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Abstract

A Ti-Beta zeolite was used in gas phase photocatalytic CO, reduction to reduce the charge
recombination rate and increase the surface area compared to P25 as commercial benchmark,
reaching 607 m? g. By adding Pt nanoparticles, the selectivity can be tuned toward CO, reaching a
value of 92% and a turnover frequency (TOF) of 96 umol.g..:.h™, nearly an order of magnitude higher
in comparison with P25. By adding Pd nanoparticles the selectivity can be shifted from CO (70% for a
bare Ti-Beta zeolite), toward CH, as the prevalent species (60%). In this way, the selectivity toward CO
or CH4 can be tuned by either using Pt or Pd. The TOF values obtained in this work outperform reported

state-of-the-art values in similar research. The improved activity by adding the nanoparticles was


mailto:Sammy.Verbruggen@uantwerpen.be
mailto:Pegie.Cool@uantwerpen.be

attributed to an improved charge separation efficiency, together with a plasmonic contribution of the

metal nanoparticles under the applied experimental conditions.
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1. Introduction

Research in the field of CO; reduction has been growing rapidly over the last few decades. This is due
to the increasing emissions of CO, as one of the most dominant gasses causing the global warming
effect. The urge for developing efficient and sustainable CO, capture and conversion technologies is
therefore extremely high. Photocatalysis is a very good candidate to become a sustainable technology
for the reduction of CO; since it can be performed at ambient temperature and pressure. In this way,
not only CO, emissions are reduced but also solar energy can be converted into chemical energy [1-
4]. TiO, remains one of the most interesting photocatalysts for the majority of applications [5—14]. This
is also the case for CO, reduction since TiO; is relatively cheap and non-toxic with a high chemical and
thermal stability and moreover, the energy levels of both conduction band and valence band

thermodynamically enable the CO; reduction reaction.[15-18]

In the photocatalytic reduction of CO,, the first step is the adsorption of CO, onto the photocatalyst
surface in which the linear CO, molecule slightly bends and thus becomes more reactive. This is a
consequence of the lowered LUMO level of CO; after bending. To initiate the sequence of chemical
reactions, one electron is transferred to form adsorbed CO; on the photocatalyst surface. Different
reducing agents such as H,0, H,, CH, or CH30H can be used as hydrogen source for CO; reduction. It is
known that by using reductants such as H.O and H, (carbon-free) mainly C; products are formed.
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Carbon-containing reductants can also lead to the formation of C, and C; products. Although the
mechanism of photocatalytic CO, reduction is still under debate, it is strongly believed that the initial
step is the electron capture from the photocatalyst’s conduction band upon the formation of a *CO,™
anion radical. From this anion radical, many different pathways can be followed which will not be
discussed here in detail. The interested reader is referred to important literature on this topic [19-21].

The main reactions for the formation of CO and CH, are the following:

CO, + 2H* + 2¢~ - CO + H,0 (1)

CO, + 8H™ + 8¢~ - CH, + 2H,0 2)

These reactions show that the reduction toward CO is an two-electron reduction whereas the

formation of CH, requires eight photogenerated electrons.

There is an infinite number of possibilities to synthesize TiO, with different morphologies,
crystallographic phases, particle sizes, etc. while P25, a commercially available type of TiO, consisting
of a combination of anatase and rutile, is still regarded as one of the best performing materials and is
therefore widely used as a reference material in photocatalytic experiments [22—26]. As most sources
of TiO,, also P25 has a few drawbacks that researchers have been trying to solve in various ways. First
of all, the BET surface area of P25 is commonly between 50-60 m?/g which is relatively low, especially
compared to high surface area materials such as zeolites or metal-organic frameworks (MOFs) [27—
32]. Since heterogeneous (photo)catalysis is a surface phenomenon, the surface area, and
consequently the number of available active sites, plays an important role in this process. This is
particularly true for gas phase photocatalytic reactions, that are strongly surface area-driven [33]. A
second important drawback is the high recombination rate of photo-excited electrons and holes,
leading to a lowered photocatalytic efficiency. In recent years, a lot of efforts have been devoted to
improve charge carrier separation [13,30,34—-38]. An interesting approach is to add noble metal
nanoparticles. A great amount of research has been done on modeling and synthesis of different kinds

of (stable) nanoparticles [22,39-43]. They can be used in photocatalysis both for plasmonic



enhancement as well as serve as an electron sink for enhanced charge separation. In this context,
platinum, palladium, silver and gold have proven to be very successful for different kinds of chemical

transformations.

