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ABSTRACT

Silver nanoparticles deposits were produced with liquid flame spray (LFS) on glass and TiO» substrates to study their optical response and photocatalytic
enhancement. The correlation between extinction spectrum of the nanoparticle coating and the LFS process parameters was studied. The spectra consisted of two
partly overlapping peaks: one centered in the UV region and the other in the visible light region. The visible light peak redshifted as either the silver mass con-
centration in the precursor solution or the precursor solution feed rate was increased, which also correlated with growing primary particle size. However, simul-
taneous correlation with photocatalytic activity of the decorated TiO surfaces was not observed, which was attributed to particle sintering on the surface. Instead,
the photocatalytic activity was seen to change as the surface coverage of silver nanoparticles was varied. When the surface coverage was raised from ~10 % to
roughly 30 %, the activity, and then decreased as the loading was further raised. The increase was assumed to originate from plasmonic activation, and the decrease
was attributed to the excessive amount of silver either blocking reactive area of the TiO or absorbing/scattering too much of the incoming light, which hindered the

photocatalytic activity.

1. Introduction

Metallic nanoparticles have unique optical properties that can be
exploited in various applications. Especially gold and silver nano-
particles have been utilized in photocatalysts, as their plasmonic activity
enhances the photocatalytic activity in the UV region, and can expand
the activity to visible light, and even near infrared (NIR) region [1-5].
Small individual silver particles are mostly plasmonically active in the
UV region, but for dimers and larger particles, plasmonic activity ex-
tends towards longer wavelengths [6]. Broader range of electromagnetic
radiation can potentially be utilized with a wider range of particle sizes
and morphologies [5]. The plasmonic properties also depend on inter-
particle coupling, which emphasizes the importance of structural design
of photocatalytic systems. These effects come into play with particle
agglomeration and deposition on a substrate when the distance between
individual particles becomes short enough [5-10]. As a consequence,
nanoparticle loading can have a significant effect on the absorption-to-
scattering ratio in plasmonic nanoparticle coatings [5]. Affecting the
absorption is of particular interest in photocatalytic applications, where
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incorporation of plasmonic nanoparticles with TiO, photocatalyst has
proven a viable method to extend the absorption to the visible light
region of solar spectrum [11].

Temerov et al. [3] prepared photocatalytic inverse opal structures of
TiO9, and used Liquid Flame Spray (LFS) to coat the structures with
silver nanoparticles. The nanoparticle addition was observed to clearly
enhance the photocatalytic degradation of acetylene and splitting of
water vapor under simulated sun light, which was attributed to the
surface plasmon resonance (SPR) effects of Ag nanoparticles [12]. The
LFS parameters were, however, not optimized, which left a lot of
development for the structural design of the system. Furthermore, silver
nitrate/water solution used in the study has been observed to combust
inefficiently in the flame, which results in plenty of wasted precursor,
and calls for improvement of the synthesis process, as more economic
and ecological processes are increasingly required. Gogoi et al. [13] and
Mogal et al. [14] have also succeeded in preparing Ag-covered TiO»
structures exhibiting enhanced photocatalytic activity.

LFS is a particular flame spray pyrolysis method that can be used for
producing metal and metal oxide nanoparticles and nanoparticle
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coatings [15,16]. In the LFS process, either oxygen or hydrogen is used
to atomize a liquid jet of precursor solution into a turbulent Hy/O
flame, where the droplets combust and nanoparticles are formed via
various aerosol processes. The allure of using LFS in this kind of an
application is the simplicity, the inexpensiveness, and the speed and
continuousness of the process. This could enable efficient and scalable
production of photocatalysts in the future. Therefore, studying how the
plasmonic response can be tuned by adjusting the process parameters,
and figuring out how to optimize silver nanoparticles for photocatalytic
applications, is vital for the upcoming studies.

As the interaction between light and silver nanoparticles has an
essential role in enhancing photocatalytic activity through plasmonic
coupling, UV-Vis measurements of the LFS-produced silver particles is a
good first point of contact for characterizing their plasmonic activity
[5]. This study consists of two parts. Firstly, we explored how the
extinction spectrum of LFS-made silver nanoparticle deposits could be
tuned using just plain soda-lime glass slides as substrates. In the second
part, we changed the substrates to planar TiO thin film photocatalysts
prepared by Atomic Layer Deposition (ALD) and studied what governs
the photocatalytic enhancement caused by the silver particle deposits.
Once the understanding of photocatalytic enhancement through
adjusting the LFS parameters is achieved on a planar substrate, this
knowledge can hopefully be transferred to more complex substrates like
inverse opals, and utilized by scientists working in the field.

