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Abstract

TiO: inverse opal (T10) structures were prepared by conventional wet chemical method resulting in
well-formed structures for photocatalytic activity. The obtained structures were functionalized with
liquid flame spray (LFS) deposited silver nanoparticles (AgNPs). The nanocomposites of TIO and
AgNPs were extensively characterized by various spectroscopies such as UV, Raman, XRD, EDS,
and XPS combined with microscopic methods such as SEM, TEM, and HRTEM. The
characterization confirmed that high quality heterostructures had been fabricated with evenly and
uniformly distributed AgNPs. Fabrication of anatase TiO2 was confirmed as well as formation of
AgNPs was verified with surface plasmon resonant (SPR) properties. The photocatalytic activity
results measured in gas-phase showed that deposition of AgNPs increase photocatalytic activity both
under UVA and visible light excitation, moreover enhanced hydrogen evolution was demonstrated

under visible light.
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1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) released a report (2018/10) revealing the
current state of the climate change with constantly growing CO2 level.! To limit the temperature
increase of the planet to 1.5°C requires a major transformation of the energy sector, with the main
CO2 source being the combustion of fossil fuels. A partial replacement of fossil fuels has already
taken place by wind, hydro, nuclear, and solar energy. However, these methods cannot fully replace
the use of fossil fuels. Harvesting solar energy by solar cells has been widely studied since 1950s,?
and today the best available solar power conversion efficiencies with multijunction solar cells reach
almost 50%.%2 An alternative approach of solar energy exploitation is the use of TiO: to
photocatalytically store the solar energy in chemical bonds of fuels such as hydrogen upon redox
reactions of water. TiO2 is a non-toxic and widely used white pigment with good photostability which

could ensure mass production of solar devices.*

However, TiO- in anatase crystalline phase has major drawbacks, which limit its utilization in solar
light photocatalysis, such as rather wide band gap energy 3.2 eV>® and high recombination rate of
photogenerated electron—hole pairs.” Several strategies have been developed to mitigate these
drawbacks, such as functionalizing TiO2 with various nanostructures.®® TiO, nanoparticles
functionalized with silver nanoparticles (AgNPs) have been used for enhanced photocatalytic activity
as they allow visible light activation through localized surface plasmon resonance phenomenon
(LSPR). Additionally, AgNPs also decrease the recombination of photogenerated electron-hole
pairs.’® The TiO, photocatalytic activity can also be improved designing specific shapes and
morphologies, such as nanobelts,'! nanotubes,'? nanorods,® nanosheets,** multilayer structures,*® and
inverse opals (10s).15-18 Combining the functionalization of nanoparticles and the 10 morphology,
the photocatalytic activity of TiOz inverse opals (T10) can be enhanced by decoration with noble
metals such as silver,’® gold,?° platinum? or graphene-based materials.?> Today, hierarchical
structures such as inverse opals gain more interest due to their novel properties such as photonic band
gap (PBG), slow light photon effect, and localized photons.?*?* The TIO structure consists of a three-
dimensional ordered porous structure with a large specific surface area, and it can display an enhanced
photocatalytic activity compared to TiO» nanoparticles due to slow photons with energies close to the

PBG of the semiconductor.?®

AgNPs have been shown appropriate for industrial-scale applications due to low cost and simple
preparation. AgNPs are efficient at absorbing and scattering light, and they show a color appearance

depending on the size and shape of the particle. Conduction band electrons on the AgNPs surface



undergo a collective oscillation by light that is known as a surface plasmon resonance (SPR).
Therefore, AgNPs can have effective extinction (scattering + absorption) cross-sections up to ten
times larger than their physical cross-sections.?® Traditionally, AgNPs are deposited onto TiO;
photocatalysts by conventional photochemical reduction method by UV light.?” However, this
method has several disadvantages such as weak bonds between the metal nanoparticles and TiOz,
poor repeatability, and tendency to form nanoparticle agglomerates on the TiO. surface. A large
diversity of deposition methods such as hydrothermal reduction,?® atomic layer deposition,? spin

coating,® evaporation method,*® and pulsed current deposition®! have also been reported.

