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ABSTRACT: The role of Pt on photocatalytic substrates such as TiO, (P25) for the
decomposition of organic pollutants is still controversial in the scientific community.
The well-observed behavior of an optimum catalytic activity as a function of the Pt
loading is usually explained by the shift from charge separation to charge recombination
behavior of Pt clusters. However, experiments supporting this explanation are still
lacking to give a concise understanding of the effect of Pt on the photocatalytic activity.
Here, we present an experimental study that tries to discriminate the different effects
influencing the photocatalytic activity. Using atomic layer deposition in a fluidized bed
reactor, we prepared TiO, (P2S) samples with Pt loadings ranging from 0.04 wt % to
around 3 wt %. In order to reveal the mechanism behind the photocatalytic behavior of
Pt on P25, we investigated the different aspects (i.e., surface area, reactant adsorption, light absorption, charge transfer, and reaction
pathway) of heterogeneous photocatalysis individually. In contrast to the often proposed prolonged lifetime of charge carriers in Pt-
loaded TiO,, we found that after collecting the excited electrons, Pt acts more as a recombination center independent of the amount
of Pt deposited. Only when dissolved O, is present in the solution, charge recombination is suppressed by the subsequential
consumption of electrons at the surface of the Pt clusters with the dissolved O, benefited by the improved O, adsorption on the Pt
surface.

1. INTRODUCTION if not harvested efficiently, losing the potential for the preferred
redox reaction to degrade organic pollutants.

According to this mechanism for the photocatalytic
degradation of organic pollutants, three different events lead
to the degradation of the pollutant: ™’

Photocatalysis to clean water is a promising technology for
tackling the rising problem of water pollution, especially in
low-resource countries. Using materials such as TiO, and
sunlight, many reports have shown the degradation of a range

of pollutants in water.'~® However, the implementation in real- (1) The creation of superoxide radicals (O,*") from the CB
life remains challenging because of lack of efficiency. Getting electrons and dissolved oxygen leads to the formation of
insight into the working principles of the developed catalyst OH* radicals which oxidize the pollutant subsequently
will especially help further developments such as combining to CO, and H,O:
materials in order to make even more active catalysts. In order
to degrade organic pollutants using photocatalysis, generally ecg + 0, - 0, = = OH
four steps take place:””
) OH* + pollutant — — decomposed pollutant (1)
(1) Adsorption of the reactants (pollutant, O,, and H,0) on
the surface (2) The creation of OH* radicals from the reaction of H,0
(2) Light absorption and generation of charge carriers (e”/ or —OH groups at the surface with the VB holes which
h* subsequently oxidize the pollutant:

(3) Redox reaction on the surface creating hydroxyl radicals,

superoxide radicals, or directly oxidizing the pollutant H,0 + hy" — OH* + H* (2)

(4) Desorption of products from the surface
Received: February 2, 2020
Revised:  March 21, 2020
Published: March 24, 2020

Upon light excitation of the photocatalysts, an electron (&™)
is excited to the conduction band (CB), leaving a hole (h*) in
the valence band (VB). Those excited charges generate
reactive oxygen species (ROS) such as superoxide radicals
(0,7*) from e ¢y and hydroxyl radicals (OH*) from hyg*.
However, excited electrons are prone to recombine with holes,
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—OH + hy," - OH* (3)

OH* + pollutant - — decomposed pollutant

4)
(3) Generated holes in the VB directly oxidize the pollutant:

pollutant + hy,* — pollutant** — decomposed pollutant
©)

In order to improve the performance of a photocatalyst,
several approaches are generally proposed: (i) enhance the
affinity of the reactants toward the catalyst surface to improve
proximity to ROS and therefore degradation probability; (ii)
enhance the amount of light absorbed by the catalyst which
results in more electron—hole pair generation; (iii) enhance
the quantum yield by preventing charge recombination; or (iv)
improving the desorption of the products from the surface.

Many publications claim to have found a better catalyst
because of the improvement of one or more of those aspects,
while a complete description of the materials’ properties is
generally lacking. Especially for photocatalysts, many proper-
ties influence the overall activity, which makes a complete
analysis of the relationship to the final photocatalytic activity
challenging. Apart from experimental design parameters such
as catalyst concentration in the slurry, irradiation area, light
intensity, and pollutant concentration, the materials’ properties
are the key to improve the intrinsic photocatalytic activity.
Accessible reaction surface area, light absorption/bandgap,
extrinsic quantum yield (how many separated charge carriers
are created from the incident light that further react with the
contaminant or generate ROS), and the affinity of the
pollutants toward the surface play important roles and are
related to the intrinsic material properties. In order to have
insight into the difference in activity between various materials,
all relevant properties should be taken into consideration and
compared to enable the elaboration of the structure—activity
relationships, which requires numerous characterization tools
and analyses. For getting a complete picture of the prepared
material, it is ubiquitous to address all these questions
simultaneously.

