scavenger and methyl viologen as titrant. The redox potential of
methyl viologen is -0.45 V vs. NHE (as compared to +0.064 V vs. NHE for thionine) so it is likely
that the reductive power of some deeper trapped electrons is not sufficient to reduce the
methyl viologen, resulting in a slightly lower value than the one obtained in our study. In
general, such a high number of defects can be largely attributed to the co-existence of different

crystalline phases in the sample and its nanostructured nature.

Figure 1. Overview of the different steps taking place during the photocatalytic electron titration experiment. (a)

Equal amounts of TiO, were suspended in de-aerated ethanol. The left reaction vessel was illuminated with UV

11
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light causing the electrons to accumulate on the powder and the suspension to turn grayish-blue. (b) Situation
after addition of equal amounts of a de-aerated aqueous thionine solution. The stored electrons in the left
reaction vessel reduce the dye to its colorless form. In the right reaction vessel no dye reduction takes place, thus
the suspension gets the dark blue color of the stock thionine solution. (c) Effect of the presence of oxygen five
minutes after opening the reaction vessel. The colorless leuco-thionine (left reaction vessel) reverts to its original

colored form. (d) Effect of the presence of oxygen 20 minutes after opening the reaction vessel.

From our analysis it can be derived that the capacity for electron trapping follows the order
PC500 > P90 > P25 (Figure 2). A study by Ikeda et al.[27] suggests that the formed Ti*" species
are produced by trapping electrons at — and thus quantify the number of — defect sites in TiO,.
Since electron-hole pair recombination is facilitated by defects,[8] it can be stated that the
electron titration method directly yields information on the recombination process and
therefore also on the charge carrier formation efficiency. They demonstrated a linear
correlation between the rate of e-h" pair recombination and the molar amount of defective
sites per unit weight of TiO, powder. Considering our results, this implies that P25 is less prone
to charge carrier recombination than P90 and PC500 and thus is the most favorable

photocatalyst in terms of electronic properties.
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Figure 2. Molar amount of trapped electrons per unit weight for the three commercial TiO, powders.

Surface photovoltage (SPV) measurements

Surface photovoltage (SPV) measurements enable a detailed characterization of
semiconductors yielding complementary information on the electronic properties. The
technique is based on an illumination-induced change in the surface photovoltage.[36] Contact
between a semiconductor and a conductor leads to the formation of a non-neutral space
charge region near the surface that in turn gives rise to a built-in electric field, commonly
referred to as the surface potential barrier. When the semiconductor is illuminated by UV light,
free charge carriers are generated which will redistribute because of the built-in electric field.
This will alter the surface potential barrier. The difference in surface potential before and
during illumination is defined as the SPV signal.[12,37] The amount of charge carriers formed is
directly related to the potential difference and thus the SPV signal. Therefore, SPV
measurements provide valuable information on the charge carrier formation efficiency of the
semiconductor. The technique has many similarities to the aforementioned electron titration
procedure as it is also fast, simple, cheap, directly applicable to powders and does not require
any sample preparation. Therefore, SPV is an ideal candidate to corroborate and further
complement the results of our adapted electron titration method. The SPV signal of the three

commercial TiO, sources can be found in Figure 3.
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Figure 3. Surface photovoltage measurements for P25 (black), P90 (dark gray) and PC500 (light gray). Light was

switched on after 10 s and turned off at 100 s (sample was illuminated for 90 s).

P25 displays the highest SPV signal and thus the best charge carrier formation efficiency
whereas the signal of PC500 is negligible. These results are in excellent agreement with the
results obtained by the electron titration method (vide supra) according to which P25 has the
least amount of defect states and is therefore less susceptible to charge carrier recombination.
PC500 on the other hand only generates a poor amount of stable charge carriers, as it is more
prone to charge carrier recombination (evidenced by the electron titration experiment),
probably due to the large amount of non-crystalline material present in the sample (Table 1).
3.3 In-situ investigation of the photocatalytic self-cleaning activity

The degradation of a solid layer of stearic acid (SA) is a commonly accepted method to assess
the self-cleaning photocatalytic activity.[31,38—41] SA is a photo-stable model compound for
organic fouling on both interior and exterior surfaces. In this method, a thin layer of SA is
deposited onto the photocatalyst and its destruction over time is monitored by means of FTIR

since the molecule absorbs strongly in the region from 3000 to 2800 cm™. Complete
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mineralization of SA to CO, can be achieved as was evidenced by Mills and Wang who followed
the simultaneous decrease of SA and increase in CO,.[33] In the present research, the
photocatalytic degradation of SA was monitored using a reaction cell developed in our research
group that enables the in-situ monitoring of the catalyst surface, while the reaction is ongoing.
The decrease of the FTIR absorption band of SA from 3000 - 2800 cm™ during UV illumination
corresponding to the decrease of number of SA molecules is shown for the three commercial

TiO, sources as a function of illumination time in Figure 4 (a) and (b).
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Figure 4. (a) Decrease of FTIR absorption bands of SA in the range of 3000 - 2800 cm™t during UV illumination. (b)
Decrease of SA molecules over time, determined from the integrated area from 3000 - 2800 cm™ under the
corresponding curves of Figure 1 (a). The values are shown until only 10% of the original SA concentration was
present (dashed curve). The kinetic models (solid lines) are also based on the first 90% of conversion. (c) CO,

formation in function of illumination time during the first 90% of SA conversion.