Recently, liquid flame spray (LFS) nanoparticle deposition method has received large attention due
to its high deposition speed, uniform and porous deposition, as well as low cost. LFS is based on a
hydrogen-oxygen flame in which an organometallic precursor is fed into. In the flame, the precursor
undergoes evaporation followed by nucleation and formation of solid nanoparticles which are,
furthermore, deposited onto the surface due to the high thermal gradient between the flame and the
surface. LFS has been utilized for various nanoparticles such as TiO,% SiO,>* and Ag.** The LFS
deposition parameters can be used to control the deposition of nanoparticles with variable size and
amount on selected substrate materials. Compared to the existing methods such as the atomic layer,
chemical vapor, or pulsed current deposition® of nanoparticles, the LFS process has a number of
benefits such as easy operation at atmospheric conditions, high deposition rate, and cost-effective

deposition suitable also for roll-to-roll process flow.*

In the present work, we demonstrate a facile deposition of AgNPs by LFS on a TIO structure for
enhanced photocatalytic activity. Our experimental results demonstrate that resulting TIOAg
structures show both UV and visible light activation compared with T1O. The photocatalytic activity
was measured in the decomposition of organic contaminants in an in-house built gas-phase
reactor.1®3¢ Acetylene is present in automobile exhausts; hence, it was chosen as a test analyser for
this work. This gas photocatalytic method has several advantages over liquid phase methods such as
absence of mechanical stresses on the nanostructures and bleaching prevention of dyes by incident
light. The mineralization of carbon compounds into CO> was directly measured with an optical
detector in the reactor. Furthermore, the photocatalytic activity of these TIOAg structures for water
vapor splitting to generate hydrogen gas was evaluated, showing again the benefits of LFS of AgNPs

on TI10O structures.
2 Results and discussion

2.1 Preparation and characterization of TIOAg nanocomposites



TIO structures were prepared by self-assembling polystyrene (PS) spheres on microscopic glass slides
by slow vertical deposition. It is well-known that PBG has a strong influence on the photocatalytic
properties of TIO structures. If the plasmonic band of AgNPs is inside the PBG, the incoming light
will be absorbed solely by AgNPs and reflect from the 10 structure followed by a reduced
photocatalytic activity. In the current work, one particle size (350 nm) was used to achieve the
plasmonic band of AgNPs outside the red edge of the PBG. Hence, an increased photocatalytic
activity can be expected upon AgNPs deposition by LFS method. Figures 1A and S1 show the
scanning electron microscopy (SEM) micrographs of the PS sphere colloidal crystal templates. The
average size of the PS spheres is 350 nm, which was selected for their excellent reproducibility for
the production of TIO structures. The SEM micrograph clearly demonstrates a well-ordered close
packed PS spheres with a high degree of order displaying a face-centered cubic (FCC) plane (11 1)
orientation. TIO structures were obtained after infiltration of a Ti based precursor, hydrolysis, and
calcination at 500°C. Figure 1B includes the top-view SEM micrograph of the TIO, which shows an
even and uniform sample morphology with no observable cracks. Based on the SEM analysis, the
used PS template was removed completely and overlayers of TiO based precursors were not present.
Although SEM analysis showed no PS template or TiO2 precursors remaining, a recent XPS study
reported that calcination (at 500 °C) may not fully remove the used PS template and residual carbon
can be trapped into the structure.3” The average pore size in the TIO is 200-250 nm, which indicates
a PS sphere shrinkage of approximately 28-42% during the high-temperature calcination.®!

The TIO surface was used as a substrate for the deposition of AgNPs by liquid flame spray (LFS)
method. An Ag liquid precursor was fed into a nozzle, and the formation of nanoparticles took place
in the flame. The LFS nanoparticles were deposited using a rotating carousel, in which the number
of deposited nanoparticles was simply controlled by the number of times the glass slides with TIO
pass through the flame (from 5 to 30 times). Figure 1C-F show SEM micrographs of TIOAg 5x, 10X,
20x, and 30x, respectively. It can be clearly seen that the deposition process does not damage the TIO
surface since the structures with deposited NPs have the same morphology as the pristine TI1O. This
highlights the short exposure time to the flame. The average size distribution of AQNPs was analyzed
in the SEM micrographs (Figure S2). The average diameter of the TIOAg5x is 25-35 nm (Figure
1C), and it increases to 55-65 nm for TIOAg10x (Figure 1D). The size further increases to 65-75 nm
and 80-90 nm for 20x and 30x, respectively (Figure 1E and 1F, respectively). It was observed that
the AgNPs do not block the pores and mainly deposit on the ridges of the top rows of pores. Finally,
low magnification SEM micrographs of TIOAg were obtained, confirming the quality of the 10

structures with AgNPs even distribution (Figure S3).
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Figure 1. SEM micrographs of (A) polystyrene (PS) self-assembled spheres, (B) TIO without AgNPs,
(C) TIOAg5X, (D) TIOAg10x, (E) TIOAg20x, and (F) TIOAg30x.

Energy dispersive spectroscopy (EDS) mapping analysis was performed to confirm the composition
of the TIOAg samples. Figure 2 illustrates a typical EDS mapping profile obtained for TIOAg30x
that clearly indicates that structure consisting of titanium and oxygen (green and blue dots) whereas
red islands indicate the location of AgNPs. Furthermore, the EDS spectrum was also obtained for a

complete compositional analysis (Figure S4), reinforcing mapping profiles results.



