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Effect of Different Amounts of Pt on Fe;0,—TiO, for
Photocatalytic H, Production Under Solar Light

Irem Firtina-Ertis*™® and Ozge Kerkez-Kuyumcu®™

In this study, Pt doped Fe;O,—TiO, photocatalysts were
synthesized in two steps; (i) Fe;0,—TiO, (FT) was prepared by
the complex-assisted vapor thermal (VT) method, (ii) Pt was
doped to Fe;0,—TiO, (FT—Pt) by the polyol method. The effect
of different amounts of Pt was investigated for photocatalytic
hydrogen production. The absorption spectrum of FT with 5.0%
Pt exhibits a surface plasmon resonance (SPR) peak of ~420 nm
which corresponds to the band gap of 2.95 eV. The FT and Pt
doped FT samples showed a less intense photoluminescence
(PL) band than TiO, (T) due to the lower e /h™ recombination

Introduction

Photocatalytic hydrogen production is a promising method in
the usage of renewable energy sources. TiO, is crucial as a
semiconductor in photocatalytic applications because of its
durability, non-toxicity, high oxidizing power, etc.! However,
TiO, has two important shortcomings that limit its photo-
catalytic activity. The first shortcoming of TiO, is photoactiva-
tion by only UV light attributed to the wavelength of 390 nm
due to its wide bandgap. For TiO, to support solar light as a
photocatalyst, it needs band gap modification because solar
light contains a small fraction of UV light and besides 42-47 %
visible light.?™® Thus, the band gap energy of TiO, should be
adjusted to increase response to solar light. The other short-
coming is about recombination of photo-excited electron/hole
(e /h™) pairs. The photocatalytic reaction initiates with the light
absorption corresponding to the band gap energy of TiO,, and
electron-hole (e7/h*) pairs are formed
(TiO, + hv — e~ (CB) + h* (VB)). Recombination of these photo-
excited e /h™ pairs cause low photocatalytic activity.”! There-
fore, TiO, needs some additives to alter the band gap energy
and to retard the e /h™ recombination rate.”! There are
numerous studies about modifying TiO, to obtain suitable band
gap and retarded e /h* recombination.”" Metals like Ce, Fe,
etc., metal oxides like CuCr,0, WO, etc, and anions like N, B,
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rate. By increasing % wt. Pt in the FT samples, PL intensity was
decreased. Thus, Pt plays an essential role to hinder the
recombination of e /h* pairs. Consequently, FT-5.0% Pt
showed 144 pmol/g-cat H, production rate, just about 3.3 times
higher than that of FT photocatalyst; due to the suitable band
gap energy and the retarded e /h* recombination. Therefore,
the synergistic effect of Pt and Fe;O, is found to be beneficial to
decrease the e”/h™ recombination rate thus the photocatalytic
activity enhancement was achieved.

and C have been used in the modification of Ti0,.2'>'¥ Also,
modification of TiO, with noble metals such as Pt, Au, Pd, and
Ag ensures trapping charge carriers thus decreasing the e /h™
recombination rate.”

As distinct from these insufficiencies of TiO,, another hot
topic is the effortless separation of the photocatalyst from the
reaction medium. Recently, in photocatalytic applications
especially in photocatalytic organic substance degradation,
Fe;0, (magnetite)-TiO, usage has emerged due to the ease of
magnetic separation."”™ g-C;N,/Fe;0,/TiO, was used in the
degradation of both dinitro butyl phenol and methylene blue
under visible light irradiation;"® Fe,0,-mesoporous TiO,/C was
used in the degradation of bisphenol A under visible light;"”
Fe;0,—TiO,/RGO was used in the degradation of phenol under
365 nm;"® Fe,0,/Ti0,/CoMoQ, was used in the degradation of
organic dyes under sunlight irradiation;"” Fe;0,@Si0,@g-C;N,/
TiO, core-shell microsphere structured photocatalyst was used
in Rhodamine B and Methyl Orange degradation under visible
light;*® Fe,0,@TiO, heterojunction photocatalysts were used to
remove Bisphenol A (BPA) under visible and long wavelength
UV light irradiation;?" TiO,/Fe;0, was used for decomposition
of metronidazole.”? Besides, the synergistic effect of noble
metal and Fe;0, on TiO, found as worth investigating in terms
of photocatalytic activity enhancement. For example,
Fe;0,@TiO,—Au, Fe;0,/TiO,/Ag, and Fe;O0,@Ru-doped TiO, as
trio concept photocatalysts were used in similar photocatalytic
degradation experiments.-%!