2. Materials and methods
2.1. Synthesis of Ag nanoparticle coatings

The first step of the study was producing a set of silver nanoparticle
coatings on soda-lime glass slides with different LFS parameter combi-
nations. In the LFS coating process, oxygen was used as the atomizing
gas, hydrogen as the fuel gas, and an inert nitrogen flow in between the
oxygen and hydrogen flows to adjust the spatial position where the
combustion starts. The coating setup and the structure of the burner is
described in Fig. 1. The glass substrates were passed over the flame a
certain number of times (referred to as coating cycles) to deposit a
controlled amount of silver nanoparticles. The fixed parameters for all
depositions were the Oy flow rate of 10 slpm (standard liters per min-
ute), the Ny flow rate of 5 slpm, and the deposition height of 20 cm
above the burner. A more comprehensive description of the LFS process
in general can be found in the literature [15-17]. The burner model used
here has been referred to as “KP burner” in the earlier studies.

The chemicals used for the precursor solutions were silver nitrate (Ag
(NO3), 99.9+%, Alfa Aesar), acetone (AnalaR NORMAPUR, VWR) and
deionized water. The precursor solution was varied by adjusting the
silver mass concentration (Cy,ag) (100, 225, 350 or 475 mg/ml) and the
solvent composition. One set of samples was prepared with each
different silver concentration and a fixed water-to-acetone volume ratio
of 65:35. Additional solvent ratios were also used for varying concen-
trations based on the solubility of silver nitrate into the water/acetone
mixture (50:50 for 350 mg/ml, 35:65 for 225 mg/ml and 20:80 for 100
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mg/ml), since lower silver concentrations allowed for higher acetone
fractions, while still maintaining complete dissolution. By replacing part
of the water with acetone, combustion enthalpy was raised, thereby
enhancing the combustion. The precursor solution was fed into the
flame at a rate (Qy) of 2, 4 or 5.5 ml/min, and the H; gas flow rate (Qys)
was set to either 20 or 35 slpm. The number of coating cycles (N¢) was
determined for each parameter combination by calculating a theoretical
silver deposition amount (Cy,ag-Q1-N¢). This value was adjusted as close
to a fixed value for each samples by changing N¢, which would theo-
retically transfer to comparable masses of silver on the surface. How-
ever, some variation in the actual deposited amount is bound to form
due to probable differences in particle flux and deposition rates based on
each parameter combination.

Based on the results gained from the first sample set, certain
parameter combinations (Cy,ag, Q1, Qu2, Nc) were selected for the sec-
ond part of the study focusing on photocatalytic activity enhancement.
For these samples, the substrates were fused quartz microscope slides
that were coated with a 30 nm thin film of anatase TiO5 photocatalyst by
ALD. The LFS coatings were performed on these TiOy/quartz substrates
similarly than on the bare soda-lime glass slides.

2.2. Fabrication of TiOz photocatalyst thin films

The TiO, thin films were fabricated with a Picosun Sunale ALD R200
Advanced reactor at the growth temperature of 175 °C using the process
described in detail by Saari et al. [19]. The layers were deposited on
thermally stable fused quartz microscope slides (UQG Optics). The 30
nm thickness of the thin film was determined by ellipsometry (Rudolph
Auto EL III Ellipsometer, Rudolph Research Analytical, A = 632.8 nm).
This corresponded to 634 coating cycles, which results in a growth-per-
cycle rate of 0.0473 nm/cycle. After the deposition, the samples were
annealed in air in a tube furnace (Carbolite Gero) at 500 °C for 1 h to
induce complete crystallization to anatase [20].