The distribution of AgNPs on TIO structure was further studied by HRTEM microscopy. Figure 3
shows HRTEM micrographs of Ag nanoparticles anchored onto the TIO. The lattice fringes with a
d-spacing of 0.352 and 0.224 nm represented the (1 0 1) plane of anatase TiO, and the (1 1 1) plane
of metallic AgNPs, respectively. The micrographs confirm the highly crystalline structure of TIOAg
nanocomposites and highly uniform distribution of AgNPs. Moreover, the LFS method provides a

more even distribution than an infiltration method.?°
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Figure 3. HRTEM micrograph of TIOAg30x interface between TiO2 and AgNPs.

For photocatalytic applications, the stopbands of TIO structures can be calculated using Bragg’s law
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where Amax is the stopband position for the first order Bragg diffraction; D is the pore size of TIO;

nZioof +n2i.(1 = f) — sin?6 (1)

NTio2 and neir are the refractive indexes and can be taken as 2.5 and 1.0003, respectively; f is the TIO
phase volume percentage of 0.26 based on the FCC geometry,'®3! and @ is the incident angle of light,
which is 0° in these experiments. According to the Eq. (1), the stop band of the T1O was found in the
range of 500-630 nm assuming an average pore diameter around 200-250 nm that agrees well with

the observed TIO absorbance spectrum (Figure 4).

The normalized UV-vis diffuse absorbance spectra of TIOAg were measured normal to the FCC (1
1 1) plane as shown in Figure 4. TIO without nanoparticles exhibits broad PBG in the range of 380
600 nm (red area) due to slow photon effects that allow multiple light scattering and improvement of
the light harvesting and intrinsic band gap absorbance of TiOz starting from 370 nm until it achieves
a maximum deep in the UV range. Deposition of AgNPs induces more extensive absorbance of visible
light due to plasmonic excitation of metal nanoparticles combined with slow light effect of the 10
structure.* The absorbance reaches its maxima in TIOAg30x in the visible range. Additionally, a
new peak appears at 375 nm (blue area) in TIOAg20x and TIOAg30x due to a quadrupole resonance
effect in AgNPs.3® An increased PBG with a redshift was observed with increased AgNPs deposition
amounts. This phenomenon may result from the PBG position of TIO that is affected by the redox
states of the AgNPs, namely the plasmon absorption of AgNPs that can lower the reflectance intensity
of the TIO whereas Ag.O does not affect it. The UV/Vis light irradiation can induce reversible
changes in the intensity of the PBG due to the photoinduced reversible transformation between
AgNPs and Ag20.% These two processes may result in the observed redshift of the PBG in TIOAg
nanocomposites. Notably, the red edge of the PBG in TIO (Figure 4) does not overlap with the

plasmonic bands of AgNPs (Figure S5) providing an optimal condition for photocatalytic reactions.
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Figure 4. Normalized UV-vis diffuse absorbance spectra of TIOAg structures.

Raman spectroscopy was used to characterize TIOAg structures. Figure 5A displays characteristic
anatase bands in all samples. The peak at 145 cm ™ is assigned to Eq1 O—Ti—O bond bending vibration
and peaks at 196, 395, 516, and 639 cm™* corresponded to Ezg, Big, A1g, and Egs Ti—O—Ti bending,
respectively.® A new band appeared at 230 cm  as the AgNPs amount increased that corresponds to
a bending vibration mode of Ag-OCO-.*! This peak clearly indicates that the main interaction of the
TiO2 with the Ag surface is through carboxylic groups, i.e. by Ag—OCO interaction. The band is
observed in TIOAg20x and TIOAg30x samples, whereas TIOAg samples with lower AgNP amount
do not have this peak indicating that Ag-OCO- may form during the LFS deposition process. The
source for the observed carbon peak is probably the used TIO substrate. It has been shown recently®’
that calcination does not fully remove the used carbon template (PS spheres in our case). Hence, the
residual carbon left from calcination may evaporate and form volatile carbonic compounds under the
heat of the flame that are deposited on top of AgNPs. The accumulated carbon is thus observable for

AgNPs deposition with higher amounts of 20x and 30x.