The lack of an insight often leads to discussions on what is
the real reason for enhancement or suppression in photo-
catalytic performance for the degradation of dyes as a function
of the surface modification. Pt-decorated TiO, nanoparticles
demonstrated in earlier studies an improved activity for dye
degradation.lo_12 However, there exist still different theories
why a low amount of platinum clusters onto P25 enhances the
photocatalytic activity. The explanations include enhanced
charge separation,'*~'® improved light absorption,'” and better
0, adsorption."*™** On the other hand, especially for higher Pt
loadings, the photocatalytic activity drops as proposed in
earlier research due to charge recombination.'®**~%% However,
this explanation seems contradictory because a change from
charge separation to charge recombination purely based on Pt
loading does not seem likely. With their purely theoretical
approach, Muhich et al. provided a reasonable explanation
stating that Pt serves as a recombination center independent of
the loading, where electrons and holes recombine in the Pt
cluster. On the other hand, they advocate the importance of
dissolved O, in solution which adsorbs on the surface of Pt.'*
The objective of the current paper is to substantiate Muhich’s
et al. theoretical approach by an experimental study elaborating
on the different effects Pt clusters can have on the surface of
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TiO, (P2S) focused on the charge carrier kinetics and to
investigate the importance of dissolved oxygen.

2. EXPERIMENTAL SECTION

2.1. Materials. TiO, nanoparticles [P2S, mean diameter ~
21 nm, Brunauer—Emmett—Teller (BET) surface area of ~54
m® g, information from supplier] were purchased from
Evonik Industries (Hanau, Germany). Trimethyl-
(methylcyclopentadienyl)platinum(IV) (MeCpPtMe;) was
obtained from Strem Chemicals and used as received. Acid
Blue 9 (Brilliant Blue FCF) and rhodamine B were purchased
from Sigma-Aldrich and were used without further purification.

2.2. Deposition. Prior to deposition, the TiO, powder was
sieved with a 250 ym mesh to break and exclude larger
agglomerates. Platinum was deposited on P25 using a
homebuilt ALD setup in a fluidized bed under atmospheric
pressure.”””” In brief, the powder was placed in a quartz glass
column (diameter 26 mm, height S00 mm), which was then
placed on a vertical vibration table (Paja 40/40-24) to assist
fluidization. (MeCp)PtMe, was used as the Pt precursor, and
oxygen gas was used as a counter reactant. For the ALD
reactions, the Pt precursor was contained in a stainless-steel
bubbler and heated to 70 °C, and the stainless steel lines,
connecting both the Pt precursor and O, (grade $5.0)
individually to the reactor, were heated to 90 °C to avoid
precursor condensation. The glass reactor was heated to 100
°C throughout the experiment using an infrared lamp, which
was placed parallel to the column, with feedback control. For
every experiment, 1.5 g of P25 powder was placed in the
reactor column. Nitrogen (grade 5.0), serving as a carrier gas
for the precursor, was introduced through a distributor plate at
the bottom of the column with a flow of 0.5 1/min resulting in
a superficial gas velocity of 1.6 cm s™' to ensure proper
fluidization and distribution of the precursor. The deposition
process consisted of sequential exposures of the powders to the
Pt precursor (20 s to S min) and oxygen (S min), separated by
a purging step (S min) using nitrogen as an inert gas.

After deposition, the powders were treated under an
atmosphere of 5% H, in nitrogen (v/v) in a fixed bed reactor
with a flow of 100 mL/min. The temperature was ramped up
from room temperature to 200 °C with a rate of 2 °C/min and
then was held constant for 5 min after which the powder was
allowed to cool down to room temperature.

2.3. Characterization. For the inductively coupled
plasma—optical emission spectrometry (ICP—OES) analysis,
approximately 30 mg of sample was digested in 4.5 mL 30%
HCl + 1.5 mL 65% HNO; + 0.2 mL 40% HF acid mixture
using a microwave. The digestion duration in the microwave
was 60 min. After the digestion, the samples were diluted to 50
mL with MQ_water and analyzed with ICP—OES 5300DV.
The samples were also diluted 20 times for Ti.

Transmission electron microscopy (TEM) pictures were
acquired from a JEOL JEM1400 transmission electron
microscope at 120 kV. As-deposited Pt:P2S nanoparticles
were suspended in ethanol and transferred to Cu TEM grids
(3.05 mm in diameter, Quantifoil).

X-ray photoelectron spectra (XPS) were recorded on a
Thermo Fisher K-Alpha system using Al Ka radiation with a
photon energy of 1486.7 eV. A sufficient amount of powders
was immobilized on copper tape before loading into the XPS
chamber. Scans were acquired using a 400 um spot size, 55 eV
pass energy, and 0.1 eV/step with charge neutralization. The
peak positions were analyzed using the Thermo Avantage

https://dx.doi.org/10.1021/acs.jpcc.0c00926
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Figure 1. (a) TEM image of Pt clusters deposited on P25 (0.34 wt % Pt): the bigger particles represent the TiO, particles, and small black dots on
the surface of TiO, indicate the Pt clusters. (b) TEM image of Pt clusters deposited on P25 (1.83. wt % Pt). Insets: particle size distribution of Pt

clusters of corresponding samples.

software after SMART type background subtraction and
calibrating the measurements by taking the C 1s peak as
reference at 284.8 eV.