In this work, a Ti-Beta zeolite is used as photocatalytic material for CO; reduction because of its high
surface area and isolated Ti (IV) species [32]. The electronic properties and the photocatalytic activity
of this Ti-Beta zeolite is different from bulk anatase. As the size of the TiO, particles decreases, the
energy gap between the conduction and valence band increases, up until the point that the band
structure disappears and is replaced by discrete HOMO and LUMO energy levels. This enables the
absorption of higher energetic UV light in the 210-280 nm region, due to the presence of isolated
tetrahedrally coordinated Ti species in Ti-Beta zeolites. Here, a ligand to metal charge transfer (LMCT)
from the p orbital of oxygen to the d orbital of titanium occurs. The photo-generated electrons and
holes are present on the same site, as a pair of Ti¥* and O, and act together to increase the reactivity.3®
This is in contrast to bulk anatase, in which the photo-generated electrons and holes are present over
a larger distance in the conduction band and valence band, respectively. Moreover, the LMCT results
in excited states with a longer lifetime (order of us) and thus leads to more successful photocatalytic
events [44-48]. Furthermore, to enhance the activity and improve the selectivity, the Ti-Beta zeolite is
modified with Pt and Pd nanoparticles. Several scientific articles have reported on the beneficial effects
of adding Pt and Pd nanoparticles to bulk TiO, for improved CO, reduction [49-52]. These reports,
however, never used a photoactive zeolite as the photocatalyst. In addition, illumination in these
studies was performed with high power Xe sources with wavelengths exceeding 300 nm, while in the
present work the Ti-Beta zeolite is activated by light in the deep UV range (200 — 215 nm). As a
consequence, in this wavelength range the localized surface plasmon resonance (LSPR) states of Pt and
Pd nanoparticles can also be excited, which is not the case when using > 300 nm illumination [53,54].
Therefore, a combined effect of improved charge carrier separation, and a plasmonic contribution co-
exist to improve the overall CO; reduction rate in our work. The latter effect is studied in more detail

by means of Finite Element Method (FEM) simulations.



2. Materials and methods

2.1. Catalyst preparation

The synthesis of the Ti-Beta zeolites with 5 wt% Ti and a Si/Al ratio of 25/1 is described in detail in
previous work by Hoeven et al. [32] As a reference material, the parent Beta-zeolite, in absence of Ti
in the framework, will be subjected to the same measurements. The interested reader is referred to

this publication for details about the synthesis procedure and extensive characterization.

Pt nanoparticle synthesis: An appropriate amount (depending on the desired loading of Pt on the Ti-
Beta zeolite, see Table 1 for the exact amounts) of a 1.28 mM aqueous solution of H,PtCls.6H,0 is
added to bi-distilled water, to make a total volume of 5 mL, under vigorous stirring at room
temperature. After a few minutes, 386 pL of a 0.075 wt% NaBH4; aqueous solution were added to

reduce the Pt-ions to metallic Pt. Stirring is continued for half an hour at room temperature.

Pd nanoparticle synthesis: An appropriate amount (depending on the desired loading of Pd on the Ti-
Beta zeolite, see Table 1 for the exact amounts) of a 2.35 mM aqueous solution of PdCl, is added to
3.85 mL of bi-distilled water under vigorous stirring at room temperature. After a few minutes, 100 pL
of a 0.0166 wt% solution of sodium citrate were added, rapidly followed by the addition of 48 uL of a

0.075 wt% NaBH, aqueous solution. Stirring is continued for half an hour at room temperature.

Typically, 250 mg of catalyst was coated on 12 glass support slides (150 mm x 10 mm x 1 mm) using an
adapted dropwise coating technique. First, all 24 sides of the 12 glass slides were cleaned with ethanol,
in order to obtain a clean fat-free surface. Simultaneously, 250 mg of photocatalyst was brought into
a colloidal suspension in 24 mL water with the required amount of Pt/Pd nanoparticles under vigorous
stirring. The suspension was left stirring overnight. Thereafter, 1 mL of the suspension was dripped
onto 1 side of each glass slide, until 12 sides were coated. The glass slides were subsequently dried

overnight at room temperature. The dripped coating step was repeated for the opposite 12 sides of



the glass slides. All coated glass slides were, again, dried overnight to evaporate the water. This way

250 mg of catalyst is coated on both sides of 12 glass slides.
2.2. Experimental setup

A fixed bed photoreactor (total volume of 200 mL) is employed consisting of two parts, namely (i) a
tubular reactor (= inner part) in which 12 changeable glass slides are mounted in a radial pattern and
(ii) a metallic cover (= outer part) which contains UVC-lamps (Figure 1a). The tubular reactor (i) is made
of quartz, which is UV-transparent > 180 nm. The applied UVC-lamps have a narrow emission spectrum
centered at 254 nm, as confirmed by an optical fiber with detector type CC-UV/VIS and a diameter of
3900 um. The inside of the cover contains six Philips TUV 6 W TLmini UVC-lamps with a total power of
36 W. The spectrum of this measurement is shown in supporting info Figure S1, resulting in an

irradiation power of the total light source (36 W) of 9.85 mW/cm?.
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Figure 1 a) Pictures of the photocatalytic reactor used in this work. The left picture shows the inside of the reactor
without the UV lights on, the middle one shows the inside with UV lights on and the right one shows a closed
reactor with UV lights on as it is under operation. b) Scheme of the experimental setup used for the photocatalytic

CO:z reduction experiments.

Before each photocatalytic test, the coated glass slides were placed in the quartz tube holder and the
whole system, including the GC, were placed under vacuum with an Edwards E2M1.5 pump.
Subsequently, the complete system was purged at 200 mL/min with an initial 10% CO,, 30% H,, 60% He
gas mixture for 15 min in order to obtain a homogenous gas mixture in the reactor and the GC. The
photocatalysts were irradiated for 100 min, during which the reactor reached a slightly elevated
temperature of 348 K, causing a small rise in pressure toward 1.17 atm. Figure 1b displays the on-line
batch system used during the photocatalytic tests. The photoreactor is designed to directly inject gas

from the bottom of the quartz tube to the inlet of the GC apparatus, which will sample 100 L of gas



every 25 min, otherwise it will bypass the loop. The product yields are expressed as a turnover
frequency (TOF) in umol.h™.geatayst L. To study the stability and reusability of the samples, the best
performing samples were subjected to four subsequent cycles in which the TOF was calculated for

each cycle.