X-ray diffraction (XRD) patterns for the TIO and TIOAg are presented in Figure 5B. The
characteristic peaks correspond to the anatase crystalline phase of TiO2 at 260 =25.3° (10 1), 37.8° (0
04),48.0°(200),53.9°(105),55.1°(211),62.7° (20 4), 68.7° (1 1 6), 70.3° (2 2 0), and 75.0° (2
1 5). These patterns confirm a successful hydrolysis and calcination process. Moreover, the results
are well correlated with the Joint Committee on Powder Diffraction Standards File number JCPDS
21-1272, displaying a body centered tetragonal phase. The XRD patterns clearly indicate that no other
crystalline phases but just anatase is present. The diffraction peaks at 20 = 38.1° (1 1 1),44.3° (20
0), 64.4° (22 0),and 77.4° (31 1) correspond to the LFS deposited AgNPs with a face centered cubic
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(FCC) plane, which correlate well with previous studies (JCPDS 04-0783).%? The intensity of the Ag
diffraction peaks increases with the number of Ag deposition times. However, TIOAg5x and
TIOAQg10x do not show any peaks that correspond to AgNPs, probably due to a low NP amount. This
agrees well with Raman spectroscopy analysis, where only two samples showed peaks assigned to
AgNPs. Moreover, diffraction peaks also confirm the crystallinity of AgNPs that is an important
parameter promoting visible light photoexcitation of electrons and holes. The coherent diffraction

domain sizes of both TiO, and AgNPs were calculated from Scherrer’s equation:

kA

b= PcosO )

where D is the coherent diffraction domain size (nm), herein referred as crystallite size for readability,
k is the shape constant (that can be taken as 0.9), 4 is the wavelength of Cuka radiation (1.5406 A), B
is the full width at half maximum, and 6 is the diffraction angle. The crystallite size of the anatase
was calculated to be approximately 20 nm. Furthermore, the same crystallite size was found for all
samples indicating that the deposition of AgNPs does not affect the crystallinity of TiO2. The
crystallite size of the AgNPs was also calculated. The computed results were 68.4 nm and 80.6 nm
for TIOAg20x and TIOAQ30x, respectively. These results are in good agreement with SEM results
(Figure 1).
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Figure 5. (A) Raman spectra and (B) X-ray powder diffraction (XRD) patterns of TIOAg structures.

High-resolution X-ray photoelectron spectroscopy (XPS) analysis was performed for chemical
composition characterization and confirmation of an effective integration of AgNPs on the TIO
(Figure 6). The survey scan XPS spectrum has four major peaks from the C 1s, O 1s, Ti 2p, and Ag
3d in the TIOAg30x sample (Figure 6A). The presence of C 1s agrees with the Ag—OCO- observed

10



upon LFS deposition. Two XPS peaks of Ti 2ps;2 and Ti 2p12 were recorded at the binding energies
of 459.0 and 465.0 eV (Figure 6B), which indicate Ti** state.3!* Two XPS oxygen species were
recorded at the O 1s spectrum (Figure 6C), one with binding energy of 530.0 eV corresponding to the
lattice oxygen of TiO2 and other with binding energy of 532.2 eV corresponding to adsorbed oxygen
and/or surface hydroxyl species (i.e. Ti—OH).* Figure 6D shows a high resolution XPS spectrum for
the Ag 3d. The Ag 3ds/2 peak is found at 368.0 eV and the Ag 3dz peak at 374.0 eV. The difference

between the binding energy of Ag 3ds2 and 3ds2 was 6.0 eV that confirmed the metallic nature of Ag
3d state.*®

The three other TIOAg samples were also characterized by XPS (Figure S6), showing the same nature
of results. Overall, results obtained from SEM, HRTEM, EDS and XPS support an excellent
interaction between AgNPs and TiO; 10s.
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Figure 6. Survey scan XPS spectrum (A) and high resolution XPS spectra of (B) Ti 2p, (C) O 1s, (D)
Ag 3d of TIOAg30x.
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2.2 Photocatalytic activity and hydrogen evolution of TIOAg nanocomposites