To the best of our knowledge, there are a few reports for
photocatalytic H, production by using Fe;0,—TiO, photocata-
lysts. For example, nano-fibrillated cellulose/magnetite/titanium
dioxide (NFC@Fe;0,@TNP) nanocomposites were used for
photocatalytic H, production under UV light?” In another
study, Ag plasmons-sensitized magnetic-Fe;O, integrated TiO,
(Ag—Fe;0,@TiO,) ternary nanocomposites were used for both
dye degradation and H, generation under light and dark
conditions. They observed red shift along with a distinct

© 2023 Wiley-VCH GmbH
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plasmonic band in the UV-visible absorption spectrum due to
metallic Ag nanoparticles, which was confirmed by the PL
spectrum with an effective electron and hole separation.?®
Furthermore, mono- and co-doped TiO, (Co"* and Fe"*) were
prepared by sol-gel technique under solar light. They have
found the existence of multivalent states of Fe and Co ions
together improved solar light absorption of TiO,, inhibited the
recombination of photogenerated charges, and consequently
enhanced the photocatalytic efficiency.””

This work proposes the usage of a trio concept solar-light
driven photocatalyst Pt doped Fe;0,—TiO, in hydrogen produc-
tion; thus, it has three goals which are modification of band gap
to support the solar light, retarded e /h™ recombination, easy
separation of the photocatalyst. Pt doped Fe;0,—TiO, photo-
catalysts were synthesized via two steps: (i) Fe;0,—TiO, was
prepared by a complex assisted vapor thermal (VT) method
reported in our previous study,*” (i) Pt was doped to
Fe;0,~TiO, by the polyol method. This is the first time that
these two methods were used sequentially. Different % wt.
amounts of Pt in the photocatalyst were investigated in terms
of hydrogen production rate.

Results and Discussion
Characterization Results

The structure and the average crystallite size of the photo-
catalysts were analyzed by X-ray powder diffraction (XRD).
Figure 1 shows the XRD peaks for the prepared Fe;0O, (F), TiO,
(T), and Fe;0,—TiO, (FT) photocatalysts with different % wt. of Pt
(%owt. 0, 0.5, 1, 2.5, and 5). The XRD peaks of the anatase
structure of TiO, were monitored at 20 =25.24°, 37.08°, 37.91°,
38.65°, 48.10°, 53.97°, 55.07°, and 62.87° attributed to the (101),
(103), (004), (112), (200), (105), (211) and (204) planes,
respectively (JCPDS No. 21-1272).B" While the Fe;0, (magnetite)
diffraction peaks with cubic spinel structure appearing at 20 =
30.2° 35.6° 43.3°, 53.5°, 57.44°, and 63° can be attributed to
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gg? 209 gfi 204) §§ aon
FT-5.0%Pt
| FT-2.5%Pt
. ere— ,.'\-g"l\.,,i.’ ———A A
s A FT-1.0%Pt
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Figure 1. XRD diffraction peaks of Fe;0, (F), TiO,(T), and Fe;0,—TiO, (FT)
photocatalysts with different % wt of Pt (% wt 0, 0.5, 1, 2.5, and 5).
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the (200),(311),(400), (422), (511) and (440) lattice plane
of Fe;0, (JCPDS Card No. 89-3854), respectively.?'-??

Fe;0, is only used to provide magnetic properties to the
catalyst because the higher amount of Fe;O, is not favorable for
photocatalytic applications in terms of causing a higher e /h*
recombination rate.®? In a study from the literature, they used
different ratios for Fe;0,—TiO,. However, they have found that
the photocatalytic activity of the photocatalyst in dye degrada-
tion reaction decreases with increasing the amount of Fe;O, in
the photocatalyst (Fe;0,~TiO,).%¥ Another study used
Fe;0,@TiO,-P25 composite which was established as a type-|
heterojunction photocatalyst according to the energy band set-
up values. In this type of photocatalyst, the photogenerated
carriers would transfer across the heterojunction interface and
accumulate on the Fe;0, semiconductor and may act as an
electron-hole recombination center®” Madima etal. have
prepared Fe;0,—TiO, photocatalysts with different amounts of
(% wt. 5, 10, 20, 30, 50, 70) Fe;0, and they have found similar
photoluminescence intensity.®”” Therefore, we have only
studied with a constant amount of Fe;0,(% 4wt) and
investigated the % wt. different amounts of Pt.