BET surface area was measured on a Micromeritics Tristar II
3020. The samples were degassed overnight at 150 °C to
remove adsorbed water on the surface.

Measurements of the mean agglomerate diameter (z-
average) in dispersion and the zeta-potential have been carried
out at a Beckmann—Coulter DelsaNanoC (Krefeld, Germany).
Prior to the measurement, 15 mg of powder in 15 mL (Milli-Q
water) was dispersed by a sequence of 15 min stirring followed
by sonication treatment for 20 s and an amplitude of 100%
(200 W) using a Bandelin Sonopuls HD 3100 sonicator
(Berlin, Germany). Afterward, the dispersion was stirred for
another 15 min. The mean particle size (z-average diameter)
was measured using the cumulant analysis by averaging ten
measurements with the detector configuration at an angle of
165° respective to the incident light beam. Three independent
samples were measured for each material. The zeta-potential
measurements were executed using the correlating flow cell of
the same instrument using the same dispersion protocol. The
pH of the dispersions was measured after 5 min of submerging
the pH electrode (Voltcraft pH-100ATC, Hirschau, Germany)
into the freshly dispersed powder.

For adsorption measurements, the catalyst (2 g/L) was
dispersed in a solution of Acid Blue 9 (16 mg/L,) or
rhodamine B (12 mg/L,;) under vigorous stirring. After
distinct time intervals, a liquid sample was analyzed using UV/
vis spectroscopy to measure the remaining concentration of
the corresponding dye in solution.

UV/vis-DRS measurements were performed using a
PerkinElmer-Lambda 900 spectrometer equipped with an
integrating sphere device scanning from 200 to 800 nm. The
reflectance for various samples was measured where Barium
sulfate served as a reference for 100% reflection over the
measured wavelength range.

The photoconductive behavior of the samples was measured
with the time-resolved microwave conductivity technique
(TRMC) on a custom-built setup described elsewhere.”® The
TRMC technique allows the measurement of the intrinsic
photoconductivity of a sample without the need for external
electrical contacts. A thin film sample was prepared on a quartz
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slide from a concentrated dispersion in ethanol by doctor blade
coating and then dried at 80 °C for 30 min and placed in a
microwave cavity cell. The sample was continuously exposed to
continuous X-band microwaves at an approximate resonance
frequency of 8.5 GHz that were generated by a Gunn diode.
Photoexcitation of the sample occurred with 3.5 ns full width
half maximum laser pulses of tunable wavelength (240—2200
nm) using an EKSPLA NT342B SH/SFG-10-AW Nd:YAG
laser. Upon photoexcitation, free and mobile charge carriers
were generated, that is, electrons and holes, that absorb part of
the incident microwave power expressed as AP(t)/P. The
change in microwave power is proportional to a change in the
photoconductance AG(t) as

AP(t)/P = —KAG(t)

Here K is a frequency-dependent sensitivity factor (40 X 10°
S7') that follows from the resonance properties of the setup
and the properties of the dielectric media present. The half-life
of the transient photoconductance was used as a measure for
charge transfer from TiO, to the Pt clusters on the hundred to
microsecond timescale.

2.4. Photocatalytic Testing. Photocatalytic testing under
saturated Ar and O, atmosphere was done in a 30 mL custom
made quartz reactor with 15 mg of powder and a 30 mL
solution of Acid Blue 9 (16 mg/L) or rhodamine B (12 mg/L)
dissolved in deionized water under natural pH. For better
dispersion and degassing, the powder was put into the solution
of Acid Blue 9 or rhodamine B and sonicated in an ultrasonic
bath (Ultrasonic Cleaner, USC—TH, VWR) for 10 min. For
the experiments under an inert atmosphere, the solution was
transferred into the reactor vessel in an N, glovebox to avoid
exposure to the oxygen in the air. Afterward, the dispersion was
stirred for 30 min under bubbling of Ar or O, gas in order to
reach the desired atmosphere—inert versus saturated solution
of dissolved O,. The samples were irradiated using a 500 W
deep UV mercury lamp (Ushio) and after distinct times
samples of 0.5 mL were taken, filtered through a 0.45 um
PTEFE filter, and the filtrate was then analyzed using a UV/vis
spectrometer (Hach-Lange, DRS000, Diisseldorf, Germany) in
a quartz glass cuvette with a thickness of 1 cm. A blank
spectrum of water as the reaction medium was measured as a
reference and automatically subtracted. The absorption was

https://dx.doi.org/10.1021/acs.jpcc.0c00926
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Figure 2. Kinetic constants for the degradation of (a) Acid Blue 9 and (b) rhodamine B: red error bars represent the standard error of repeated
experiments, and black error bars indicate the standard error form the linear regression fitting the kinetic constant.