The photocatalytic activities of TIO and TIOAg solid samples were examined in gas systems (Figure
S7) under both full source spectrum (unfiltered Xe lamp light) and > 390 nm filtered Xe lamp light
(filtered light). Gaseous photocatalytic reactors with a solid photocatalyst have a number of
advantages such as absence of mechanical stress on the photocatalyst, unlike traditional solution-
based photocatalytic reactors where solid photocatalysts and optical dyes are dispersed/dissolved into
a liquid. More importantly, the typically used dyes can be bleached by the incident light itself and
thus induce an invalid result of photocatalytic activity.*® Gas-phase photocatalytic reactors have been
intensively investigated in earlier works displaying a clear benefit compared to solution based
reactors.364748 The photocatalytic activities of all our samples were recorded at different times by
monitoring the photocatalytic degradation of C2H2 under irradiation. Figure 7A represents the results
of photodegradation of C;H> to CO> in the presence of unfiltered Xe lamp (i.e. UV-Vis). TIO without
AgNPs has the lowest activity (1.86 ppm min™). The observed photocatalytic activity of TIO was
higher compared with individual TiO2 NPs prepared by LFS (Figure S8) due to the ordered anatase
crystalline form of TIO structures having a unique optical property that can promote enhanced light
absorption and utilization by slow photon effect.*® The improvement of photocatalytic activity or
photodecomposition of C2H> into CO2 was demonstrated upon incorporation of AgNPs5x. It is worth
mentioning that AgNPs were deposited on the first layers of the TI1O, which are the ones involved in
the photocatalytic reactions since TiO2 has a high extinction coefficient.*® It is clearly seen that even
a relatively small amount of noble metal nanoparticles is enough to boost the photocatalytic activity
performance. TIOAg5x increased photocatalytic activity by 50 % (to 2.78 ppm min) compared with
TIO without AgNPs. Further LFS deposition cycles to 10x, 20x, and 30x resulted in an increase of
the photocatalytic activity by 67 % (to 3.09 ppm min™), 91 % (to 3.55 ppm min), and 106 % (to
3.82 ppm mint), respectively. Further deposition of AgNPs on TI1O was not carried out to avoid sizes
larger than 100 nm, which would decrease the photocatalytic activity due to an excess of scattering

of light and blockage of pores (the average TIO pore size is 200-250 nm).

Photocatalytic activity was also evaluated using a 390 nm filter that blocks the <390 nm UV light, so
only >390 nm light (most is visible light) reaches the photocatalyst (Figure 7B). T1O without AgNPs
did not show any activity due to the large band of TiO anatase (3.2 eV, 387 nm).>® However, addition
of AgNPs induced photocatalytic activity with the visible light (>390 nm): TIOAg5x had an activity
of 0.38 ppm min, which increased for TIOAg10x, 20x, and 30x to 0.48, 0.7 and 0.86 ppm min™,
respectively. Photocatalytic activity is significantly smaller when the <390 nm UV light is filtered

from the Xe lamp spectrum. For example, TIOAg30x has 4.5 times higher photocatalytic activity
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under the full spectrum compared with just the >390 nm light. The observed photocatalytic activity
under mainly visible light can be explained by a synergistic action of AgNPs and TIO structures. As
mentioned before, AgNPs enhance visible light absorption due to plasmonic coupling followed by
electronic interaction and slow light effect of TIO structures. Furthermore, stability of TIOAg30 was
investigated by reusability tests with unfiltered light (Figure7C and 7D). It was observed that
TIOAQ30x does not exhibit significant loss of activity after three cycles (90 min). Table S1
summarizes the comparison of photocatalytic performance of previously reported TiO2 10 based

photocatalysts under visible light irradiation.

All samples were calcined at 500°C for the removal of PS particles and formation of the TIO
structures. The calcination temperature can affect the photocatalytic activity, since the temperature
determines the final crystallite grain size, the surface area, and the crystallinity. The crystalline grain
sizes were estimated by HRTEM for TIOAg30x (Figure S9) were found to be within 20-30 nm, in
agreement with the XRD results. Generally, small grain size is favorable for photocatalytic

activation.®®

In the TIOAg nanostructures, along with spatial charge separation and transfer from TiO2 to Ag, the
localized surface plasmon resonance (LSPR) is accountable for an enhanced photocatalytic activity.
However, there are several possible mechanisms previously observed for the improved photocatalytic
reactivity of metal-TiO, composite systems compared to pure TiO2, including (i) enhancing the light
absorption in the semiconductor via the radiative pathway, such as scattering®? and (ii) direct transfer
of plasmon-induced energy from the metal to the semiconductor to induce efficient charge separation
in the semiconductor by non-radiative transfer mechanisms such as hot electron transfer (HET)® and
plasmon-induced resonant energy transfer (PIRET).>* Based on our results and previously reported
literature, we propose PIRET as the main mechanism for the improved photocatalytic activity on the
TIOAg samples as shown in Figure 8. Christopher et al.> thoroughly investigated and ruled out the
direct injection of electrons from similar size AgNPs to the conduction band (CB) of TiO2 in a Ag-
TiO, system. Furthermore, the work-function position or Fermi level in Ag is similar in energy to the
TiO2 CB edge. In such case, any transfer of an electron from Ag to TiO> leads to electron-deficient
AgNPs that are weak oxidizers and cannot accept electrons from water or C,H2.>® According to the
PIRET mechanism,®® a strong plasmonic field would accumulate at the interface of TIOAg that can
facilitate electronic excitation from the valence band (VB) of TiO2to Ti®* defect states, which can
then be further transferred to the CB of TiO2 and eventually to Ag via spatial charge separation
suppressing carrier recombination (Figure 8).5”8 Typically, PIRET can usually be observed in larger

plasmonic nanostructures (diameter > 50 nm)>® and when the absorption edge tail of TiO, and the
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plasmonic band of AgNPs overlap.®” In the present work, the size of AgNPs was found to be more
than 50 nm (TIOAg20x and 30x, Figure S2) and overlap of the absorption of TiO> and AgNPs
occurred (Figure S5). Therefore, the PIRET pathway, which is given in equations 3-4:

TiO+ hv —TiOz (e + h) 3)
AgNPs + TiO2 (e + h™) — AgNPs~ (e") + TiOz (h*) (4)

PIRET

PIRET is proposed to be responsible for the photocatalytic degradation of CoH2 to CO2 and H20 (Fig.
8). The photoinduced electrons can be transferred to the abundant molecular oxygen via spatial charge
separation from the TiO> to the Ag NPs, to form superoxide anion radicals (O2-e) as previously
confirmed by electron spin resonance (ESR) spectroscopy,®® whereas further protonation results in
(HOze) radicals. H20 is produced by the mixing of HOz radicals with the proton and electron.>® On
the other hand, holes in the VB of TiO2 can react with water to produce *OH. These active species
will induce oxidative degradation and mineralization of C,H,.1>3! The generation of such reactive

oxygen species (ROS) in TiO2 with AgNPs has been extensively studied in the literature.152
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Figure 8. Schematic diagram of plasmon-induced resonant energy transfer process (PIRET) in
TIOAg photocatalytic systems.

The photocatalytic activity was further evaluated for the hydrogen evolution from water vapor
splitting under simulated sunlight (Figure 9A). Examination of TIO without nanoparticles revealed
no hydrogen production due to its large band gap, low electron-hole pair separation and high
recombination rate in the absences of electron acceptor/donor scavengers.*® All samples which were
decorated with AgNPs by LFS, however, demonstrated rather high hydrogen evolution yields,
without use of a hole scavenger,® namely: TIOAg5x (14.9 pmol cm? h't), TIOAg10x (20 pmol cm’
2 ht), TIOAQ20x (24.6 umol cm ht) and TIOAg30x (32.9 pmol cm h'1). The enhanced hydrogen
evolution is attributed to the deposition of AgNPs, as this increases with the amount of AgNPs.

We propose the H> evolution mechanism also follows the PIRET pathway because electron-deficient
AgNPs may be too weak to oxidize water to O as previously discussed.>®%* Therefore, we propose
the solar evolution of H follows the scheme in Figure 9B. Upon light irradiation, TiO2 10 generates
electron-hole pairs via both direct and non-radiative excitation under UV light and PIRET excitation
under visible light (both UV and Vis light are present in the simulated sunlight). The photoexcited
electrons can be trapped by AgNPs, facilitating efficient electron-hole pair separation reducing the
recombination rate. The oxidation potential of the holes in TiO2 (+2.7 V vs. the standard hydrogen
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electrode (SHE), pH=7) is enough for a successful water splitting (+0.83 V vs. SHE). The trapped
electrons on AgNPs can take part of H, formation from 2H" as follows:

TiO2 (") + H2O — %L Oz + 2HT (5)
AgNPs~ (e) + 2H" — H> + AgNPs (6)
A35—
30 4
H2
2H*
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Figure 9. (A) Hz evolution over the TIOAg with different AgNPs amounts under simulated sunlight
and (B) a proposed mechanism for this solar Hz evolution.

3 Conclusions

In conclusion, for the first time to our knowledge, we have demonstrated a facile deposition of Ag
nanoparticles by a liquid flame spray (LFS) deposition process on TiO inverse opal (T10) structures.
The deposition method allows efficient and rapid deposition with a high quality and uniform
morphology of nanoparticles. Produced TIOAg photocatalysts were characterized by various
analytical techniques such as XRD, EDS, Raman, UV and XPS spectroscopies, along with SEM,
TEM and HRTEM microscopies. The photocatalytic activity was characterized by in-house built gas-
phase reactors for the decomposition of C;H. and for water splitting to produce H: gas.
Functionalizing TI1O with AgNPs significantly improves the gas phase photocatalytic degradation of
C2H2 and the water splitting for hydrogen evolution, which can be attributed to energy transfer
processes in metal/semiconductor junctions by plasmon-induced resonant energy transfer (PIRET).
Our results show that a simple and cost-effective LFS deposition method is a suitable approach for

producing silver-decorated TiO2 inverse opal structures with enhanced gas phase photocatalytic
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activity, even in the visible range. These results are expected to find applications in environmental