For the FT samples, all the diffraction peaks could be
indexed to the anatase phases of TiO, due to the low %wt. of
Fe;0,. In addition, it is easy to observe that the main character-
istic peaks did not noticeably change during the synthesis of FT
regardless of the %wt. amount of Pt doping. No reflections
regarding Pt were observed due to the low wt.% of Pt without
forming oxides on the FT surface.”” There is no peak from the
impurity phase in FT photocatalysts. The presence of Pt has
been verified by the TEM elemental analysis.

The average crystallite size of Fe;O, (F), TiO, (T), and
Fe;0,—TiO, (FT) photocatalysts with different % wt. of Pt (Yo wt.
0, 0.5, 1, 2.5, and 5) ranged between 13.7 and 16.4 nm (Table 1).
The average crystallite size from the XRD peak at 26 =25.24°
was calculated by the Debye-Scherrer equation as seen
below.™!

kA
D= Beosh m
where D is the crystallite size (nm), 1 is the X-ray wavelength
(nm), k is a constant related to the crystallite shape and taken
as 0.9, f is the peak width at half maximum (FWHM) of the XRD
peak and @ is the diffraction angle.®
The intensity of the peak at 20 =25.24° of the FT photo-
catalyst was decreased and broadened with respect to that of
bare TiO, whereas Pt doping to FT caused the increased peak

Table 1. Crystallite size and Band gap energies of the photocatalysts.
Photocatalyst D (nm) Band gap Energy (eV)
Tio, (T) 17.8 3.28

FT 13.7 3.25

FT-0.5% Pt 15.6 3.19

FT-1.0% Pt 154 3.16

FT-2.5% Pt 14.3 3.05

FT-5.0% Pt 16.4 2.95

© 2023 Wiley-VCH GmbH
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intensity and narrower peak again, which shows higher
crystallite size as seen in Table 1.

TEM images and elemental mapping were used to inves-
tigate its microstructure, morphology and identify the elements,
respectively. Figure 2 shows the elemental mapping of the FT-
5.0% Pt photocatalyst. Fe;O, and TiO, nanoparticles are
homogeneously distributed with a diameter below 20 nm. Pt (in
blue color) in the photocatalyst can be observed easily.

Figure 3 (a) shows the UV-vis absorbance spectra of single
TiO, (T), FT, and FT with different wt.% of Pt (% wt. 0, 0.5, 1, 2.5,
and 5). The bare TiO, shows the absorption band edge between
350 and 380 nm, indicating a bandgap of 3.2 eV" and the
absorption peak is 500 nm for Fe;0, corresponding to a narrow
band gap of ~2.2 eV.” The absorption band edges of the FT
photocatalysts with Pt exhibited a remarkably red-shift (means

O Kal

B —|
Fe Kal

™ 500nm

Figure 2. TEM image and elemental mapping of FT-5.0% Pt photocatalyst.
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increasing in wavelength) which can be explained by the
surface-plasmon-resonance (SPR) effect of TiO, and Pt*” and
extended to the visible light region whereas FT has nearly the
same peak as Ti0,®¥ Pt impurity level is beneficial for
extending the absorption spectrum wavelength towards the
visible region. The powerful absorption of Pt due to the surface
plasmon resonance (SPR) can form a good absorption in the
visible light region.®

In Figure 3 (a), the absorption spectrum of FT with 5.0% Pt
exhibits a SPR peak of ~420 nm which corresponds to the band
gap of 2.95eV. Increasing the amount of %wt. Pt in the
photocatalyst has a positive impact on the absorbance
spectrum in the visible region arising from the faster charge
transfer between Pt and TiO,, the increased synergistic effect
via Pt doping to FT, and the reduced band gap energy of the

EDS Layered Image 1

Pt Lal
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photocatalyst.”® The increased response to the visible light
absorption of Pt doped FT is attributed to the low energy
transitions between the energy levels of Pt and TiO,. Thus, the
FT photocatalyst showed a bandgap of 3.25 eV whereas the FT-
5.0% Pt photocatalyst had 2.95 eV bandgap energy.