2.3. Characterization

Inductive Coupled Plasma Mass Spectrometry (ICM-MS) was utilized to determine the loading of Pt/Pd
nanoparticles of the different samples. The ICP-MS analyses were performed on an ELEMENT2

HR-ICP-MS from Thermo Scientific.

Argon sorption at 87 K was used to determine the surface areas and pore volumes of the samples using
a Quantachrome AUTOSORB-1-MP automated gas sorption system. The samples were degassed in
vacuum at 473 K for 16 h prior to each measurement. The Brunauer-Emmett-Teller (BET) equation was
used to obtain the total surface area and the micropore volume was obtained by means of the t-plot
method. Detailed information about the porous structure of the Ti-Beta zeolite can be found in our
previous publication [32]. Furthermore, it is important to note that the porous structure will not be
altered by depositing Pt or Pd nanoparticles since they are exclusively located on the outer surface of
the zeolite as shown by TEM characterization (vide infra), but some of the pores will be blocked by the

nanoparticles.

X-ray diffraction (XRD) patterns were recorded to determine possible defects and structural changes
due to the post synthesis procedures. A PANalytical X’PERT PRO MPD diffractometer with Cu Ka
radiation was used to perform the measurements in the continuous mode of the theta-2theta-mode
with a scanning speed of 0.04°/4s. A graphite monochromator and proportional detector were used.

For preparation, a Si-monocrystal was used as sample-holder.

UV diffuse reflectance spectroscopy (UV-DR) measurements were performed on a UV-VIS Thermo

Electron Evolution 500 spectrophotometer, equipped with an integrating sphere (RSA-UC-40 diffuse



reflectance cell). The average of three scanning cycles was taken with a scanning speed of 120 nm/min,
data interval of 1 nm and a bandwidth of 2 nm. BaSO4 was used as a reference. The samples were
diluted with KBr (2% sample, 98% KBr) and pure KBr was set as the background. All spectra were
measured at high ETH-profiles, in order to optimize the signal level of the detector by using the high

voltage (ETH) supply to the photomultiplier.

Gas analysis during the photocatalytic experiments was performed by a gas chromatograph (Compact
GC, Interscience) with pressure-less sampling, equipped with a TCD and FID detector for the detection

of CO,, CO, H,, H20, CH4 and higher carbonated products.

For electron microscopy analysis the samples were crushed and dispersed in ethanol, and then drop-
casted onto transmission electron microscopy (TEM) copper grids. A Thermo Fisher Scientific TITAN
probe corrected electron microscope in scanning TEM (STEM) mode was employed together with a
high-angle annular dark-field (HAADF) detector at 300 kV for obtaining the images of the composites

at the nanoscale.

XPS measurements were carried out with a Perkin Elmer ® 5600ci Multi Technique System. The
spectrometer was calibrated by assuming the binding energy (BE) of the Au 4f7/2 line to be 84.0 eV
with respect to the Fermi level. Both extended spectra (survey - 187.85 eV pass energy, 0.5 eV-step?,
0.05 s-step™) and detailed spectra (for Ti 2p, Si 2p, Al 2p, Pd 3d, Pt 5f, O 1s and C 1s — 117.50 eV pass
energy, 0.125 eV-step?, 0.1 s-step™) were collected with a standard Al Ka source working at 200 W.
The standard deviation in the BE values of the XPS line is 0.10 eV. The atomic percentage, after a
Shirley-type background subtraction [55], was evaluated by using the PHI sensitivity factors [56]. The
peak positions were corrected for the charging effects by considering the O 1s peak at 532.7 eV and
evaluating the BE differences [57,58]. The results and discussion of the XPS measurements can be
found in supporting info (Figure S2).

Electrochemical impedance spectroscopy (EIS) measurements were carried out as follows:

Three-electrode screen printed electrodes (ItalSens IS-C) were purchased at PalmSens. The working



and counter electrode consist of carbon, the reference electrode consists of silver. The working
electrode was first washed with a 7 L drop of an 80% ethanol solution and dried at room temperature.
Then, 4.5 mg of the material of interest was mixed with 60 uL 5% nafion solution and diluted with
390 L distilled water. 5 pL of this suspension was drop casted on the working electrode and left for at
least 1h in the dark at room temperature for drying. The measurements were performed in 80 pL
solution containing 1 mM KsFe(CN)s, 1 mM KiFe(CN)¢ and 150 mM NaCl. As a reference, one
measurement was done on a bare working electrode and one was done in absence of a sample (only

containing nafion).

2.4. Simulations

FEM modeling is used to solve the frequency domain form of the Maxwell’s equations (Helmholtz wave
equations) in three dimensions to solve for the scattered electric field in the presence of a background
incident electric field. Therefore, the wave optics module of COMSOL Multiphysics® was used. The
reader is referred to Asapu et al. [39] and Borah et al. [43] for a detailed description on the underlying

equations, employed modeling methodology and mesh quality.

3. Results and discussion

3.1. Characterization

Figure 2 shows STEM images of two Ti-Beta zeolite samples loaded with 0.1 wt% of Pd and Pt
respectively. The brightest contrast nanoparticles observed in both cases demonstrate the presence
of the noble metal nanoparticles on the composites with average sizes of 4 + 2 nm in the case of the
Pd nanoparticles and 3.9 + 0.8 nm for the Pt nanoparticles. Histograms of the particle size distributions
for both types of particles can be found in the supporting information, Figure S3. It isimportant to note

that the nanoparticles are larger than the average Ti-Beta pore size (1.2 nm) and are thus exclusively
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located at the outer surface of the zeolite. Energy dispersive x-ray spectroscopy (EDS) images can be

found in Figure 2e and f.