Since SA appears as a transparent coating over the photocatalyst, light absorption by the
pollutant can be neglected in the kinetic pathway. Depending on the porosity of the
photocatalyst layer, zero or first order kinetics can be expected. It is shown by Ollis that for
non-porous catalyst layers a zero order kinetic model satisfactorily describes the SA
degradation rate, while in the case of a porous catalyst layer, apparent first order behavior can
be expected.[42] Both situations apply in our results, as can be seen in Figure 4 (b). P25 and P90
films exhibit zero order kinetics while PC500 clearly shows first order behavior. Still, both
sample preparation and activity measurement were identical for all three TiO, sources. The
PC500 film, however, appeared to be much coarser, consisting of aggregated islands, whereas
P25 and P90 layers were much more uniform. This intrinsic difference in overall layer
morphology can explain the different kinetic behavior of the PC500 sample that acts as a
porous film, leading to first order kinetics. Despite the difference in kinetic order, in terms of
the disappearance rate of SA, it is clear that the PC500 film is most active while P25 exhibits the
lowest photocatalytic self-cleaning activity.

To enable a more appropriate, quantitative, comparison of the full mineralization activity, the
CO, formation was also studied by monitoring the peak height of the asymmetric stretch
Ves(CO5) at 2360 cm™ over time. These results are shown in Figure 4 (c). It can be seen that the

CO, formation rate increases linearly with illumination time for all three samples. P25 is the
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least active catalyst, which is in agreement with the SA removal results. Remarkably, there is no
longer any difference in activity between P90 and PC500. The PC500 sample also shows a clear
linear relationship between CO, formation and illumination time, as opposed to its first order
SA removal kinetics. This indicates that for these PC500 films the initial oxidation process
proceeds fast but gives rise to long lived intermediates which are harder to degrade. Minabe et
al. studied the photocatalytic decomposition of SA by TiO, and found that they could only
remove 69% of the original amount of SA, also pointing to the formation of intermediates that
are less easily degraded.[43] Since the in-situ reaction cell used in our experiments enables to
monitor the surface while the reactions are ongoing, the FTIR spectra were carefully examined
to see whether some intermediates could be observed. Figure 5 shows the FTIR spectrum of
PC500 in the range of 1900 to 1200 cm™ after 90% of the SA was converted. The negative
absorbance from 1530 to 1430 cm ™ is attributed to the disappearance of stearic acid from the
surface. It is evident from this spectrum that different intermediates like acetaldehyde,
formaldehyde and their oxidation products (acetate, formate) are indeed present on the
surface. Assignment of the different bands can be found in Table 2. These results are in good
agreement with those obtained by Roméas et al.[44] who studied the photomineralization of
palmitic acid by TiO, coated self-cleaning glass. They found there was a negative deviation of
the expected reaction stoichiometry due to the formation of intermediates like acetone,

acetaldehyde and formaldehyde.
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314 Figure 5. IR spectrum of PC500 (after H,0 correction) after 90% of SA was removed by UV light illumination.

315 Table 2. Assignment of the FTIR bands observed on the surface of PC500 after 90% of SA was removed.

Adsorbed molecule Vibration mode Frequency (cm™)
Literature[45] This work

HCOOH, 4 v(C=0) 1713 1716
CH3COOHyq4 v(C=0) 1675 1676
HCHO,q4 v(C=0) 1662 1665
CH3CHO4q4 v(C=0) 1653 1656
CH3CHOg4q4 v(C=C) 1625 1630
HCOO aq Va5(COO) 1574 1575
HCOO aq Va5(COO) 1554 1554
CH3COO 3¢ Vas(COO0) 1547 1544
CH3CHOy4q4 6as(CHs) 1444 1440

HCOO 5 5(CH) 1416 1411



HCOO 5 v5(CO0) 1378 1377

HCOO 44 vs(COO) 1357 1361
CH3COO 44 8as(CHs3) 1343 1346
316
317 Complete mineralization of one SA molecule yields 18 molecules of CO,. Since some long-

318 lived intermediates are formed in our experiments, the SA:CO, ratio will be lower than the
319 reaction stoichiometry value of 1:18 i.e. the selectivity toward CO, formation will deviate from
320  unity. This drop in selectivity has also been determined in our experiments and is plotted in
321  Figure 6. Even though PC500 is the most active catalyst to remove a solid layer of SA, it has the
322  lowest selectivity toward CO, formation (37%). P25, the least active catalyst, on the other hand
323 has a selectivity of 60%, meaning that 11 CO, molecules are formed per SA molecule. Mills and
324  Wang also tested the SA degradation capacity of P25 and observed the same drop in the SA:CO,
325  stoichiometric ratio from 1:18 to 1:12 (corresponding to a selectivity of 69%) after ca. 50
326  minutes of irradiation.[33] This value matches quite well with the selectivity obtained for P25 in

327  our study.
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Figure 6. Selectivity toward CO, formation for the three tested samples. A selectivity of 100% means full

mineralization of SA to CO, is achieved resulting in a SA:CO, ratio of 1:18.