Table 1. Overview of the Main (Photo-)Catalytic Parameters as Related to Various Material Properties and Factors Influenced

by Them and the Corresponding Analysis Tools

material property

general catalytic surface area

parameter
accessible surface area in solution/agglomeration of
catalyst particles
surface charge
photocatalytic bandgap
parameter

charge carrier kinetics

reactivity

affects analysis tool
number of reaction sites BET
diffusion/mass transfer DLS

reactant adsorption 1) zeta-potential

2) amount of adsorbed dye on the

surface
light absorption UV/vis-DRS
lifetime charge carriers TRMC
number of generated ROS (OH*, catalytic testing under Ar and O,
0,7*) atmosphere

measured at 629 and 554 nm for Acid Blue 9 and rhodamine B,
respectively. According to quasi first-order kinetics, In(C,/C,)
was plotted versus the time, and the slope of a linear regression
represents the kinetic constant.

3. RESULTS AND DISCUSSION

3.1. Material Synthesis and Characterization. Chang-
ing the pulse times of the Pt precursor from 20 s to 5 min, we
could achieve loadings of Pt ranging from 0.04 wt % to about
0.7 wt % at a reaction temperature of 100 °C. We were able to
precisely control the loading, which increases with pulse time
(Figure S1). Higher loadings (up to 3.13 wt % Pt) were
achieved by applying up to four ALD cycles of Pt(Me;)-
(MeCp) and O, at pulse times of S min each. After annealing
in a H, atmosphere, the Pt-containing clusters were converted
from an initial Pt(II) oxidation state (Figure S2a) to their more
active metallic Pt(0) state (Figure S2b),” which has been
confirmed by XPS with peaks arising at 71.28 eV (Pt 5f;/,) and
74.28 €V (Pt 5f;),) (Figure S3). TEM pictures confirmed the
homogeneously distributed deposition of Pt clusters on the
surface of TiO, with an average particle size of about 1.4 nm
(Figure 1).

3.2. Photocatalytic Degradation of Acid Blue 9 and
Rhodamine B. The photocatalytic activity was evaluated by
decolorization of the two differently charged dyes, Acid Blue 9,
which is solely negatively charged in natural conditions, and
rhodamine B, a positively charged zwitter-ionic molecule (pK,
= 3.7).>° Both demonstrated a drastic increase in the
photocatalytic activity, measured in natural pH, for the loading
of 0.34 wt % Pt as compared to P25 for both Acid Blue 9 and
rhodamine B, followed by an activity drop to even lower values
than the intrinsic value of P25 for higher Pt loadings (>1.8 wt
% Pt) (Figures 2 and S4). The initial slight decrease in activity
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for very low loadings around 0.1 wt % Pt observed for both
dyes is likely caused by the deposition process. Despite
annealing in a hydrogen atmosphere to convert the Pt into its
metallic state, residues from the organic ligands might still be
present at the surface of TiO, and have a negative effect on the
photocatalytic activity.'' This is very apparent, especially for
the very low loaded samples, where the contamination may
overpower the positive effect of the Pt deposition.

Despite the well-established behavior of Pt on TiO, as a
photocatalyst for dye degradation of showing an opti-
mum,” > it still gives rise to the question what is the
mechanism behind this initial increase and especially the
subsequent drop to a lower activity as compared to pure P25
for higher Pt loadings. It has been proposed in earlier studies
that Pt on TiO, acts as an electron collector, making the
lifetime of the separated electron and hole longer'” allowing
those to react with the pollutant or water to create radicals,
enabling the degradation of the pollutants. This would explain
the initial positive effect of the Pt but not why the activity
drops to lower than P25 for higher Pt loadings. Logically there
must be at least two mechanisms behind—at least one positive
and one negative—which gives this optimal loading behavior,
as discussed in the Introduction.

Because many parameters can affect the photocatalytic
activity, Table 1 gives an indication of which factors might be
influential to the overall photocatalytic activity.

In the following, we will elaborate on each material property
individually in order to check in a systematic way the role of Pt
on P25 as a photocatalyst:

