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Advanced Photocatalysts: Pinning Single Atom Co-Catalysts

on Titania Nanotubes

Xin Zhou, Imgon Hwang, Ondrej Tomanec, Dominik Fehn, Anca Mazare, Radek Zboril,

Karsten Meyer, and Patrik Schmuki*

Single atom (SA) catalysis, over the last 10 years, has become a forefront in
heterogeneous catalysis, electrocatalysis, and most recently also in photoca-
talysis. Most crucial when engineering a SA catalyst/support system is the
creation of defined anchoring points on the support surface to stabilize reac-
tive SA sites. Here, a so far unexplored but evidently very effective approach
to trap and stabilize SAs on a broadly used photocatalyst platform is intro-
duced. In self-organized anodic TiO, nanotubes, a high degree of stress

is incorporated in the amorphous oxide during nanotube growth. During crys-
tallization (by thermal annealing), this leads to a high density of Ti**-O, sur-

concentration of remaining finely dispersed
Au or Ptatoms in a surface trapped Me?" state
(i.e., mildly oxidized metal atoms in a sur-
face coordinated position that were resistant
to the cyanide leaching process employed
for the removal of the metallic catalyst from
the support).

In the meantime, supported SA cata-
lysts have been explored for a wide range
of “classic” heterogeneous catalysis reac-
tions of high economic relevance, such as

face defects that are hardly present in other common titania nanostructures
(as nanoparticles). These defects are highly effective for SA iridium trapping.
Thus a SA-Ir photocatalyst with a higher photocatalytic activity than for any or
classic co-catalyst arrangement on the semiconductive substrate is obtained.
Hence, a tool for SA trapping on titania-based back-contacted platforms is

provided for wide application in electrochemistry and photoelectrochemistry.
Moreover, it is shown that stably trapped SAs provide virtually all photocata-
lytic reactivity, with turnover frequencies in the order of 4 x 106 h™" in spite of

representing only a small fraction of the initially loaded SAs.

1. Introduction

Single atom (SA) catalysis, over the recent years, has become a
highly investigated topic in heterogeneous catalysis.'* In 2003,
Fu and Flytzani-Stephnopoulos observed a water-gas-shift reaction,
a very high catalytic activity when the precious metal catalyst was
seemingly “completely leached out” of the catalyst support.”! Now-
adays, we know that this astonishing effect was due to a very low

CO oxidation, 3219 oxidation of alcohols,
aldehydes, methane, or benzene,"! for

various hydrogenation reactions,*1017]
in water-gas-shift and reforming
reactions.[6718-20]

Also in electrocatalysis, the high signifi-
cance of SA catalysts has become clear,???!
including findings that point out entirely
novel reaction pathways that become pos-
sible using SAs. For example, SA Pt cata-
lysts were reported to provide selective elec-
trochemical H,0, production from 0,.1%3!

In contrast to work that focuses on
classic (thermal) catalysis or electrocatalysis, much less work
has explored photocatalytic reactions where mobile charge car-
riers are generated in a semiconductor and then react with
a red-ox species in the environment. In this type of charge
transfer reaction, noble metals are very widely used as co-cata-
lysts, for example, to promote the kinetics of slow reaction steps
in photocatalytic H, generators, where the hydrogen evolution
reaction (HER) needs to be catalyzed.[?*%°]
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Currently, mainly two semiconductors are frequently studied
for SA mediated photocatalysis:™ i) C;N, (due to its visible light
absorption and the relative stability of SAs as well as the ease
of detection of SAs by aberration-corrected high-angle annular
dark-field transmission electron microscopy (HAADF-TEM));
ii) anatase TiO, nanostructures (the classic benchmark photo-
catalyst with a wide range of applications and an outstanding
photocorrosion stability).

In spite of remarkable achievements, a key challenge in all
approaches to SA catalysis (dark or photo) is the control of trap-
ping sites for SAs and the stability of these traps. Common
fabrication methods for SA loaded substrates are either based
on highly defined molecular-beam-soft-landing techniques or
chemical trapping,?*3% in combination with specific electronic
or geometric trap features on substrates. Most effective trap-
ping strategies involve encapsulation in zeolites, embedding
in metal-oxide-frameworks, or insertion into molecular defects
(as in C3N). For classic inorganic semiconductors, most efforts
to capture SAs rely on substrate defects such as lattice kinks,
steps, or more effective on anion- or cation vacancies in surfaces
in combination with adequate surface chemistries.[b243334

(a)
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Establishing suitable trapping sites is not only the key to reac-
tivity, but also perceived to be the main factor to provide SA
stability against thermally induced agglomeration.