Figure 2 STEM images of samples with (a,c) 0.1 wt% Pd and (b,d) 0.1 wt% Pt nanoparticles deposited on the Ti-
Beta zeolite. (c, d) Higher magnification images of both samples where the largest size of the metal nanoparticle
versus the zeolite pore size can be observed. HAADF image and EDS analysis of Pt (e) and Pd (f) nanoparticles

deposited on the Ti-Beta zeolite.
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Table 1 shows the results for the ICP-MS and Ar-sorption measurements. As expected, the relative Ti
content after addition of the Pt and Pd nanoparticles slightly decreases, but still remains around 5wt%.
The Pt and Pd loadings are close to the nominal loadings for all samples. The surface areas and
micropore volumes decrease after the addition of Pt and Pd, thus confirming the incorporation of Pt
and Pd nanoparticles on the zeolite surface and thus blocking some of the pores. The surface area

remains high in the range of 400 — 600 m? g*.
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Table 1 Physicochemical properties of the Pd/Pt-Ti-Beta zeolite photocatalysts.

Ti loading® Pt loading? Pd loading® Surface area® Micropore volume®

Sample (Wt%) (Wt%) (Wt%) (m2g?) (em3g?)
Ti-Beta 53 0.000 0.000 607 0.267
Pt 0.01 51 0.009 0.000 483 0.213
Pt 0.05 4.5 0.039 0.000 497 0.196
Pt0.1 4.7 0.101 0.000 431 0.088
Pt 0.5 43 0.474 0.000 407 0.050
Pt beta 0.0 0.096 0.000 564 0.123
Ti-Beta 53 0.000 0.000 607 0.267
Pd 0.01 4.8 0.000 0.010 530 0.220
Pd 0.05 4.9 0.000 0.043 447 0.164
Pd 0.1 4.6 0.000 0.109 419 0.081
Pd 0.5 4.4 0.000 0.549 401 0.044
Pd beta 0.0 0.000 0.110 551 0.118
Pt0.1 4.7 0.101 0.000 431 0.088
Pt/Pd - 75/25 4.8 0.074 0.027 437 0.071
Pt/Pd - 50/50 4.5 0.042 0.046 416 0.071
Pt/Pd - 25/75 4.7 0.019 0.078 424 0.069
Pd 0.1 4.6 0.000 0.109 419 0.081

3Determined by ICP-MS. PSpecific surface area obtained by the BET method. ‘Calculated from t-plot.

The diffraction patterns of the pristine and loaded Ti-Beta zeolites show that the original zeolite

framework is well preserved upon modification with Pt and/or Pd nanoparticles, as illustrated in Figure
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3 for Pt loaded zeolite Ti-beta. No shift in angles of the diffraction pattern is observed, indicating that
the framework of the zeolite is not subjected to contraction or expansion after the nanoparticle
modification. Furthermore, a reference peak at 22.5° shows that a minor decrease in crystallinity
occurs after the modification step. The loading of the metal nanoparticles is too small to assign any
peaks in the diffraction pattern. More information and detailed characterization of these Ti-Beta
structures can be found in our previous work by Hoeven et al. [32]. XRD patterns for zeolites loaded

with Pd and Pt/Pd are provided in Supporting Info Figures S4 and S5.

Pt 0.1 wt% Beta

Pt 0.5 wt%

s P

Pt 0.1 wt%

Pt 0.05 wt%

Intensity (a.u.)

Pt 0.01 wt%

5 wt% Ti-Beta 25/1

26 ()

Figure 3 XRD patterns of 5 wt% Ti-Beta (nsi/nai = 25) with different weight loadings of Pt. The upper pattern is for

a Pt loading of 0.1 wt% on a Beta-zeolite without Ti.
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Figure 4 shows UV-DR measurements for Pt related samples. The UV-DR measurements for the Pt
series and the combination of Pt and Pd can be found in supporting info Figures S6 and S7. The
characteristic plasmon absorption bands of Pt and Pd nanoparticles (+ 200 — 215 nm) are clearly visible
in all spectra and slightly increase in intensity as the loading increases. The characteristic absorbance
bands of the isolated tetrahedrally coordinated titanium oxide species centered at 224 nm have been
retained, which can be assigned to an oxygen - tetrahedral Ti (IV) LMCT. No band centered at 330 nm

is present, thus excluding the presence of bulk TiO; (anatase, rutile or brookite).
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Figure 4 UV-DR spectra of 5 wt% Ti-Beta and Pt-5wt% Ti-Beta zeolites.