3.2.1. Surface Area. For heterogeneous photocatalysis, the
available surface area is an important parameter to describe the
activity of a catalyst. Because the reaction takes place in
dispersion, it should be described both by the overall surface,

https://dx.doi.org/10.1021/acs.jpcc.0c00926
J. Phys. Chem. C 2020, 124, 8269—8278
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which is measured by BET analysis, and the available surface
for the reaction where surface coverage of materials or
agglomeration of catalyst particles can be a reducing factor.
BET analysis yields a surface area of 54.75 m?*/g for Pt:P2S
(0.34 wt % Pt), equal to P25 (from supplier, see Experimental
Section), demonstrating that the deposited Pt clusters have
only an insignificant effect on the BET surface area. However,
because photocatalytic testing takes place in a dispersion of
water, a change in the agglomerate size might influence the
mass transfer of reactants to the inner surface of a§§lomerates
and, therefore, the overall photocatalytic activity.” Dynamic
light scattering (DLS) showed a slight increase in the
agglomerate size (z-average diameter) from 312 + 24 nm
(P25) to 408 + 64 nm upon deposition of Pt clusters (0.34 wt
% Pt) (Figure 3a). The additional agglomeration is likely

a) s00- b) 2
. 18-
Eao . 5 164
5 * o g 14d
- >
2300 4 g 12
0 4
H g1l \A
gZDO k) : Increased Pt loading
o o 6 Y
o < '
3 100 4 !
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Figure 3. (a) z-average diameter from DLS measurements of P25 and
differently loaded Pt:P25 catalysts. (b) Calculated coverage of Pt on
the P25 surface as a function of the Pt cluster size for four different Pt
loadings: 0.1 wt % (black), 0.5 wt % (red), 1 wt % (blue), and 3 wt %
(green).

caused due to the deposition process where reactions of
molecules on the surface might act as a “glue” between
particles. However, the additional agglomeration is independ-
ent of the Pt loading and therefore acts more as a constant
negative effect rather than as a dependency on the Pt loading.
The reduced accessible surface due to stronger agglomeration
might contribute to the small drop in activity for very low
loadings up to 0.1 wt % Pt.>* Furthermore, Pt, itself acting as a
co-catalyst on the surface of P25, may reduce the active TiO,
surface area for reactants. Taking into account the average Pt
cluster size deposited on the TiO, surface of 1—2 nm, the
surface coverage with Pt clusters only shows a limited decrease
of less than 5% of the TiO, surface, with increasing Pt cluster
size, especially for low loadings (Figure 3b). This indicates that
the surface coverage of Pt on P25 also should not be an
influential factor on the photocatalytic activity.

3.2.2. Reactant Adsorption. Dependent on the predom-
inant reaction mechanism, the adsorption of the reactants plays
an essential role in heterogeneous photocatalysis, that is, direct
oxidation of the dye at the surface. The surface charge majorly
influences the attraction or repulsion of differently charged
molecules. The zeta potential often serves as an indication for
the relative amount and the nature of charge present at the
surface. Upon deposition of Pt, the zeta potential of the
catalyst particles remains positive and at about +30 mV (Figure
4a) measured at a pH of 7.7 + 0.3. Positive charges are present
at the surface of both P25 and Pt:P25 due to the protonated
—OH groups. Dye adsorption measurements (measured at a
high powder concentration, see Experimental Section) of the
negatively charged dye Acid Blue 9 and differently charged dye
rhodamine B are in agreement with the positive zeta potential.
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Figure 4. (a) Zeta-potential of various Pt-loaded TiO, (P25) samples.
(b) Dye adsorption studies with a catalyst concentration of 2 g/L.
Red bars indicate the amount of adsorbed rhodamine B on the surface
of various loaded Pt:P2S, and blue bars indicate the adsorption of
Acid Blue 9 on the surface of Pt:P25. Samples were taken after 30 min
of stirring in the dark.

As expected, Acid Blue 9 strongly adsorbs on the surface of
both P25 and Pt:P25, whereas rhodamine B shows limited
adsorption due to only weak interaction with the TiO, surface
(Figure 4b). The Acid Blue 9 adsorption decreases for higher
Pt loadings, while rhodamine B adsorbs accordingly slightly
better to the surface, indicating that the zeta potential slightly
decreases for higher Pt loadings. Despite the opposite
adsorption behavior of rhodamine B and Acid Blue 9, the
photocatalytic activity to degrade Acid Blue 9 and rhodamine
B shows similar optimal behavior as a function of the Pt
loading. This demonstrates that differences in dye adsorption
have no impact on the general photocatalytic behavior of
Pt:P2S versus pure P2S.

Summarizing the external effects of surface area and
pollutant adsorption of Pt:P25 compared to P25, we can
conclude that both properties play if at all only a minor role on
the dependence of the photocatalytic activity on Pt loading.
Both the surface area measured by BET and the calculated
actual free TiO, surface area from the surface coverage of Pt
clusters only show a minor decrease. The agglomerate size
instead generally increases for Pt:P25 which is due to the
deposition process rather than related to the loading.
Furthermore, the adsorption studies of different pollutants
demonstrated the independence of the general photocatalytic
behavior on the pollutant adsorption because for both cases of
high and low reactant adsorption—dependent on the charge of
the dye—Pt:P25 shows the same trend in photocatalytic
activity as a function of the Pt loading.

After discussing the influence of the external parameters, we
now will look more into the photo-catalytic parameters, that is,
light absorption, charge carrier kinetics, and reactivity.