Recently, our group introduced a versatile approach to study
SA trapping and photocatalytic reactions on single crystal-
line anatase flakes and thin-film layers of TiO,.* The tech-
nique relied on a high-temperature reduction of TiO, to create
defined Ti**-Oy states—these states then act as traps for Pt SAs;
the trapping density can be controlled by the thermal reduction
conditions applied to the substrate.

Here we introduce an entirely different, reduction-free
approach that creates highly efficient SA trapping sites in a
most widely used 3D structure for titania-based photocatalysis
and photoelectrochemistry.[3¢:37]

2. Results and Discussion

In self-organized anodic TiO, nanotubes, such as in Figure 1a,
during the growth of the amorphous oxide nanotube-structure,
considerable strain is embedded in the tube walls.?®3% This
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Figure 1. a) Cross-section SEM image of self-organized anodic TiO, nanotubes and an indication of expected length, Pilling-Bedworth ratio (PBR),
and stress-induced elongation. The PBR of 1.95 and the original Ti layer are marked by dashed lines. The inset shows top-surface SEM image of TiO,
nanotubes; b) EPR spectra of stress engineered TiO, nanotubes and anatase nanoparticles; c) HAADF-TEM images of Ir-SA-decorated TiO, nanotubes;
d) Photocatalytic H, evolution of Ir decorated TiO, samples; SEM images of e) TiO, anatase nanoparticles and f) TiO, nanosheets.
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is readily visible by an expansion of the tube length to values
larger than what would be expected from the Pilling-Bedworth
ratio (PBR),***Y as illustrated in Figure la. This expansion can
be controlled by the anodic growth conditions of the tubes see
Figures S1 and S2, Supporting Information). During thermal
crystallization of these amorphous nanotubes, a high number
of crystal defects is created,*! and this defective structure is
dependent on the growth conditions of the tubes as evident
from electron paramagnetic resonance (EPR) (see Figure S3,
Supporting Information). Figure 1b shows mass normal-
ized EPR spectra for the nanotube layer grown to maximum
expansion and annealed to anatase compared to commercial
nanoparticulate (NP) anatase (see Figure S7ab, Supporting
Information, for further morphological specifications). Clearly,
the nanotubes annealed to anatase show not only significantly
stronger defect signals but importantly, also a distinctly dif-
ferent overall signature. While the NPs show one clear response
at g = 2.0 corresponding to Ti*" species in regular lattice posi-
tions, ] the signature of the tubes shows an additional feature
at gug = 1.9, which can be ascribed to surface-exposed Ti**-0,
states.*] Evidently, this second type of defect is almost exclu-
sively present in the nanotube samples and these defects, as we
show below, are highly effective for SA trapping and the SA-Ir
loaded tubes are highly active as an H, evolution co-catalyst.

It is noteworthy that depending on the growth conditions
of the nanotubes (i.e., the water content in the electrolyte), not
only significantly different expansion factors of the tubes can
be obtained (Figure S2, Supporting Information) reflecting the
embedded strain—as also indicated by Raman measurements
(Figure S5, Supporting Information), but after annealing to
anatase, the tubes provide a significantly different level of EPR
active surface Ti**-Oy states (see Figure S3, Supporting Informa-
tion) and in turn, this considerably affects the H, evolution rate
of SA decorated nanotubes (Figure S4, Supporting Information).

Clearly, the tubes rich in surface-exposed Ti**-O, states can
be SA Ir decorated by immersing a nanotube sample in an IrCl;
solution in the dark for 24 h (see methods section for details).
Figure 1c shows a HAADF-STEM image of anodic TiO, NT layer
grown to maximum expansion after crystallization to anatase
and after Ir loading. After SA decoration, the tube structures
show a photocatalytic H, evolution efficiency that clearly out-
performs conventional decoration of the tubes with crystalline
Ir nanoparticles produced by photodeposition (see Figure 1d)—
this in spite of the much higher Ir loading achieved by photo-
deposition. Remarkably, if other TiO, nanostructures such as
TiO, anatase nanoparticles or facetted nanosheet layers (see
Figure 1e,f), either are SA loaded by immersion in IrCl; solu-
tion or are loaded by conventional photodeposition, they show
a significantly lower photocatalytic H, performance than the
SA decorated NTs (Figures S6 and S7, Supporting Information,
show the corresponding scanning electron microscopy (SEM)
morphologies of these reference structures). For all 3 morphol-
ogies after [rCl; immersion, no Ir nanoparticles can be detected
by SEM, while after photodeposition on all nanostructures—
as expected—Ir NPs of a typical size in the range of 2-10 nm
are apparent. Most remarkable from the comparison of the
different morphologies is that neither the significantly higher
specific surface area of anatase nanoparticle, with Brunner—
Emmett-Teller (BET) of =100 m? g™ (vs BET=30 m? g for
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the nanotubes)*! nor the presence of defined facets in single-