Figure 5 shows the results of the EIS measurements. These data were fitted with a Randles equivalent
circuit (with the capacitor being replaced by a constant phase element) and, as can be seen, the Rer
varies depending on the modification of the electrode. The deposition of a Nafion thin film leads to
only a 5% increase in the Rcr and it was used to prevent the material (zeolite or modified zeolite) from

desorbing from the electrode surface when exposed to the aqueous solution [59,60]. When the Nafion

15



thin film contains zeolite, the Rcr decreases from 7228 + 490 Q to 4323 + 282 Q and the separation
between the oxidation and reduction peaks of the couple Fe(CN)s*>/* decreases by 40 mV. Such
improvement in the electrochemical performance of an electrode surface modified with a zeolite has
previously been observed [61] and was correlated with the mobility of electrolyte cations within the
zeolite matrix. Upon modifying the zeolite with metals (0.1 wt% Pd or 0.1 wt% Pt) the Rcr decreases
and also the voltammetry response is improved (see Figure S8), as expected given the highly
conductive nature of these materials. This shows that an improved charge carrier mobility can be
achieved by depositing even a small amount of Pt or Pd. Furthermore, the Rcr for samples containing

Pt is lower than the one for samples containing Pd.
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Figure 5 a) Representative Nyquist plot with the various modifications of the electrode. The measurements were
performed between 100 kHz and 0.1 Hz in a solution containing 1 mM KzFe(CN)s, 1 mM KaFe(CN)s and 150 mM
NaCl. The potential applied was the OCP measured at the bare electrode (0.13 V vs. internal reference). b) Rer

and peak separation (AE) as a function of the electrode modification.

3.2. Photocatalytic reduction of CO2 with H>

In a first control experiment, the reactor was loaded with 12 blank glass slides, i.e. without any catalyst.
A second control experiment was performed with a catalyst-loaded reactor but in the absence of CO;
in the gas flow. In a third control experiment a zeolite beta catalyst, not containing any Ti, Pd or Pt,

was loaded in the reactor in the presence of a CO, gas flow. All three control experiments showed no

16



formation of CO, CH4 or other carbonated products using GC as detection tool, nor any other form of
CO; conversion. It is important to notice that in all other experiments in this work, only CO and CH4
could be detected and no other carbonated compounds could be observed in detectable amounts.
Prior to each experiment, a dark measurement, with the appropriate photocatalyst loaded in the
reactor, was performed as well. The photocatalytic activity of Ti-Beta zeolites with and without Pt is
shown in Figure 6. The Pt Beta sample is a reference sample in which Pt is deposited on a Beta zeolite
which contains no Ti in the framework. A first important result is that in the absence of any
nanoparticles, a higher TOF is obtained toward CO (43 pmol.get’.hl) compared to CH4
(19 umol.ger*.ht). The addition of Pt nanoparticles results in higher turnovers toward CO with a
decreasing TOF toward CH4. Moreover, the higher the Pt loading, the higher the TOF and selectivity
toward CO, until the optimum at 0.1 wt% Pt loading on Ti-Beta, at which the turnovers toward CO has
increased with 223% up to 96 pmol.ge.*.h™* as compared to the pristine Ti-Beta zeolite, and exceeding
90% selectivity toward CO (Table 2). At a higher Pt loading of 0.5 wt% the TOF toward CO decreases
again to 70 pmol.g. t.h T which can be interpreted by the excessive occupation of active Ti sites and
pore blocking by the five-fold higher number of Pt nanoparticles. In the case of CH,, the TOF for the

0.5 wt% Pt sample is only 45% (8 umol.gc.c*.h?) of the initial CH4 TOF of the pristine Ti-Beta zeolite.
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Figure 6 Effect of the Pt loading of the photocatalysts on the product TOF (umol.gett.h'). The Ti-Beta sample is
the Beta zeolite containing Ti but in the absence of any Pt nanoparticles. Pt Beta is a Beta zeolite in the absence
of Ti in the framework but with Pt deposited by the method explained in the experimental section. The other

four samples (Pt 0.01, Pt 0.05, Pt 0.1, and Pt 0.5) are Ti-Beta zeolites on which Pt nanoparticles are deposited.

Figure 7 shows the results of the Pd modified photocatalysts. In the case of modification with Pd, an
initial reduction in TOF is observed. Starting with a TOF for CO of 43 umol.g.t.h in the case of the
pristine Ti-Beta zeolite, the addition of a low amount of Pd has a negative effect on the TOF toward CO
but a positive effect on the TOF toward CH,4. By adding 0.01% Pd, the TOF toward CO decreases to only
26 umol.gert.hL, but the TOF toward CH, already increased to 20 umol.gert.h™t. When the amount of
Pd increases, both the TOFs toward CO and CH, increase until a turning point is achieved where the
TOF toward CH,4 exceeds that toward CO, and thus the overall primary reaction selectivity is reversed.
Again, the optimum is reached for a loading of 0.1 wt% at which the TOF for CO is 42 pmol.gc.r 1.h?,
and 51 pmol.gert.h? for CHa. If more Pd nanoparticles are added, the TOFs toward both CO and CH,4
decrease, although the selectivity towards CH, still increases. This shows that the addition of Pd has a

positive effect on the selectivity toward CHa. This can be deduced from Table 2: From 0.1 wt% Pd the
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selectivity toward CH,4 (55%) exceeds the selectivity for CO (45%) and keeps on increasing by adding

more Pd (60% CH4 vs. 40% CO at a loading of 0.5 wt% Pd).

The previous experiments illustrate that the selectivity toward either CO or CH4 can be tuned by going
from Pt as co-catalyst toward Pd as co-catalyst. This is validated in a last set of experiments that was
performed in this study, in which combinations of Pt and Pd nanoparticles of varying ratios were added
to the Ti-Beta zeolite at a total loading of 0.1 wt% (Supporting info Figure S9). This experiment clearly
confirms the earlier observed trends in selectivity: a high TOF and selectivity toward CO for Pt-rich
samples, gradually converging in a high TOF and selectivity toward CH,; for Pd-rich samples.
Unfortunately, the combined Pt/Pd samples did not result in any synergetic effect to further boost the

overall CO; turnover.