The curve of photon energy (hv) versus [hvf(R)]* called as
Tauc plot was used to pinpoint the bandgap energy of the
photocatalysts.“®*" In most of the articles, the Fe;O,~TiO,
photocatalysts have been treated as direct band gap which
depends on the nature of transition (n=2 for direct band
gap).*** Thus, we assumed that our photocatalysts are direct
band gap semiconductors.

Figure 3(b) shows the Tauc plots of bare TiO, (T), FT, and FT
with different wt.% of Pt. The band gap energies were
determined using Tauc plots in Figure 3(b) by extrapolating the
linear region of the plot to the intercept of the photon energy
axis in Figure 3(a). The direct bandgap energy of the samples
was evaluated from Tauc plots by:

2

a Gaussian P1 496 nm
Gaussian P2 541 nm
Gaussian P3 621 nm
Gaussian P4 649 nm
Experimental data

PL Intensity

300 400 500 600 700 800 900
Wavelength / nm
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Figure 3. (a) UV-vis absorbance spectrum and (b) Tauc plots of TiO2 (T), FT with different wt.% of Pt (%wt 0, 0.5, 1, 2.5, and 5).
(ahv)" = A(hv — E,) )

where Eg is the band gap energy, h is Planck’s constant, v is the
frequency of vibration, hv is the photon energy, A is a
proportional constant and a is the absorption coefficient. The
Kubelka-Munk function of the reflectance (f(R)) is proportional
to the absorption coefficient, a.***! The direct allowed
transition (n=2) is used for all samples. Bandgap energy of the
single TiO,, FT, FT-0.5% Pt, FT-1.0% Pt, FT-2.5% Pt and FT-5.0%
Pt photocatalysts were demonstrated in Table 1 as 3.28 eV,
3.25¢eV,3.19¢eV, 3.16 eV, 3.05 eV, and 2.95 eV, respectively.

In photoluminescence spectroscopy, firstly the defective
regions were identified by Gaussian deconvolution of PL
spectrum of bare TiO,. Four Gaussian peaks (P1-P4) were
identified centered at 496 nm, 541 nm, 621 nm, and 649 nm, as
seen in Figure 4(a), which are attributed to three different
physical situations such as self-trapped excitons, oxygen
vacancies, and surface states.”® The peaks centered at 496 nm

b —FT
—— FT-0.5% Pt
—— FT-1.0% Pt
FT-2.5% Pt
FT-5.0% Pt

PL Intensity

400 500 600 700 800
Wavelength / nm

Figure 4. Photoluminescence (PL) spectrum of (a) deconvoluted Gaussian peaks of TiO2 (b) Fe203-TiO2 (FT) photocatalysts with different % wt of Pt (%owt 0,

0.5, 1,2.5,and 5).
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and 621 nm were detected in the photoluminescence spectrum
of the TiO, because of back-stimulation of the TiO, lattice from
low levels in the Ti** d orbitals to the deep levels created by
OH™ groups (acceptor behavior). As a result of the back-
excitation of the TiO, lattice from low levels in the oxygen
cavities to the ground state, two other peaks at 541 nm and
649 nm are formed (Figure 4(a)). The oxygen vacancies and
surface hydroxyl groups are prevailing sites for trapped
electrons and holes, respectively, due to vapor-thermal method
used to synthesize TiO,.

The PL spectra of FT with different % wt. Pt (%owt. 0, 0.5, 1,
2.5, and 5) are indicated in Figure 4(c). TiO, (T) showed a broad
and more intense PL band than the FT and Pt doped FT
samples due to the fast e7/h* recombination rate. Due to the
existence of Fe;0, in FT, a decrease in UV emission peak located
at 560 nm,”*” and a sharp red visible emission peak centered at
655 nm was detected for FT photocatalyst. PL intensity was
substantially decreased by increasing % wt. Pt in the FT samples.
This reveals that Pt plays an essential role to hinder the
recombination of e /h™ pairs.

The existence of broadband around 400-600 nm verified
the recombination of the e /h* pairs because of the existence
of the surface states and the self-trapped excites in the TiO,.®
The presence of Pt on the surface of FT indicated a decrease in

a :
25000 4 @ Ti 2p before
Ti 2p after

20000 -
15000 -
10000 -

5000 4

0 T T T T 1
440 450 480 470 480 480

Binding energy / eV

e " Ti-O-Ti O 1s before
O 1s after
35000 -
20000 -
L
25000 -
20000 - =
bindin ak (531.4 eV

15000 - caape ¢ J
10000 -

5000

525 530 535 540

Binding energy / eV

the PL intensity of the photocatalyst, pointing out the rapid
electron transfers from the conduction band (CB) of TiO, to Pt.
Besides, the secondary peak between 600-650 nm is proof of
the presence of oxygen vacancies in the related phase.””!