crystalline sheets can reach the efficiency of the SA decorated
nanotubes.

For these nanotubes, the uniformity of the SA trapping
is evident from TEM-dispersive X-ray spectroscopy (EDX) in
Figure 2a and further examples in Figure S8, Supporting Infor-
mation. Over the entire tubes, no distinct Ir-particles can be
detected (also detailed SEM investigations do not reveal any vis-
ible NPs, see Figure S6a, Supporting Information). The interac-
tion of IrCl; with the surface defects at g,,,=1.9 that are spe-
cific to the NTs, is apparent from the EPR spectra in Figure 2b.
After interaction with IrCl;, the nanotube sample shows a sig-
nificant decrease in the magnitude of the signature at g,,,=1.9.
This strongly suggests that an attachment mechanism based
on a galvanic displacement reaction, for example, Ti** — Ti*;
Ir** — Ir* face trapped> takes place. This reaction eliminates
EPR-active Ti*" states and thus leads to a decrease in the mag-
nitude of g, = 1.9.

Further details on the attachment chemistry can be obtained
from X-ray photoelectron spectroscopy (XPS). XPS after surface
trapping of Ir (24 h in the IrCl; solution) shows the presence
of chloride (CI 2p peak in Figure 2e)—this is in line with the
TEM-EDX for chlorine in Figure 2a. An evaluation of the rela-
tive concentrations of iridium and chlorine from XPS yields
0.37 at.% Ir and 0.83 at.% Cl. This ratio of Ir:Cl of 1:2.2 means
that the surface-attached Ir is still double coordinated with chlo-
ride. The high-resolution XPS peaks of Ir 4f (Figure 2c) and the
Ir 4d (Figure 2d) are located at 61.86 (Ir 4f7/2) and 296.72 eV
(Ir 4d5/2). The Ir 4f peak can be fitted in a contribution of
iridium (Ir%) in a SA state (with the Ir 4f7/2 at 61.60 eV) and an
overlapping Ti 3s signal at 61.90 eV. The XPS peak features for
iridium in a SA state are well in line with a previous report on
SA Ir in zeolite imidazolate frameworks. ¢!

Ir cannot be detected by X-ray diffraction (XRD) (Figure S9,
Supporting Information), but also SEM-EDX can provide direct
information on the Ir loading of the different structures after
immersion. Results on the iridium loading are summarized in
Figure 2f and in Table 1. Evidently, immersion of the different
titania morphologies leads to a similar Ir loading as determined
from EDX. XPS generally gives a higher loading for photodepos-
ited Ir, due to its surface sensitivity. The EDX results are in rough
agreement with a more accurate determination of the integral Ir
loading of the structures by powder analysis (using atomic absorp-
tion spectroscopy, AAS), where we obtain 0.58% for the nanotubes
and 0.84% for the anatase nanoparticles, that is, the NTs and the
NPs show a similar integral Ir loading in spite of a drastically dif-
ferent density of Ti**-Oy defect states. This indicates that only a
minor fraction of Ir is trapped by galvanic displacement and as a
consequence suggests that the drastically different photocatalytic
reactivity of the two morphologies is due to a large difference in
“truly” active sites. We propose that these highly active sites are
the Ir SAs that are trapped by reaction with EPR active defects.