To determine whether the Pt and Pd nanoparticles show an intrinsic photo-activity toward CO,
reduction, 0.1 wt% of Pt or Pd was deposited on an inert Beta zeolite with no Ti incorporated as a
control experiment. Studying the results in Figure 7 and Figure S9, the Pt beta and Pd beta samples
show much lower yields compared to the photocatalysts containing isolated Ti centers. Furthermore,
the sum of the yields of the pristine Ti-Beta zeolite + the yields of the Pt beta or Pd beta samples (i.e.
Pt or Pd on zeolite without Ti) does not reach the yields of the Pt- or Pd-modified — Ti-Beta zeolites,
thus suggesting a synergy between Pt or Pd and the Ti species (taking only into account the CO yield

for the Pt species and the CH, yields for the Pd species).
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Figure 7 Effect of the Pd loading of the photocatalysts on the product TOF (umol.gcac 2.ht). The Ti-Beta sample is
the Beta zeolite containing Ti but in the absence of any nanoparticles. Pd Beta is a Beta zeolite in the absence of
Ti in the framework but with Pd deposited by the method explained in the experimental section. The other four

samples (Pd 0.01, Pd 0.05, Pd 0.1, and Pd 0.5) are Ti-Beta zeolites on which Pd nanoparticles are deposited.

To compare the photocatalytic CO; reduction experiments, a reference experiment with P25 was
performed, since P25 is still widely regarded as the reference material of choice in photocatalytic
studies. As can be seen in Table 2 (and Figure S9), P25 has quite a high selectivity toward CO (85% vs.
15% for CH,). However, the selectivity is still significantly higher in the case of the Pt 0.1 wt% sample
on Ti-Beta zeolite (92% selectivity toward CO). The most prominent difference concerns the TOF. For
P25 the TOF toward CO is in the order of 10 pmol.get’.ht and the TOF toward CH, is around
2 umol.ger t.h, whereas in the case of 0.1 wt% Pt on Ti-Beta zeolite the TOF for CO is 96 pmol.get.h?
which is an improvement by nearly a factor of 10 compared to P25. This is also an excellent result when
compared to existing literature. Zhao et al. [62] investigated the effect of the addition of gold on P25
on the photocatalytic reduction of CO,. The highest reported TOF is around 10 umol.gcar.h ™ toward

CO which was more or less 8 times higher than for bare P25, under high power Xe illumination (450
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W). Zhang et al. [63] used a combination of Au and Pt to enhance the photocatalytic activity under high
power 500 W Xe illumination. They achieved a TOF toward CO of 50 pmol.ge.t*.h™%, which is still two
times lower than the highest TOF achieved in this study. A very interesting review is provided by
Marszewski et al. [64], in which an overview is provided of multiple studies in photocatalytic CO;
conversion research. The highest TOF reported herein is taken from the study by Teramura et al. [65]
reaching 117 umol.gear2.h? (thus close to our highest value) under illumination with a 400 W high-
pressure mercury lamp. Even in one of the more recent papers by Zhu et al. [66], our system

outperforms their highly efficient Z-scheme heterojunction by a factor of 7 (13 vs. 96 pumol.gert.hY).

To conclude the photocatalytic CO, reduction experiments, a reusability and stability test was
performed in which the best performing samples, i.e. 0.1 wt% Pt and 0.1 wt% Pd on Ti-Beta zeolite
were subjected to four consecutive illumination cycles of 25 min. The results in Figure 8 show the

excellent reusability both for the samples containing Pt and Pd.
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Figure 8 Reusability and stability test of CO2 reduction on 0.1 wt% Pt (left) and 0.1 wt% Pd (right) samples. Each

cycle involves an illumination time of 25 min.
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Table 2 Selectivity (%) toward CHa4 and CO.

Selectivity (%)

Sample

CHa co
Ti-Beta 30 70
Pt 0.01 21 79
Pt 0.05 16 84
Pt0.1 8 92
Pt 0.5 11 89
Pt beta 23 77
Ti-Beta 30 70
Pd 0.01 44 57
Pd 0.05 48 52
Pd0.1 55 45
Pd 0.5 60 40
Pd beta 33 67
P25 15 85
Pt0.1 8 92
Pt/Pd - 75/25 20 80
Pt/Pd - 50/50 42 58
Pt/Pd - 25/75 52 48
Pd 0.1 55 45

3.3. Supporting optical simulations

The addition of metal nanoparticles, like Pt and Pd, to TiO, is known to improve the overall
photocatalytic activity by lowering the recombination rate of photogenerated charge carriers due to