and energy technologies.
4 Experimental section

4.1 Materials

Polystyrene (PS) spheres were prepared using distillated styrene (Acros Organics, 99%), ammonium
persulfate (APS, Sigma-Aldrich, 98.0+%) and sodium dodecyl sulfate (SDS, Sigma-Aldrich,
98.5+%). Silver nitrate (AgNO3, Sigma-Aldrich) and distilled water were used as a precursor for the
preparation of AgNPs in the LFS deposition process. A titanium precursor solution was prepared by
mixing titanium (IV) isopropoxide (TTIP, Sigma-Aldrich, >99%), hydrochloric acid (HCI, Merck,
37%), and ethanol (Altia, 99.5%). Microscopic glass slides (Thermo Scientific) were cleaned with

piranha solution, washed with water and ethanol and dried before PS deposition.

4.2 Preparation of PS spheres

The preparation of polystyrene spheres (PS) was carried out according to Erola’s procedure® with
minor changes. Preparation of PS with an average diameter of 350 nm was performed in two steps:
first PS seeds with average diameter 200 nm were prepared and subsequently they were grown to 350
nm. All chemicals were degassed before mixed in the reaction mixture. Firstly, 200 mg of sodium
dodecyl sulfate (SDS) as a capping agent was poured into 160 mL of deionized water in a reaction
vessel. This was stirred at 500 rpm using an anchor-like mixer and simultaneously heated up to 70°C.
Then, styrene (20 g) was added. The reaction mixture was kept under stirring for 30 min at 70°C.
Afterwards, 200 mg of ammonium persulfate (APS) dissolved in 20 ml of deionized water was
quickly added into the reaction mixture as an initiator. The chemical reaction was kept for 20 h under

nitrogen atmosphere, producing 200 nm PS seeds.

Secondly, distilled water (150 mL) and 30 mL of the colloidal PS seeds solution were loaded in a
three-neck flask under nitrogen. Then, SDS (25 mg) was added to the mixture and the temperature
increased up to 70°C. As soon as the temperature reached 70°C, APS (28 g) dissolved in 20 mL of
deionized water was added to the reaction mixture. Finally, styrene (21.6 g) was added dropwise to
the reaction mixture using a plastic syringe. The polymerization reaction was allowed to proceed at

70°C under nitrogen atmosphere for 20 h.
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4.3 Preparation of T1O films

A three-step strategy was applied to prepare TIO films involving first the self-assembly of PS spheres,
second the infiltration of TiO2 precursor and finally the calcination (Figure 10). The microscopic
glass slides were used as substrates for a PS film self-assembled deposition using a vertical
deposition. Briefly, a PS suspension (1 ml) was diluted in 20 ml of distilled water in a 25 ml beaker.
Two clamps were attached to the microscope glass slides and then carefully immersed vertically in
such a way that they do not touch the beaker. The evaporation of the solution and its slow deposition
on the glass surface was taking place in a laboratory oven for 2 days in the temperature range of 60—
65°C.

Next, using a colloidal templated infiltration method TIO films were prepared. First, by mixing TTIP
(1 ml), ethanol (1 ml) and 0.1M HCI (3 ml), a TiO2 sol precursor was prepared. Then, this precursor
solution was diluted 2 times with ethanol and stirred for 1 h before use. The microscopic glass slides
with deposited PS films were immersed in TiO2 precursor solution for 5 min and then dried in a fume
hood for 24 h (room temperature) to complete hydrolyzation of the sol and formation of solid TiOo.
The resulting composites were calcined (high temperature treatment), when the drying process was
finished, applying further protocol: heating from room temperature to 500°C in 9.5 h and holding for
4 h at 500°C to remove PS spheres and to convert TiO: into anatase crystalline phase. Finally, samples
were cooled down naturally to room temperature. The observed active surface area with high quality
TIO was 600 + 25 mm? on the microscopic glass slide.

Self-assembly of Infiltration of

PS spheres TiO, precursor TiO, inverse opal

Figure 10. A schematic representation of the TIO preparation.
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4.4 Liquid flame spray (LFS) deposition of silver nanoparticles