For all photodeposited samples, clearly, a 4-10 times higher
loading is obtained than for the “dark” - immersion reaction
(Table 1). Clearly, photodeposition leads to a much higher
loading of the surface with crystallized Ir nanoparticles. If the Ir
SA decorated nanotubes are subjected to illumination— that is,
a photocatalytic experiment is performed—the surface compo-
sition and morphology change remarkably. First, after only 1 h

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) EDX element mapping of TiO, nanotubes immersed in IrCl; solution for 24h; b) EPR spectra of TiO, nanotubes before and after dark
deposition of Ir SAs. (The inset shows the plots from =315-365 mT at higher magnification); high-resolution XPS spectra of ) Ir4f peak, d) Irdd peak,
and e) Cl2p peak after Ir dark deposition. Figure 2 (e) shows also the Cl2p peak after 1 h of illumination; f) Atomic percentage of Ir from EDX on dark
deposited and photodeposited TiO, nanotubes, anatase nanoparticles, and nanosheets.

of illumination in the photocatalytic setting, the chlorine coor-
dination of Ir is not detectable any more from XPS (Figure 2e)
or from EDX (Figure S10, Supporting Information)—that is,
illumination leads to a swift removal of the chloro-coordination
of the surface trapped Ir. Also from the XPS Ir4f peak, sig-
nificant changes occur over the photocatalytic reaction time

Adv. Funct. Mater. 2021, 31, 2102843 2102843 (4 OfS)

(Figure S1ld,e, Supporting Information). Already after 1 h
of illumination, a conversion of the surface trapped Ir® to
metallic Ir° becomes apparent from the pronounced shoulder
at lower binding energies, =60 eV. This is in line with SEM
images taken after 1 h illumination (Figure 3a) where Ir nano-
particles with a size of =2 nm become visible (Figure 3b). With

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Atomic percentage of Ir from XPS and EDX of dark deposited
TiO, nanotubes and anatase nanoparticles.

Nanotubes, at% Ir Nanoparticles, at% Ir

XPS EDX XPS EDX
Dark deposition 0.37 0.40 2.37 0.51
Photodeposition 14.91 3.40 6.65 2.22
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increasing illumination time, the number of SEM detectable
Ir particles as well as their size increases (Figure 3a,b) and the
surface composition extracted from XPS shows an increasing
metallic Ir contribution. After 24 h illumination, 82% of the Ir
is in a metallic state while the rest is mainly present as Ir*".
However, a similar overall Ir concentration is maintained from
the EDX (Figure S12, Supporting Information)—this confirms
that a constant amount of Ir over illumination time is main-
tained (no loss to the solution occurs).
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Figure 3. a) SEM images of Ir SA decorated TiO, nanotubes taken after different illumination times; b) Photoinduced particle agglomeration: Ir par-
ticle size distribution (from SEM, inset—from TEM) after different illumination times; c) Photocatalytic H, evolution over time for SA decorated TiO,
nanotubes; d) HAADF-TEM images after 24 h illumination; e) Fitted Ir4f peak after SA decorated nanotubes were illuminated for 24 h; f) Schematic

of the relationship between size and activity.
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Over 24 h illumination, the TEM/SEM visible particle size
increases from atomically defined features to aggregates and
crystallites of an average size of 2.5 nm. This light-induced
agglomeration is in stark contrast to the thermal stability of
the SA configuration at room temperature (the TEM visible SA
size distribution is virtually unchanged for samples stored for
6 months at room temperature). The HAADF-STEM taken after
24 h of illumination (Figure 3d) shows that indeed the vast
majority of SAs have agglomerated into multimers (atomic dimers,
trimers,....) or have even crystallized to nanoparticles (upper inset
of Figure 3d)—also TEM-EDX directly confirms agglomeration
(Figure S8, Supporting Information). The d-spacing of the crystal-
lized particles in the inset of Figure 3d is 0.23 nm which corre-
sponds well with the Ir (111) plane of metallic Ir.

More importantly, although a large amount of Ir has agglom-
erated into particles, the HAADF-TEM in Figure 3d shows that
still SAs can be detected (see also the SEM images of 24h dark
deposited and 24 illuminated nanostructures in Figure S13,
Supporting Information, and the TEM-EDX mappings of
Figure S14, Supporting Information). A comparison of the Ir
SA density evaluated from HAADF-TEM before and after illu-
mination yields 378’134 SAs per um? before and 18’656 SAs per
um? after illumination.