The binding energies of FT-5.0% Pt were analyzed by X-ray
photon spectroscopy (XPS) before and after the hydrogen
production reaction. In Figure 5, Ti, Fe, O, and Pt elements can
be distinguishable in the photocatalyst. The anatase TiO, shows
conventional bands at 457.8 eV and 463.3 corresponding to the
Ti2p;, and Ti2p,, spin-orbital splitting photoelectrons,
respectively.”® and it shows the presence of Ti*"!'¥ as seen in
Figure 5(a). After the hydrogen production reaction, bands
shifted the binding energies of 458.7 and 464.0 eV for Ti2p,,
and Ti2p,, corresponding to Ti**, respectively. (Figure 5 (a)).
Thus, the red shift of the binding energy is probably related to
Pt doping to the FT photocatalyst showing a decrease in the
electron density of TiO, connecting with Pt It is proved that
the electron charge density of Ti atoms and the bonding
between Ti and O atoms was altered by the displacement of Pt
ions.”®

The O1s spectrum showed a lattice structure centered at
529 eV (Figure 5(c)), which corresponds to the lattice oxygen
with high intensity, and the binding peak at 531.4 was
attributed to the presence of surface oxygen, which represents

Fe™ 2p,;

Fe 2p.. f
. |
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10500 |
| |
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Figure 5. The XPS spectra of Ti2p (a), Fe2p (b), OTs (c), and Pt4d (d) in the photocatalyst before and after the hydrogen production reaction.
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the lattice oxygen combined with Fe** and Ti**.®" Besides, the
weak peak at 530eV was attributed to the defect oxygen
vacancies (—OH) after the hydrogen production reaction.®” The
red shift of the peaks confirms the formation of substitution
between TiO, and Fe due to the electronic interaction.*? The
decreasing intensity indicated a low oxygen vacancies/lattice
oxygen ratio which means a low recombination rate.*¥ The
variation in the binding energy of Ti 2p,, and O 1s showed the
existence of Ti-O—Pt bonds in FT sample.

The binding energies of 709.8 eV and 725.1 eV which are
attributed to Fe2p;, and Fe2p,,, in the photocatalyst were
nearly the same in the literature (710.0 and 724.0 eV for Fe;0,),
respectively™'® which indicates the characteristics of the mixed
phase of Fe () and Fe (lll), verifying the formation of Fe;O,
phase (Figure 5(b)."® The satellite peak at 718.2 eV (Fe*" 2p;),)
was proved mostly to be the Fe?" ion state in Fe;0, before the
reaction.”” However, the Fe 2p,, band shifted to a little bit
higher energy as 711.1 eV and the Fe2p,,, band is nearly the
same as 725eV after the hydrogen production reaction,
indicating that Fe’* ions converted to Fe’*on the surface of the
photocatalyst by trapping the h*. When the surface Fe’'/Fe®*
molar ratio is low, it indicates that the surface has a low ratio of
oxygen vacancies/lattice oxygen on the surface of the photo-
catalyst, which causes a low recombination rate.®”¥ Thus, the
Fe?*/Fe**ratio is getting lower after the reaction which causes
a low recombination rate.

Pt 4d spectra showed binding energy of 313.1eV and
330.5 eV for the metallic Pt corresponding to 4ds, and 4d,),,
respectively before the reaction. According to the literature, the
binding energy for PtO is 317.3 eV and 314.6 eV for the metallic
Pt at the surface which confirms the presence of metallic Pt
species at the surface of the photocatalyst.** After the reaction,
bands were nearly the same binding energies of 314.6 and
331.3 eV for Pt 4d;, and Pt 4d,,, respectively. Consequently,
these observations from XPS spectra essentially give insights
that the synthesized FT—Pt photocatalyst contains the elements
in Ti*/**, Fe?™3*, and metallic Pt nanoparticles.