2.3. Sample characterization

UV-Vis measurements were performed on the soda-lime glass sam-
ples with a Cary 60 UV-Vis Spectrophotometer, measuring extinction
spectra from 300 to 800 nm. The spectrum of a clean glass slide was first
measured as a reference, which was then subtracted from the spectra
measured for the Ag-coated slides. Transmission Electron Microscope
(TEM) samples were prepared on TEM grids alongside the glass slide
samples using otherwise the same synthesis parameters, but with
reduced N¢ to minimize the number of overlapping particles. The sam-
ples were imaged with JEOL JEM-F200 TEM, and ImageJ was used to
calculate particle size distributions from the TEM micrographs. The
program calculated particle area distributions from several micrographs
using suitable thresholding. The area distributions were then trans-
formed into diameter distributions by assuming spherical particle shape
for all particles. Particles smaller than 5 nm in diameter were omitted in
the automatic detection, because using a very low threshold can lead to
inclusion of darker areas without any actual particles. Particles down to
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Fig. 1. A scheme of the coating process, and the structure of the burner and the gas flow configuration used. Adapted from Sorvali et al. [18].
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ca. 2 nm diameter could, however, be visually discerned, and these ul-
trafine (<5 nm) particles were manually counted from the images and
added to the total distributions as a size bracket of particles 0-5 nm. This
approach was assumed relatively reliable for determining size distri-
butions, because the fraction of particles clearly consisting of more than
one primary particle was counted from the TEM images to be between 5
and 9 % of the total particle number in every sample. Possible bias in
some direction can originate from the particle deposition process onto
the TEM grids. Samples with several coating cycles used in the photo-
catalytic activity measurements were imaged with a Scanning Electron
Microscope (SEM, Zeiss UltraPlus FE-SEM), using an additional 5 nm
carbon coating to avoid surface charging.

2.4. Photocatalytic activity measurements

The photocatalytic activity was characterized by gas-phase photo-
oxidation of acetylene (CoHj) into COy and H20 in an in-house built
reactor [21,22]. The samples were placed inside a reaction chamber
which was filled with a regulated mixture of acetylene and technical air
at a rate of 80 ml/min and 100 ml/min, respectively. The reaction
chamber was then irradiated with a high intensity broad spectrum light
source (XBO 450 W OFR from Osram, High Power Xenon Light Sources)
through a quartz glass window, resulting in oxidation of acetylene into
COs3. The CO5 produced was monitored in real time using a CO» sensor
(Vaisala GMP343) and Vaisala MI70 transmitter, assisted with a tem-
perature sensor (Thorlabs TSP01) and a pressure gauge (Wika PGTO1).

Gaseous acetylene was selected as a test molecule for the photo-
catalytic activity due to its simple nature, and so that all mechanical
stresses could be removed from the sample surface compared to typical
liquid-phase test setups. The detailed reaction mechanisms have been
described by Temerov et al. [3]. The increased activity was measured in
the ppm level by using an optical CO2 detector.

3. Results and discussion

Silver nanoparticle deposits on a clean soda-lime glass slides

Let us first examine the UV-Vis results measured from the soda-lime
glass slides coated with silver nanoparticles. Fig. 2a shows extinction
spectra representing each different precursor solution used. The pre-
sented spectra are average spectra calculated over all the samples

——475(65:35)
——350(65:35)

350(50:50)
——225(65:35)
——225(35:65)
——100(65:35)
——100(20:80)

Extinction (a.u.)

300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Materials & Design 239 (2024) 112800

prepared with that specific solution, and are therefore not equal to any
single measured spectrum. The shape of the spectrum was, however,
similar for most samples, and the measured extinction spectra for each
individual sample can be found in the supplementary material organized
in two different ways (Figs. S1 and S2). The silver mass concentration in
the solution (mg/ml) is expressed as the first number in the legend, and
the ratio in parentheses refers to the water-to-acetone volume ratio of
the solvent mixture. Since the number of coating cycles could not be
adjusted to set the theoretical deposited mass (described in the experi-
mental section) exactly equal for all samples, the extinction intensities
were scaled accordingly to level out the theoretical differences, so the
spectra would be as comparable as well as possible. A clear bimodal
nature was observed in almost all measured spectra, consisting of two
partly overlapping peaks: one centered in the UV region and the other in
the visible light region. Let us refer to the peak centered in the UV region
as UV-Peak and to the peak centered in the visible light region as VIS-
Peak. There are different features in the extinction spectra that can be
examined, such as peak positions, peak intensities or integral spectral
areas.