Obviously, illumination has a crucial destabilization effect
on most of the SAs attached to the surface which leads to their
agglomeration to NPs. Nevertheless, in spite of this drastic
agglomeration, almost no long-term drop in the photocatalytic
H, activity is observed. In fact, Figure 3c shows that the photo-
catalytic H, production rate over illumination time does not
drop significantly. For example: from SEM a strong agglomera-
tion can be observed in the first 5 h of illumination, the rate
(slope of the curve) does not drop (in the interval of 1-2 h the
same amount of H, is generated as in the interval of 4-5 h).
This means that in spite of agglomeration evident from SEM
(please compare the distribution of particles in Figure 3D after
1 h and after 5 h), the reactivity of the entire photocatalyst is
virtually maintained by a few truly active hot spots. After 24 h
of illumination, we estimate approx. =18’000 Ir-SAs per um?
which corresponds to turnover frequency (TOF) of = 4 x 10° h™!
while a classic assumption (that all Ir deposited on the struc-
ture is active) would results in a TOF of only 131.6 h™! (for esti-
mates see Figure S15, Supporting Information).

This finding supports the perception that in photo-
catalysis we often tend to ascribe “activity” to the wrong size
of co-catalytic species. Specifically, in a large body of literature
on photocatalysts, SEM investigations are used to characterize
nanoparticles of co-catalysts and their size distribution to
deduce connections to their activity. However, as in our case,
the highest contribution to activity is provided by SEM invisible
surface-linked SAs as summarized in Figure 3f.

3. Conclusion

In conclusion, our work introduces a novel anchoring architec-
ture for SAs by exploiting intrinsic defects in anodically grown
oxide nanostructures. In our case, we use Ir SAs trapped on
anatase TiO, nanotube arrays to make an exceptionally active
photocatalyst for H, evolution. The resulting trapped Ir SAs can

Adv. Funct. Mater. 2021, 31, 2102843 2102843 (6 of 8)

provide a photocatalytic activity higher than SAs placed on other
TiO, nanostructures (including nanostructures with a higher
surface area or geometries that are facet-engineered). The photo-
catalytic activity is also higher than for conventional catalyst-NP
decoration on TiO, nanostructures. We propose that the centers
of reactivity are SAs trapped in the unique surface defects of
anodic TiO, nanotubes—such SAs can reach TOFs of 4 x 10° h™!
and show high stability when anchored on this nanostructure.

4. Experimental Section

Materials: TiO, nanotubes were grown by anodizing on Ti foils
(99.6%, 0.125 mm thick, Advent) in ethylene glycol-based (99.5%,
Sigma-Aldrich) electrolyte containing 0.15 M NH,F (98%, Sigma-Aldrich)
and DI water (1, 3, or 5 wt. %). The Ti substrates were anodized at
60 V for 4.5C cm™ at room temperature to reach 7 um tube length. To
convert the as-formed amorphous form of TiO, nanotubes to crystalline
anatase, the samples were annealed in air at 450 °C for 1 h. In parallel,
3 um thick Ti layers evaporated on FTO were used to evaluate the
volume expansion factor for differently prepared TiO, nanotubes; the
same anodization electrolyte and parameters were used for the Ti foil
(see also Figure ST, Supporting Information).

Preferentially facetted (001) TiO, nanosheets were grown by a
hydrothermal process on FTO substrates (7 Q m~2, Pilkington). For this,
1.5 mL titanium isopropoxide (Sigma-Aldrich) was dropped into aqueous
hydrogen chloride (HCI) solution (30 mL DI water and 30 mL HCl (37%),
Sigma-Aldrich) in a Teflon-lined stainless steel autoclave (capacity:
250 mL). After stirring for 15 min, 0.5 g ammonium hexafluorotitanate
((NHy),TiFg, Sigma-Aldrich) was added to the solution and stirring was
continued for another 15 min. The hydrothermal synthesis was carried
out at 150 °C for 15 h by immersing the pre-cleaned FTO (ultrasonication
in acetone and ethanol, dried in a nitrogen stream) into the solution
facing down. After rinsing with DI water, the as-formed nanosheets were
annealed in air at 450 °C for 1 h to remove residual fluoride.

Anatase TiO, nanoparticles were purchased from Sigma-Aldrich
(99.8%, =25-35 nm, BET = 100 m? g7').