Photocatalytic activity measurement

Figure 6 shows the hydrogen production results for FT and
FT—Pt photocatalysts with different wt.% of Pt. The hydrogen
production increased in the order of FT-5.0% Pt>FT-2.5% Pt>
FT-10% Pt>FT-1.0% Pt>FT-0.5% Pt>FT after 5h of photo-
catalytic reaction.

FT-5.0 wt.% Pt showed the highest amount of H, as
144 pmol/g-cat among all the photocatalysts. Enhanced photo-
catalytic activity of FT-5 wt.% Pt was attributed to the following
factors as illustrated in Figure 7, i) 5 wt.% of Pt doping on the
FT provided a suitable band gap, ii) Pt plays a vital role by
trapping electrons to decrease e /h™ recombination rate, iii)
Fe’" ions converted to Fe’*on the surface of the photocatalyst
by trapping the h* in the presence of Fe;O, that make charge
separation more facile.”” In the literature, the H, production via
Ag plasmons-sensitized magnetic-Fe;O, integrated TiO,
(Ag—Fe;0,@TiO,) ternary nanocomposites was 911 umol/g.h
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Figure 7. Proposed e /h™ charge separation mechanism for FT-5.0 %Pt
photocatalyst.

under light conditions as seen in Table 2. However, this article
used higher amounts of Ag particles (noble metal like Pt in our
study) in their study which is the most probable reason for the
high H, production rate.”® Another study that uses Fe;O, and
Co;0, doped TiO, indicated that Fe and Co ions together
improved solar light absorption of TiO,, inhibited the recombi-
nation of photogenerated charges, and enhanced the photo-
catalytic activity of hydrogen production. They didn’t observe
H, in the case of pure TiO, while the 5% Fe;0,/TiO, gave a
small amount of H, (~125 umol/g) compared with 5% Fe;O,/
Co,0,—Ti0, after 5 h as seen in Table 2.2

Table 2. Comparison of H, production rate for different Fe;O,/TiO,
catalysts.

Catalyst H, production rate (umol/g) References
Fe,0,@TiO, 335 (1 h) 128)
Ag—Fe;0,@TiO, 911(1 h) 28

5% Fe;0,/TiO, 125 (5 h) 29

Pt doped Fe;O,—TiO, 144 (5 h) This work

(FT-5.0% Pt)
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To the best of our knowledge, Fe;O,—TiO, is a type |
heterojunction which is not favorable for photocatalytic
applications in terms of causing a higher e-/h+ recombination
rate®? In this type of photocatalyst, the photogenerated
carriers would transfer across the heterojunction interface and
accumulate on the Fe;O, semiconductor and may act as an
electron-hole recombination center.®”

In Fe;04-TiO, heterojunctions (type I), the photogenerated
electrons and holes of TiO, transferred to Fe;O, more easily
which makes a higher rate of recombination.” However, Pt
doping on the TiO, surface plays a vital role as an electron
acceptor to decrease the e /h™ recombination rate and thus
the enhanced photocatalytic activity was obtained with FT-
5.0 wt.% Pt.

Conclusions

This work demonstrates the synthesis of solar light-driven Pt
doped Fe;0,—TiO, photocatalysts and their usage of them in
hydrogen production.

The results show that; the sensitivity of the catalyst to
visible light radiation slightly increased when wt.% of Pt in the
photocatalyst increased; FT photocatalyst has 3.25 eV band gap
energy whereas FT-% 5.0 Pt has 2.95 eV bandgap energy; PL
intensity was decreased by doping Pt to FT photocatalyst which
indicates the retarded e /h™ recombination; XPS spectra
showed that Pt acts as an electron trapper; Fe?*/Fe’™ ratio is
getting lower after the hydrogen production reaction indicating
that Fe;0, acts as a hole acceptor. Besides, the red shift of the
peaks in the O1s spectrum is confirming the formation of
substitution between TiO, and Fe due to the electronic
interaction after the hydrogen production reaction.

Consequently, FT-% 5.0 Pt can be proposed as a solar-light
driven photocatalyst due to the highest amount of H,
production rate as 144 umol/g-cat. In this study the synergistic
effect of Pt and Fe;0, is found to be beneficial to decrease e/
h* recombination rate thus the photocatalytic activity
enhancement was achieved.

Supporting Information Summary

Detailed information about experimental methods and instru-
ments for characterization used in the study conducted and
additional figures are given in the supplementary information
(Sh.
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