the nanoparticles acting as electron sinks. An important note to be made at this point, is that in said
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studies the light source is usually limited to UVA in the lower wavelength range. In the present study,
however, UVC light is used, which overlaps with a region of strong light extinction by the Pt and Pd
nanoparticles themselves. While, generally, Pt and Pd are not known to exhibit a strong plasmonic
resonance like Ag or Au, their catalytically active sites present a remarkable advantage in certain
reaction systems even when accompanied by a weak plasmonic effect [67]. Thus, an actual plasmonic
contribution brought about by Pt and Pd nanoparticles could potentially mean a significant efficiency
enhancement to the reaction. In plasmon-mediated semiconductor photocatalysis, typically three
different mutually non-exclusive major mechanisms are discerned through which energy can be
transferred from an excited plasmonic metal to a photocatalyst [68]. The first one is the direct injection
of hot electrons, generated from non-radiative damping of surface plasmons [69], from the metal
nanoparticles to the photocatalyst, the second one is the enhanced electric near-field in the close
proximity of the nanoparticles that will induce an increased rate of charge carrier formation at the
photocatalyst surface, and the last one is the increased optical path length by scattering. The latter can
be excluded as a possible contributing mechanism in this work, since this is only important for larger
(> 50 nm) nanoparticles. The near-field enhancement effect requires an overlap of the absorbance of
the photocatalyst, the surface plasmon resonance band of the metal nanoparticle, and the emission
spectrum of the light source. This criterion is in fact fulfilled for the absorption spectrum of the Ti-Beta
zeolite photocatalyst, the UV-DR spectra of both Pt and Pd nanoparticles, and the UVC light emission
spectrum (as can be derived from Figure 4, Figure S6, and Figure S1). The contribution of this near-field
enhancement effect, and also the hot carrier generation can be conveniently studied by means of a
classical electromagnetic calculation, while keeping in mind that any intrinsic quantum size effect

would not alter the qualitative trends required for the analysis [70].

The models were built as 3D nanoparticles with a radius of 2 nm both for Pt and Pd. The refractive
index data for Pt were taken from Palik [53] and those for Pd from Johnson and Christy [54]. The
construction of the model was similar to our previous work [39—42]. The nanoparticles were meshed

with tetrahedral grid elements in COMSOL Multiphysics with a maximum element size of 1 nm. For the
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rest of the physical domain, a built-in extra fine meshing option was implemented that discretizes the
domain with tetrahedral elements with maximum size of 4.5 nm. The adequacy of the mesh resolution
and the domain size was ascertained by running simulations after varying these numerical parameters.
A plane wave polarized in the Z-direction that propagates in the X-direction was used to solve for the
scattered field of Maxwell’s wave equations using a wavelength domain (i.e. frequency domain) study.
Air was taken as the surrounding medium, although the experiments were performed in a mixture of
60% He, 30% H, and 10% CO,. This was done because the deviation in refractive index between our
mixture and air is only around 0.01%. The amplitude of the plane polarized background wave was Eo =
1 V/m and the incident wavelength was varied over a range from 200 to 800 nm to calculate the

respective cross-sections for scattering (Qsc), absorbance (Qabs) and overall extinction (Qext).

Figure 9 shows the results of the simulations for a Pt (a) and a Pd (b) particle of 2 nm radius. First of
all, it is important to notice that for such a small nanoparticle, scattering is negligible as mentioned
above, so Qext is mainly determined by Qabs. Furthermore, there is a good match between the simulated
spectrum and the experimental UV-DR spectra of Pt-Beta and Pd-Beta plotted in Figure 4 and Figure
S6, respectively. The blue curve in Figure 9 is the irradiance spectrum of the UVC lamps of the
photoreactor. It is clear that there is a large overlap between the absorbance wavelength of Pt/Pd with

the irradiance spectrum.
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Figure 9 a) Pt nanoparticle of 2 nm radius; b) Pd nanoparticle of 2 nm radius. left y axis: Cross-sections (um?) for
extinction (Qext, black solid line), absorbance (Qabs red dotted line), and scattering (Qsc, green dashed line). Since
the scattering cross-section is negligible, the Qabs (red dotted line) and Qex: (black solid line) almost completely

coincide. Right y-axis: Absolute irradiance of UVC lamps used in the photocatalytic experiments.

The FEM modeling was first of all intended to investigate the contribution of the enhanced near-field
effect. Therefore, the electric field enhancement was simulated for Pt/Pd particles with a radius of
2 nm at the peak wavelength of the light source, i.e. 254 nm. The results are shown in Figure 10. A first
interesting result is that the near-field enhancement is 26% larger for Pd compared to Pt. The

simulations show that a field enhancement by a factor of 10 is obtained in the immediate surroundings
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of the nanoparticle. Therefore, it is assumed that the near-field enhancement cannot be excluded as
contributing mechanism to the overall enhanced photocatalytic activity. Although this effect is
significant, it remains multiple orders of magnitude lower when compared to the near-field

enhancement brought about by single silver and gold nanoparticles [39-41].
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Figure 10 Electric field maps (|E|/|Eo|)? at A = 254 nm for a) Pt nanoparticle with a radius of 2 nm, b) Pd
nanoparticle with a radius of 2 nm. The electric field enhancement in the direction of polarization (Z-direction) is

plotted below the corresponding field map.

In the next section, the model is used to elaborate on the contribution of hot carrier generation. Since
interband transitions of both Pd and Pt overlap with the wavelength of interest [71], it is expected that
the absorption experiences a significant contribution from interband transitions that result in less
energetic charge carriers that are unable to cross the metal-semiconductor Schottky barrier. Thus,

distinguishing the hot electrons from plasmonic decay from those generated by interband transition is
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important to determine the real potential plasmonic contribution. Also, in Figure 9, the characteristic
SPR bands are absent due to the fact that the interband transitions overlap over the entire region. As
both the SPR position and the intensity are determined by both free electrons and interband
transitions, simple separation of these two effects in the dielectric functions and evaluating the optical
spectra with respect to each effect is not possible. While the present literature lacks a concrete
theoretical formulation, Zheng et al. [72] presents a rather simple formulation to quantify the hot
electrons generated by these two pathways, which shows reasonable correspondence with
experimental data. The optical absorption is calculated by a total volume integration of the product of
the local electric field |E|? the frequency w, and the imaginary part of the dielectric function. It is
important to note, however, that carriers generated in the bulk of the nanoparticle have less chance
to reach the surface with sufficient energy to overcome the Schottky junction. Therefore, only carriers
generated close enough to the surface, i.e. closer than the mean-free path /uep, can contribute to
interfacial electron transfer [73]. The total volume integration is shown in eq. 1 and yields the

absorption by the nanostructure [72].