Ir Deposition on TiO, Samples: The iridium SA deposition, “dark
deposition”, on different TiO, structures was carried out in a quartz
cell. The sample was immersed in 10 mL aqueous methanol solution
(50 vol. %) containing 0.5 mm IrCl; (IrCl3:xH,0O, Sigma-Aldrich). After
15 min purging with Ar to remove oxygen, the whole cell was kept in
dark for 24 h. Moreover, the Ir dark deposited TiO, structures were
immersed in ethanol for 15 min and in DI water for an additional 15 min,
then the liquid was removed by drying in a nitrogen stream. A quartz
cell containing 10 mL aqueous methanol solution (50 vol. %) was used
for the hydrogen evolution measurements. After purging 15 min with Ar
again, the sample was exposed to a LED (365 nm, 100 mW). The area
of the illumination was approximately 1 cm?. During the illumination,
the solution was stirred with a magnetic stirrer at 1000 rpm and the
hydrogen evolution was measured at 1 h, 2h, 3 h, etc., respectively. For
anatase nanoparticles, 2 mg Ir loaded powder was dispersed in the same
solution (same as for the nanotube layers) under magnetic stirring. Dark
deposited powder was rinsed by centrifuging at 4000 rpm with 15 min
in ethanol and 15 min in DI water. After drying in an oven, 2 mg powder
could be collected and used for the hydrogen evolution measurement.

For the conventional photodeposition, the same process was used.
Sample was immersed in 10 mL aqueous methanol solution (50 vol. %)
containing 0.5 mm IrCls. After purging 15 min with Ar, the sample was
immediately exposed to a LED (365 nm, 100 mW) for 24 h.

Characterization: The morphology and chemical composition of
the samples were characterized by a field-emission scanning electron
microscope (FE-SEM, Hitachi, S4800) and an Energy Dispersive X-Ray
(EDAX Genesis, fitted to SEM chamber), respectively.

The composition and chemical state of samples were analyzed by XPS
(PHI 5600). All XPS spectra were calibrated by shifting the spectra to a
binding energy of Ti2p of 458.5 eV. Fitting of the peaks was performed

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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using Multipak software, using an asymmetric peak shape for the
metallic iridium and a Gaussian-Lorentzian peak shape for the iridium
deconvoluted peaks belonging to Ir% or Ir** (the contribution from the
Ir5py, and Ti3s peak were also considered; namely, the contribution of
the Ir5p;, peak in the Irdf peak is small, estimated to be around 5%
only,”# and in addition, there is a contribution from the Ti3s peak at
61.9 eV—peak shape was determined from the bare TiO, nanotubes).

HAADF-TEM and EDS mapping of samples were carried out by a
high-resolution transmission electron microscope (HRTEM, FEI Titan
G2 60-300) and the crystalline structure of the samples was determined
by X-ray diffraction analysis (XRD, X’pert Philips MPD, equipped with a
Panalytical X'celerator detector) using graphite monochromized Cu Ko
radiation, A =1.54056 A.

The concentration level of the Ir loading on the nanotubes and on
the nanoparticles were also determined by AAS with electrothermal
atomization using a graphite furnace with a ContrAA 600 Spectrometer
(Analytik Jena AG) equipped with a high-resolution Echelle double
monochromator and with a continuum radiation source (Xe lamp).

Raman spectra were acquired for Raman shifts between 100 and
700 cm™ using a Confocal Raman Microscope (LabRAM HR Evolution,
Horiba, Dresden, Germany) with an excitation laser wavelength of
532 nm. The grating was set at 300 gr per mm.

The photocatalytic H, evolution was determined by a gas
chromatograph (GCMS-QO2010SE, SHIMADZU) with a thermal
conductivity detector (TCD).

EPR spectra of TiO, samples were recorded on a JEOL continuous
wave spectrometer JES-FA200 equipped with an Xband Gunn oscillator
bridge, a cylindric mode cavity, and a N, cryostat. The solid-state
samples were measured in quartz EPR tubes under nitrogen atmosphere
with a similar loading of = 5 mg. All EPR spectra were measured
with the following parameters: microwave frequency = 8.963 GHz,
microwave power = 0.998 mW, modulation width = 1.0 mT, modulation
frequency = 100 kHz, time constant = 0.1's, and temperature = 95 K.

The TOF can be typically defined as:

dmol(H) 1
@ mol(A)

TOF = (1)

where dmol(H)/dt represents the rate of hydrogen production per
surface area, and mol(A) denotes the number of moles of active catalyst
sites per surface area.® In the field of catalysis or particularly in
photocatalysis, various approaches were considered for the evaluation of
the number of active sites (for example see).[*l The most straightforward
method in this case was determining the SA density directly from the
HAADF-TEM images while also considering the reactive area to be

represented by the illumination area (=1 cm?). As such, the TOFs were
calculated by using the following equation:

TOF(h™)

number of evolved Hz molecules (per illuminated surface area)

" number of noble metal SA on TiO; (per illuminated surface area) x reaction time
(2)

Note that the above definition deviates from other methods used in
photocatalysis.l*’!
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