3.2.3. Light Absorption and Charge Carrier Dynamics. A
common approach in photocatalyst development is to reduce
the bandgap of the material in order to increase the photon
absorption of the solar spectrum. This approach usually
requires the incorporation of heteroatoms into the crystal
lattice of the base material. In contrast, our deposition of Pt
clusters on the TiO, surface is not expected to change the
bandgap of TiO,. However, Pt clusters may absorb light of all
wavelengths as a result of the metallic character. The UV/vis-
DRS spectra show increased absorption in the visible at higher
Pt loadin%s (Figure Sa), which is caused by metallic Pt
clusters.'”” Plasmonic effects for Pt-nanosized clusters are
reported in the far UV range and can therefore not be a
contributing factor to the increased visible light absorption of
Pt:TiO,(P25).>® On the other hand, the presence of Pt clusters
do not change the absorption edge, which indicates the
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Figure S. (a) Absorption spectrum UV/vis DRS spectra for different
loaded Pt:P2S. (b) Half time (7,/,) of the mobile charge carriers
measured by TRMC. Inset: transient decay of the mobile charge
carrier.

bandgap of TiO, remains unaffected disregarding possible
band bending near a junction to Pt. This is also expected
because Pt(0) clusters are deposited on the surface and Pt is
not incorporated in the TiO, lattice. Additionally, it indicates
that possible other valencies (i.e. Pt(II) and Pt(IV)of Pt) were

reduced to Pt(0) by H, post-treatment and are not affecting
the band structure of TiO,.

Light absorption by TiO, leads to the creation of mobile
electrons and holes. The mobile electrons may transfer into the
Pt clusters that allow redox reactions to occur. The electrons
that transfer into the Pt clusters become immobile. With the
microwave conductivity technique, the decrease in TiO,
photoconductance is probed owing to the loss of free and
mobile electrons in TiO, resulting from charge transfer to Pt.
As the electrons in small noble metal clusters are immobile, no
photoconductivity can come from these transferred elec-
trons.”” As such, the kinetics of the photoconductance
transients provide a value for the charge transfer to Pt on
the nanosecond to microsecond timescale. The half-ife (z,,,)
of the free electrons in TiO, decreases with increasing Pt
loadings (Figure Sb), which clearly indicates that the charge
carrier dynamics are affected by the presence of Pt at the TiO,
nanocrystal surface. Even at very low Pt loadings of 0.04 wt %,
the effect is very pronounced. This shows that electron transfer
from TiO, to Pt is energetically favorable and therefore
supports charge separation. The transferred electrons in the Pt
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clusters may support different reactions determining the fate of
the electrons. Pt is not only well known as an H, evolution
catalyst by reducing H" with the collected electrons®>** but is
also shown to readily adsorb O, on its surface."®*° The
reduction of adsorbed O, to O,™* superoxide radical by the
collected electrons would positively influence the photo-
catalytic activity for pollutant degradation improving the
generation of ROS.” Therefore, photocatalytic degradation
experiments using different environments, such as dispersions
saturated with O, and Ar atmosphere, would give insight into
the influence of adsorbed O, on the photocatalytic activity of
Pt:P2S. Excluding O, from the reaction medium will block the
generation of superoxide O,*” radicals via the consumption of
the CB electrons. The photocatalytic activities for various Pt
loadings under saturated O, and Ar atmosphere are displayed
in Figure 6.

Interestingly, we can observe four different effects (indicated
by the numbers in Figure 6c,f:

(1) Under O, atmosphere, the photocatalytic activity
increases to the maximum at 0.34 wt % Pt for both
dyes (all tested Pt:P2S samples for rhodamine B and
Acid Blue 9 degradation depicted in Figure 2).

(2) Further increase in the loading of Pt decreases the
photocatalytic activity to even lower values than P25 for
both dyes (see also Figure 2).

(3) Photoactivity only halves for P25 in an Ar atmosphere
for Acid Blue 9 but significantly diminishes for the
degradation of rhodamine B.

(4) For both dyes, the photocatalytic activity drops
drastically in an Ar atmosphere for all Pt:P2S samples.

The degradation of rhodamine B in an inert atmosphere
results in a strong suppression of the photocatalytic activity for
both P25 and Pt:P25 (Figure 6f). For Acid Blue 9, the
behavior is different. While the argon atmosphere hampers the
activity of Pt:P25 drastically, especially in the later stage of the
reaction, a significantly higher activity remains for P25
compared to Pt:P2S (Figure 6a—c). These results show that
dissolved O, is a crucial factor in the degradation of both dyes.
Without O, dissolved in the water, Pt:P2S is a worse catalyst
than pure P2S for the degradation of Acid Blue 9. Because the
electron transfer within materials is usually not influenced by
conditions in the solution, the photogenerated electrons will
transfer in both cases (O, and Ar atmosphere) to the Pt
clusters raising the question about the fate of the electrons in
the Pt clusters. Two options can be proposed: (1) the
electrons are harvested from the surface of the Pt cluster to
generate ROS and (2) in case no electron harvesting at the
surface is possible, additional photo-generated electrons will
charge up the Pt cluster, increasing the probability of charge
recombination at the Pt—TiO, interface.