_1 2
Pyurp =3 fVMFP drw|E(r)|“Im(e) (eq. 1)
With Ve the volume within a distance of lurr from the active interface.

Since this is the integration to cover the total absorption, no distinction is made between the
contribution to the absorption by plasmonic hot carrier generation or by interband transitions. For
plasmonic enhancement of the photocatalytic activity, only the plasmonic hot carrier generation is
useful because these carriers possess sufficient energy to overcome the Schottky barrier between the
photocatalyst and the plasmonic metal. It is possible, as shown by Zheng et al. [72], to distinguish
between hot carrier generation from plasmonic excitation and interband transitions in the absorption
intensity. The imaginary part of the dielectric function describes the inherent material absorption and
thus includes the interband transitions as well (eq. 1). Plasmonic hot carrier generation, on the other

hand, is directly determined by the local electric field induced by plasmonic excitation. To obtain the
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contribution solely from hot carrier generation, the electric field intensity should be integrated over

the volume Ve and yields eq. 2. [72]

Efyep = 7— [IE@)|?dr (eq.2)

Based on eq. 1 and eq. 2 using our model, we were able to obtain the relative contribution from hot
carrier generation with respect to the total absorption of the plasmonic nanostructure (thus excluding
interband transitions). Figure 11 shows the absorbance spectra for Pt and Pd based on the simulations
including eq. 1 and eq. 2. The solid line represents the total absorption, based on eq. 1, whereas the
dotted line represents the absorption excluding the effect of interband transitions based on eq. 2 and
thus the only contribution originates from hot carrier generation. It can be deduced from both graphs
that at the peak wavelength of the light source, i.e. 254 nm, a contribution of 40% and 45% for Pt and
Pd respectively to the total absorption is coming from plasmonic hot carrier generation. So, a
significant amount of plasmonic hot carriers are generated that have sufficient energy to overcome
the Schottky barrier. Therefore, it should be concluded that this plasmonic effect is also able to

contribute to the total enhanced photocatalytic activity.
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Figure 11 Contribution of hot carrier generation, thus excluding interband transitions (dotted line) to the total

absorption (solid line) for Pt (left) and Pd (right) nanoparticles based on FEM modeling using eq. 1 and eq. 2.

Based on the simulations, both near-field enhancement as well as direct electron injection can have
an effect on the plasmon-enhanced photocatalytic efficiency. To accurately determine the relative
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contribution of both plasmonic effects, more information and advanced high-level experimentation
would be required, that is far beyond the scope of this study. First of all, the HOMO and LUMO energy
level positions should be known exactly to be able to determine the Schottky barrier height using the
Mott-Schottky rule. In this way, the number of hot carriers with sufficient energy to overcome the
Schottky barrier could be calculated more exactly. Furthermore, the direct effect of the near-field
enhancement could be studied by selectively repressing other possible mechanisms, as shown in our

previous work [39,41].

Summarizing, apart from the well-known mechanism of improved charge separation, the modification
of the catalyst surface by Pt or Pd nanoparticles under the present experimental conditions also
benefits from an additional plasmonic contribution that is brought about by both injection of hot
plasmonic charge carriers, as well as an enhanced near-electric field that boosts electron-hole pair

generation.

4. Conclusion

To conclude, we have shown that by adding low amounts of either Pt or Pd (0.1 — 0.5 wt%) to a Ti-Beta
zeolite, the selectivity of photocatalytic CO, reduction can be tuned toward CO or CH,4. The addition of
Pt leads to a high selectivity toward CO, exceeding 90%. By adding Pd nanoparticles, the selectivity can
be reversed to over 60% selectivity toward CHa. Furthermore, a TOF was obtained that surpasses the
performance of the benchmark P25 photocatalyst by nearly an entire order of magnitude. Moreover,
the achieved TOFs toward both CO and CHs (96 pmol.gert.h™t and 50 umol.gear2.hL, respectively) are
significantly higher than values reported in literature. As a last part in this study, FEM modeling was
performed to gain more insight in the mechanisms contributing to the enhanced photocatalytic activity
upon addition of Pt and Pd nanoparticles. It can be concluded that two plasmonic effects, i.e. the

enhanced near-electric field, and hot carrier generation for direct charge injection from an excited
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plasmonic nanoparticle to the isolated Ti (IV) species, co-exist and may both contribute to the overall
enhanced activity. Apart from both plasmonic effects, a reduced recombination rate by enhanced
charge separation from the isolated Ti (V) species to the metal nanoparticle, can also contribute to

the overall enhanced photocatalytic efficiency.

To the best of our knowledge, this is the first account on (plasmonic) metal-modified Ti-Beta zeolites
as photocatalysts for highly active and selective CO, conversion. Although our modeling study already
provides more insight in the various phenomena at play, more advanced experimental techniques are
required to accurately disentangle the different contributing factors in a more quantitative way. We
therefore look forward to new contributions from the community to further deepen the understanding

of this highly promising class of materials.
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