Clear correlations between the above-mentioned features and the
synthesis parameters were difficult to draw. However, the peak positions
seemed to best correlate with the parameters. Fig. 2b depicts the average
VIS-Peak position as a function of silver mass concentration (blue stars
and the lower x-axis) and precursor solution feed rate (red circles and
the upper x-axis). The error bars signify the standard deviation among
the samples prepared with a fixed Ag mass concentration or solution
feed rate. The remark placed in Fig. 2b means that for the lowest con-
centration and solution feed rate, the average wavelength should in
reality be lower and the error bar (standard deviation) should be larger.
This was due to the VIS-Peak widening significantly and/or the two
peaks overlapping too strongly for some samples to determine the VIS-
Peak position, resulting in omission of the lowest position values in
the calculations.

The VIS-Peak generally redshifted as either the concentration or the
solution feed rate was increased, in other words, as the amount of silver
in the flame zone was raised. Both factors likely resulted in larger par-
ticles and/or more agglomeration on the surface, which are known to
move the scattering component in the extinction spectrum towards
longer wavelengths in the visible range [6,23]. The concentration un-
derstandably had a larger effect, since increasing the solution feed rate
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Fig. 2. (a) Extinction spectra for each precursor solution, averaged over all different samples produced with that specific solution. The legend indicates first the silver
mass concentration in mg/ml, and in the parentheses the water-to-acetone volume ratio in the solution. (b) The average VIS-Peak position as a function of precursor
solution feed rate and silver mass concentration. The error bar depicts the standard deviation between different samples produced with a certain concentration or

feed rate.
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also raises the volume of solvents in the flame. The redshift was often,
but not always, accompanied with an increase in the VIS-Peak intensity
(Fig. S1). The solvent composition did not seem to have a very signifi-
cant effect on the averaged spectra. This could mean that already the
lower 35 % fraction of acetone in the precursor solution was adequate to
induce efficient combustion, so the addition from that only slightly
raised the combustion enthalpy.

Another factor that was observed to correlate with increasing con-
centration was the decreasing standard deviation of the average VIS-
Peak position. As there was more silver in the precursor solution, the
effect of changing other parameters diminished. This is presumed to
originate from the growing particle size. As the redshift of the VIS-Peak
induced by the increasing primary particle size starts to dominate over
the effect originating from agglomeration/stacking of the particles,
changing other parameters, which are assumed to have an impact on the
deposition of particles, seize to have as dramatic an effect on the shape
of the spectrum. Conversely, agglomeration/stacking is assumed to have
a more pronounced effect on the shape, when the average particle size is
smaller.

The H, flow rate is an interesting parameter, as its effect seemed to
be very dependent on the other parameters. Raising the flow rate from
20 to 35 slpm produced more variance between extinction spectra of the
samples produced from different precursor solutions, which is clearly
observable in Fig. S2. However, when the extinction spectra were
averaged over all samples produced with 20 slpm and 35 slpm H; flow
rates, the shapes of the average spectra for both flow rates turned out
very similar (Fig. S3). This also notably reveals the only systematic effect
of raising the flow rate: an increase in the total extinction intensity. This
is probably due to enhanced particle deposition, which leads to a higher
silver mass on the surface. Raising the Hy flow rate stretches the flame,
which results in the flame tip moving closer to the substrate when the
coating distance from the burner is kept fixed. This creates a larger
temperature gradient between the particles and the substrate. Since
thermophoresis is generally considered the main mechanism of particle
deposition from the flame [24-26], a higher total mass of silver on the
surface would be expected. The higher variance between the samples
with 35 slpm Hj flow rate could also be affected by a more complex
deposition behavior of the particles. Raising the temperature on the
substrate surface during deposition also enhances particle sintering,
which likely has an effect on the particle shape and size distribution, and
therefore on the plasmonic properties. However, the effect of the sub-
strate properties and the synthesis parameters to the deposition has not
been systematically studied, and is therefore still not properly
understood.

In addition to the VIS-Peak shift, an inverse correlation was observed
for the UV-Peak. As the VIS-Peak redshifted, the UV-Peak simulta-
neously blueshifted. This correlation is depicted in Fig. 3.

This effect is believed to be caused by differences in the primary
particle size distribution. It is generally assumed that very small separate
silver particles are mainly plasmonically active in the UV region, so the
blueshift could be connected to the ultrafine particle fraction. This effect
is elaborated in the next section as the TEM images of the particles are
examined.