3.4 Discussion on the structure-activity-selectivity relation

Based on the characterization of the electronic photocatalyst properties (electron titration +
SPV), it is expected that P25 shows the highest photocatalytic activity since its (photo)electronic
properties outperform those of P90 and PC500.[11,12] It has the lowest amount of
defect/recombination sites and the highest SPV value, indicating a good charge carrier
formation efficiency and subsequently high photocatalytic activity. This can be explained by the
fact that P25 is characterized by a high quantum efficiency because of its fully crystalline nature
(few surface and bulk defects[11]), as opposed to PC500 (15 wt% amorphous). In addition, the
superior activity of commercial P25 is often attributed to its polymorphic composition (85 wt%
anatase, 15 wt% rutile) that ameliorates charge separation due to the favorable position of the
valence and conduction bands of both crystal phases. P90 is also fully crystalline but has a
different anatase to rutile ratio (90 wt% anatase, 10 wt% rutile) that deviates more from the
optimal composition found by Su et al. (60 wt% anatase and 40 wt% rutile).[46] In terms of
morphological properties on the other hand, PC500 stands out since it has the smallest primary
particle size and the highest surface area (6 times higher than P25, 3 times higher than P90).

Linking both morphological and electronic material properties to the ability to convert a solid
layer of stearic acid for the three commercial TiO, sources, it can be concluded that not the
electronic properties but mainly the high surface area is the driving factor for self-cleaning
applications. P25 clearly outperforms P90 and PC500 in terms of charge carrier formation

efficiency but has the lowest activity. PC500 on the other hand displays the largest surface area
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372

and also has the highest photocatalytic activity. These results agree well with an earlier study
by our group where PC500 outperforms P90 and P25 for the degradation of acetaldehyde in
air.[12] Interestingly, the trend is reversed for photocatalytic activity measurements in aqueous
phase, were P25 excels over P90 and PC500. During gas phase measurements, the (small)
gaseous pollutants can access the entire surface whereas pollutants in agqueous phase are
hindered by diffusion limitations. A large surface area consisting of small pores is thus only
desirable when mass transfer limitations can be neglected.[12] The consistency between the
driving factors of gas phase photocatalysis and self-cleaning applications can be rationalized
well: The photocatalytic oxidation of organic solids can be considered as a special border case
of gas phase photocatalysis, as the reactions take place at the solid (catalyst) - solid (pollutant) -
gas (ambient) interface. In addition, the supply of O, and the removal of CO, follow the same
mass transfer laws as those of gas phase reactions, without being obstructed by a liquid barrier
giving rise to diffusion limitations.[7]

Next to activity, selectivity is also an important catalyst property. When looking at the ability
to fully mineralize the pollutant, i.e. obtaining high selectivity toward CO,, the trend in
photocatalytic activity (PC500 > P90 > P25) is reversed! It can indeed be concluded from Figure
6 that P25 has the highest mineralization efficiency (60%), followed by P90 (52%) and PC500
(37%). Interestingly, this reversed trend corresponds well with the trend observed in the
electronic parameter characterization (P25 > P90 > PC500). It can thus be concluded that in
terms of photocatalytic self-cleaning activity, the morphological properties present the driving
parameters. If we however take a look at mineralization selectivity, the electronic properties

play a more prominent role. PC500 (largest surface area, least favorable electronic properties)
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394

thus has the highest self-cleaning activity i.e. can initially convert the most SA molecules
because of the high amount of active sites. The initial conversion however gives rise to some
long-lived intermediates on the surface that prove to be more difficult to degrade. P25 on the
other hand (lowest specific surface area, best electronic properties) has less active sites so can
convert less SA molecules, but because of its desirable electronic properties is able to

mineralize the pollutant more selectively to CO,.

4. CONCLUSION

In order to properly assess the photocatalytic properties of self-cleaning TiO,, rigorous multi-
aspect characterization is key since differences in macroscopic activity measurements cannot
always be attributed to a single material property. For this reason, we conducted a full
morphological and electronic characterization of three commercial TiO, photocatalysts (P25,
P90, PC500) to obtain a coherent structure-activity and -selectivity relation for self-cleaning
applications. Our results indicate that P25 has the most desirable electronic properties
compared to P90 and PC500 but is outperformed by PC500 and P90 in terms of morphological
properties. These favorable morphological properties were shown to lead to a high
photocatalytic self-cleaning activity. The opposite is true when looking at selectivity, where
good electronic properties are the predominant factor. The obtained structure-activity-
selectivity relation provides more mechanistic insight in the self-cleaning behavior of
photocatalytic surfaces. We are hopeful this will boost the development of high-performant
photocatalytic self-cleaning materials and facilitate a rapid transition from the laboratory scale

to commercial applications.
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