In an oxygen atmosphere, the dissolved O, will adsorb on
the surface of Pt and subsequently consume the electrons
available in the Pt cluster to generate superoxide (O, *)
radicals, which will degrade the dyes in the water. In the case of
an Ar atmosphere, the electrons cannot react with O, and,
therefore, will not be able to assist this photocatalytic
degradation route. Nevertheless, this would still allow the
holes in TiO, to react on the surface to generate OH radicals
or degrade the dye directly. However, the activity drops
drastically for Pt:P2S, which demonstrates that not only
neither of the degradation pathways (via direct oxidation, via
hydroxyl or superoxide radical formation) but also other
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sacrificial reactions such as H, evolution (which could harvest
the electrons from the Pt clusters and allow degradation
pathway via the VB) are not very active under these conditions
of an argon atmosphere. This behavior suggests to be caused
by the intrinsic behavior of Pt. Theoretical calculations from
Muhich et al.'® indicate that Pt (in addition to an electron
collector) also acts as an electron—hole recombination center,
where electrons and holes recombine in the Pt cluster, and this
affects the activity more predominantly when the electrons
cannot be harvested by O,, leading to a worse photocatalytic
activity compared to TiO,. On the other hand, according to
Mubhich’s calculations, Pt clusters on the surface of TiO, will
improve the adsorption of O, with respect to the intrinsic TiO,
surface, improvinég the ROS formation to degrade organic
pollutants faster.'® From our results, it becomes clear that for
low Pt loadings, O, can easily consume all the electrons from
the few Pt clusters because the surface of Pt is supplied with
enough O, so that the benefit of electron consumption by
adsorbed O, is stronger than the recombination of electrons
with holes. As soon there is too much Pt on the surface,
insufficient O, can be provided for the consumption of all
electrons provided by the Pt-surface due to diffusion limiting
the transport of O, to the Pt-surface, which leads to a more
pronounced electron—hole recombination at the Pt—TiO,
interface becoming the rate-limiting step in the reaction
mechanism. This interaction between a beneficial (O,
adsorption and electron consumption) effect and a disadvanta-
geous (electron—hole recombination) effect explains why an
optimal Pt loading for the photocatalytic degradation of dyes
by TiO,—Pt is observed. In this context, it is expected that not
only the Pt loading but also the Pt cluster size and morphology
will play an essential role’”*' in the O, adsorption versus
charge recombination mechanism due to the difference in the
surface to volume ratio, which would be a relevant property to
investigate in future research.

The degradation of rhodamine B under an argon
atmosphere is majorly obstructed for both P25 and Pt:P2§
(Figure 6d—f). The difference to Acid Blue 9 is the charge and
the related adsorption on the surface. The zwitterionic
rhodamine B molecule does not adsorb on the surface due
to only weak electrostatic interactions (Figure 4b). This means
that a direct degradation of dyes via holes in the TiO, VB is
unlikely. Similarly, dye degradation via surface-generated OH*
has no substantial contribution. Without both, this degradation
mechanism and the dominance of the consumption of the CB
electrons by O,, the photocatalytic activity drops to a
minimum as a result of the charge recombination. In contrast,
P25 readily degrades Acid Blue 9 in an Ar atmosphere. This is
caused by the degradation reaction of free holes in TiO, with
absorbed Acid Blue 9. However, the fate of excited electrons in
the CB remains unclear from our present experiments. One
possibility is that electrons may be harvested by either other
sacrificial reactions such as reduction of water or the adsorbed
dye molecules, but this investigation is beyond the scope of
this study. This finding substantiates that direct oxidation has a
high significance in the degradation pathway of Acid Blue 9
using P2S.

In the case of Pt:P2S samples, the activity changes for Acid
Blue 9 degradation in an Ar atmosphere throughout the
experiment from an initial higher value (0—10 min), which is
about 50% lower than that of P25, to a very low activity after
10 min (Figures S4 and SS). Despite that difference in activity
according to first-order kinetics, applying those kinetics gives a
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chance to still compare both cases. The higher activity in the
beginning (0—10 min), indicating a deviation from pure quasi
first-order kinetics during the whole course of the reaction,
could have two reasons. Because Acid Blue 9 adsorbs on the
surface, the degradation on Pt:P25 occurs via the generated
holes from TiO,. The electrons will transfer to the Pt clusters,
where the harvesting of electrons due to a lack of O, is not
possible, which leads to a charge up of the Pt increasing the
recombination rate with the holes in TiO,. Second, Pt is often
used as an oxygen reduction catalyst’’ and readily adsorbs
oxygen at its surface. Even with extensive degassing via
sonication while purging with Ar and a continuous Ar flow
prior to the reaction, the Pt nanoclusters might be able due to
strong interaction with O, to bind oxygen at its surface. This
limited amount of oxygen, bound on the Pt surface, is
consumed in the first stages of the irradiation to harvest the
electrons in the Pt, leading to decomposition of the adsorbed
Acid Blue 9 with a high reaction rate. After depletion of the
remaining dissolved and adsorbed O,, the kinetic constant
further drops due to the increasing probability of charge
recombination of the electrons in the Pt clusters with the holes
in TiO,. However, this behavior of an initial higher kinetic
constant is not observed for the degradation of rhodamine B in
an Ar atmosphere, drawing the importance toward the
adsorption of the pollutant. Therefore, it is more likely that
the direct oxidation due to adsorption of Acid Blue 9 is the
determining factor for this behavior.