3.1. TEM imaging of silver particles

TEM samples were prepared based on the UV-Vis measurements of
the Ag-coated soda-lime glass slides with 5 specific parameter combi-
nations that were picked to represent a wide range of different VIS-Peak
positions and varying peak intensities. The parameters (TAg1-TAg5) are
listed in Table 1 with an additional sample TAg6 that was used in other
measurements and SEM imaging. The TEM samples were prepared with
the same parameters as the UV-Vis samples, except N¢ was reduced in
every case.

The TEM samples were comprehensively imaged and several mi-
crographs for each sample were used to count particles of different sizes.
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Fig. 3. The average UV-Peak position as a function of silver mass concentration
(blue stars and bottom x-axis) and liquid feed rate (red circles and upper x-axis).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1

Parameter combinations chosen for TEM imaging of Ag nanoparticles (TAgl-
TAg5), plus an additional combination TAg6 that was used in later
characterization.

Sample Concentration Water-to- Hydrogen flow  Liquid feed
name (mg/ml) acetone rate (slpm) rate (ml/
volume ratio min)

TAgl 475 65:35 35 4

TAg2 225 65:35 35 4

TAg3 225 65:35 20 2

TAg4 100 65:35 20 6

TAgS 100 65:35 20 2

TAg6 100 20:80 35 6

Fig. 4 shows the extinction spectra for the samples TAg1-TAg5, and the
number and mass size distributions calculated based on TEM image
processing. The O — 5 nm size bar was counted manually from the im-
ages. Other bars are presented in 1 nm steps in particle diameter. The
mass count distributions were calculated from the number count dis-
tributions to visualize where the mass of the produced silver is focused.
Fig. 5 shows representative TEM images of the produced samples TAg1-
TAg5, and the average VIS-Peak position as a function of number mean
diameter and mass median diameter. All diameter values were calcu-
lated for particles larger than 5 nm that could automatically be dis-
cerned in the micrographs by ImageJ.

With the chosen samples, the size effect of the particles is reflected
clearly in the position of the visible light peak. Both the mass median
diameter and the number mean diameter fall very nicely on a straight
line. Therefore, in these samples the agglomeration/stacking effect is not
presumed to play a significant role for the extinction spectrum. Another
notable observation is that the particles in the TEM samples seemed to
be very individual rather than strongly agglomerated, contrary to what
is usually expected in flame synthesis. This indicates that the agglom-
eration and sintering mainly happens on the substrate surface instead of
in the gas phase, which was also observed in SEM images presented
later.
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Fig. 4. The extinction spectra of the samples deposited on soda-lime glass and corresponding to the parameter combinations TAG1-TAg5, and the size and mass
distributions from TEM samples prepared with corresponding parameter combinations but a lowered number of coating cycles. The distributions were counted from
several TEM micrographs for each sample. The number count is drawn in blue and the mass count in orange. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

As we concluded in the previous chapter, the VIS-Peak position
correlated with two parameters: silver mass concentration and the
precursor solution feed rate. Depending on the parameter combination,
either of these can be the dominant factor for a specific sample. Sample
TAg4 has a larger average particle size, and therefore a stronger VIS-
Peak redshift compared to sample TAg3, although TAg3 has a higher
mass concentration (and Hy flow rate). On the other hand, the higher
solution feed rate of TAg4 seems to override the effect of higher con-
centration of TAg3 in this case. These two factors seem to have quite a

similar effect on the particle size distribution, and therefore the VIS-
Peak redshift. It seems that increasing the feed rate of silver into the
flame, no matter through which parameter adjustment, is the key for
inducing a redshift of the VIS-Peak in the extinction spectrum.

In the size distributions in Fig. 4, we can see how the average particle
size shifts towards larger particles as the VIS-Peak redshifts. However, in
all samples there is a fraction of ultrafine particles under 5 nm in
diameter. This is believed to be connected to the blueshift of the UV-
Peak that happens simultaneously with the redshift of the VIS-Peak,
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Fig. 5. The average VIS-Peak position as a function of number mean diameter and the mass median diameter for particles larger than 5 nm in diameter. Around the

graph, representative TEM images of samples corresponding to parameter combinations TAg1-TAg5 are presented.

mentioned in the previous section. While the ultrafine particle mode
seems to be present in every sample, the size fraction of 5-10 nm di-
minishes when the average size increases. This results in the ultrafine
mode being more prevalent in the part of the particle distribution under

Table 2
The number of silver coating cycles for “low cycles” and “high cycles” samples.
All of these samples were prepared on TiO, thin films.