AgNPs were deposited using an LFS technique that allows a cost-efficient deposition of various metal
and metal oxide nanoparticles in atmospheric conditions on large areas.®®®” LFS contains a high
temperature flame in which an organometallic precursor evaporates, nucleates, and forms solid
nanoparticles of the final material (Figure 11). AgNPs nanoparticles were deposited on TIO structures
using a rotating carousel and their amount was simply controlled by the number of times the TIO
goes through the flame. The high temperature of the flame does not affect crystalline properties of
used material since the exposure time is rather short; however, it does affect properties of already
deposited nanoparticles. It has even been used to deposit particles on cellulose paper.®® The LFS
nozzle was placed 20 cm away from the sample surface. Hydrogen and oxygen were used for the
combustion gases with gas flow rates of 20 L min* and 10 L min™, respectively. An additional
nitrogen flow of 5 L min'* was used as an inert sheath gas to modify the flame (burner design “KP”).®8
The precursor, AgNO; dissolved in water (250 mg ml™ of pure silver), was injected with a feed rate
of 2 ml min?t into the flame. The TIO structures were exposed to the depositing flame for 5, 10, 20,
and 30 times (5x — 30x). The yield of the process, i.e., the relative number of deposited nanoparticles,
is typically in the range of 10% to 50% depending on the substrate and the process parameters.5®
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Figure 11. A schematic representation of the LFS deposition of AgNPs on TIO.

4.5 Characterization methods

The morphology and structure of the TIOAg samples were characterized using a Hitachi S-4800 FE-
SEM (field emission scanning electron microscope). Transmission electron microscope (JEM-2100F,
Jeol, Japan) micrographs of the TIO were acquired after drying a significantly diluted sample on a
copper grid coated with lacey carbon film. The elemental identification of the TIOAg were obtained
by energy dispersive X-ray spectroscopy (EDS) using the Noran system Six (NSS) software. The
PerkinElmer Lambda 900 UV/Vis/NIR spectrometer fitted with a 150 mm integrating sphere was
used to measure the diffuse absorbance spectra of the structures. Renishaw invia Raman microscope
programmed with WireTM 3.4 software was used to confirm the preparation of TiO2. The spectrum
was measured using a 785 nm excitation laser with 1 mW power, an integration time of 10 s with
measurement range of 100-800 cm™. The crystalline properties of the TiO. material were

characterized with a Bruker-AXD D8 Advance device using CuKo as radiation source. The
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diffraction patterns were measured between 12° and 90° at 26 scale with a step size of 0.3° min™
before and after the LFS deposition process. X-ray photoelectron spectroscopy (XPS) was used to
determine the oxidation states of individual elements in the structures using a Thermo Scientific
ESCALAB 250Xi system with an AlKa X-ray source.

4.6 Photocatalytic C.H. degradation

An in-house built gas-phase photoreactor was employed for photocatalytic activity characterization
on the degradation of CoH. gas (Figure S7). Microscopic glass substrates with TIOAg were
introduced in the photoreactor equipped with a UVA-transparent quartz window. A 450 W xenon
lamp (OSRAM) was used for the irradiation (Figure S10). A filter composed of PMMA glass was
used to block the < 390 nm light and produce mainly visible light (Figure S11). The xenon lamp was
fixed at 20 cm above the reactor chamber so the intensity of the light at 300-800 nm was adjusted to
120 mW cm?, measured by a spectroradiometer (Gigahertz-Optik BTS256-LED). The excited
photocatalytic material in the presence of UV-vis light decomposed C2H. to CO». The concentration
of CO2 was directly detected by an optical detector (Vaisala GMP343 diffusion mode) inside the

photoreactor.

4.7 Photocatalytic hydrogen evolution

Tests of photocatalytic hydrogen evolution from water vapor splitting were performed in a gas-tight
system by using a glass sealed reactor (125 mL) with a quartz window.”® A 300 W Xe arc lamp
(including an AM 1.5 G filter) at a distance adjusted to obtain 1 sun (100 mW cm™) on the
photocatalyst surface served as the light source to initiate the reaction. In a typical procedure, 10 ml
of deionized water was poured on the bottom of reactor and microscopic glass slides with TIOAg
were placed on top of a sample holder inside the reactor. The reactor was purged for 2 h with high
purity He gas (10 ml mint) in order to remove air from reactor system. During the irradiation, water
vapor serves as proton source for Hz evolution (no hole scavengers were used). Periodically 500 pl
of gas mixture from the reactor were withdrawn for quantitative analysis of products by a Shimadzu
GCMS-2030 gas chromatograph fitted with Barrier lonization Detector and He as a carrier gas. The

products were calibrated with a standard gas mixture and determined by the retention time.

Supporting information

22



Supporting information contains SEM side-view images of the used PS template, the size distribution
of AgNPs, SEM images of the large area of TiO, 10, EDS spectrum, XPS survey scan spectra of
TIOAg5x, TIOAg10x and TIOAgQ20x, the schematic illustration of the gas-phase method, a plot of
comparison of photocatalytic activities of TIO and TiO2 NPs, HRTEM micrograph of TiO>, the
absorption spectrum of TiO2 and AgNPs, the emission spectrum of the lamp, transmittance spectrum

of PMMA filter and table for comparison of photocatalytic activities of TiO2 10 structures.
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