Summarizing the photocatalytic properties, Pt clusters on
P25 nanoparticles do not affect the creation of charge carriers
by light absorption in TiO,, observing only an absorption
increase in the range of visible light caused by the metallic state
of Pt itself but no change in the UV-absorption properties of
TiO,. However, with higher loading, the Pt clusters themselves
will absorb and consequently block light reaching the TiO,
surface with a possible negative influence on the photocatalytic
activity. The fate of charge carriers is strongly determined by
the deposition of Pt clusters. Photogenerated electrons are
separated from the holes by transferring to the Pt clusters and
will react further in the presence of O, to generate reactive
oxygen species. On the other hand, in case no O, is present,
electrons will not be consumed by sacrificial redox reactions
but easily recombine with the holes in TiO,, inhibiting the
photocatalytic activity (Figure 7). This makes the presence of

02 atmosphere Ar atmosphere

degr.
pollutant

degr.
0, pollutant
Ar

pollutant (),
O,

pollutant 5.
Ar

Figure 7. Proposed mechanism of photocatalytic dye decomposition
for Pt:P25 in O, (left) and Ar (right) atmosphere, and the thickness
of the arrows indicates the probability of the events.

sufficient O, the crucial factor determining the efficiency of the
photocatalytic degradation of dyes using Pt:P2S because
dissolved O, will harvest the separated electrons in the Pt
cluster preventing the electron—hole recombination independ-
ent of the pollutant.

This study evaluated the photocatalytic activity at a natural
pH. Avoiding the addition of acids/bases to adjust the pH
avoids the contamination with additional ions which may also
act as a scavenger influencing the generation of reactive oxygen
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species. Nevertheless, for further implantation into applica-
tions, the photocatalytic activity of Pt:P2S (TiO,) also should
be investigated at different pH values and should be subject to
follow-up studies. Nevertheless, this detailed insight into the
photocatalytic dye-degradation mechanism using Pt:P2$ gives
the opportunity to smartly design photocatalytic materials that
optimize different parts of the photocatalysis mechanism, such
as the improvement of light absorption or the efficient
generation of ROS via electrons in the CB. Furthermore,
understanding the behavior in different atmospheres is
especially valuable for later developments of bringing the
Pt:P2S photocatalyst into practice where contaminated water
sources might suffer a lack of oxygen due to external influences
such as algae growth.

4. CONCLUSIONS

Using an atomic layer deposition, we deposited Pt clusters on
TiO, (P2S) nanoparticles at a temperature as low as 100 °C.
Depositing various loadings of Pt (0.04—3.13 wt % Pt) gave us
the opportunity to investigate the role of Pt on TiO, (P25) for
a range of Pt loadings on the photocatalytic degradation of
Acid Blue 9 and rhodamine B. The synthesized Pt:P25
catalysts exhibited an optimal photocatalytic activity at very
low loadings (i.e. 0.36 wt % Pt) for the degradation of Acid
Blue 9 and rhodamine B under ambient conditions. However,
experiments under Ar versus O, atmosphere demonstrated the
importance of O, dissolved in the reactor suspension. Testing
the degradation of two different pollutants under inert
conditions (Ar atmosphere), the Pt:P25 catalyst showed a
tremendous decrease in activity compared to the reaction
under an O, atmosphere, independent of the Pt loading,
whereas P25 remained partly active for the degradation of Acid
Blue 9. It can be concluded that O, is the critical factor to
efficiently harvest the electrons which are separated at the
TiO,—Pt interface and transferred to the Pt clusters. Without
the consumption of electrons by O, at the Pt surface, the
recombination of electrons in the Pt and holes at the Pt—TiO,
interface dominates the reaction mechanism, leading to a poor
photocatalytic activity. In an O, atmosphere, for low loadings
of Pt, the consumption of electrons by oxygen adsorbed on the
Pt surface plays the predominant role in enhancing the
photocatalytic activity. At higher Pt loadings, the disadvanta-
geous charge recombination properties of Pt exceed the
positive effects of O, adsorption, and the overall photocatalytic
efficiency drops even below the initial value of P25. These
findings add experimental proof to the theoretically proposed
reaction mechanism by Muhich et al.'®
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