10 nm in diameter. Since the UV-Peak position blueshifts with TAgl TAg2 TAg3 TAg4 TAg5 TAg6
decreasing Ag nanoparticle size, the blueshift can be expected as the Low cycles 1 2 4 3 8 3
High cycles 3 6 12 8 24 8

mean particle size of the 0-10 nm fraction decreases [27].

3.2. Photocatalytic activity of the Ag-coated TiO2 substrates

Now we move on to the second part of the study. All the samples
studied in this part were planar TiO thin films on quartz glass slides that
were coated with Ag nanoparticles. The photocatalytic activities for the
parameter combinations TAgl-TAg6 were measured to study if the
synthesis parameters, the extinction spectra, and the particle size dis-
tributions could be coupled with the photocatalytic enhancement of the
TiO, thin film. Samples for each parameter combination were prepared
using two different silver loadings controlled by N¢, (referred to as “Low
cycles” samples and “High cycles” samples). The “High cycles” samples
were prepared with identical parameter combinations (TAg1-TAg6) and
N¢ to the samples deposited on the soda-lime glass slides, but for the
“Low cycles” samples N¢ was dropped to one third to induce a difference
in the silver loading on the surface. The exact number of coating cycles
used for each sample is listed in Table 2.

An additional set of samples, “Varying cycles”, was prepared to study
the effect of silver loading on the photocatalytic activity in more detail.
For these samples, the parameter combination TAg6 was picked and N¢
was varied between 1 and 8. The photocatalytic activities measured for
the “Varying cycles” samples are presented in Fig. 6.

Excluding one sample, all measurements gave an enhancement in the
photocatalytic activity of up to 30 %. Using the same photocatalytic test
and similar LFS Ag nanoparticles synthesis but on three-dimensional
inverse opal TiO, structure, Temerov et al. [3] also observed Ag nano-
particles to improve photocatalytic activity. The use of thin film pho-
tocatalyst here allows us to discuss the optimization of the LFS
parameters without the added complexity of substrate morphology.

The parameter combinations TAg1-TAg5 were chosen based on their
varying redshifts of the VIS-Peak in the extinction spectrum. Even
though this correlated well with the average particle size, no such clear
correlation was found with the photocatalytic enhancement.
Conversely, the activity values seemed to vary quite randomly among
the different samples. This could at least partly be connected to particle
sintering on the titania surface, which creates a disconnect between the
results obtained from the soda-lime glass samples and the TiO, samples.
Surprisingly, the “Low cycles” samples systematically produced higher
photocatalytic activities compared to the “High cycles” samples. This
suggests that the silver loading could be more a relevant factor to the
photocatalytic enhancement than the particle size distribution.

Fig. 6b expresses behavior where the activity rises when silver par-
ticles are introduced on the TiO5 surface, reaches a maximum value at
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cle deposition.

around 4 to 5 coating cycles, and then decreases. The initial increase is
explained by the plasmonic coupling mechanisms explained in detail by
Temerov et al. [3]. Cushing et al. [28] have shown that for Ag/TiO»
catalysts both plasmon-induced resonance energy transfer (PIRET) and
hot electron injection processes contribute to the improved photo-
catalytic activity. In PIRET, energy is transferred non-radiatively from
Ag nanoparticle to excite an electron-hole pair in TiO,, while in hot
electron injection an electron from the conduction band of the Ag
nanoparticle is injected into the conduction band of TiO5.[28,29]. For-
mation of a strong plasmonic field at the Ag/TiO2 interface, as well as
suppression of charge carrier recombination via spatial separation of
charges, were thought to further enhance the photocatalytic activity [3].

For the following decrease, we propose two possible mechanisms: (1)
either the high amount of silver starts to block too much of the active
reaction area of the TiO surface, or (2) the silver absorbs or scatters too
much of the incoming light, limiting the photocatalytic activation of the
TiO4 surface. In both cases, the plasmonic enhancement caused by the
silver particles gets overridden by this blocking effect. If the particle size
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is a secondary factor to the silver loading for photocatalytic enhance-
ment, lower concentrations could possibly be used to optimize the
coating structure in the future study by carefully adjusting the silver
loading.

Another approach to tackle the visible light activation of photo-
catalysts that has been developed is through doping of TiO, with a metal
cation instead of our approach of coating the structure with another
material. For example, Inturi et al. [30,31] and Sun et al. [32] have
prepared Cr-doped TiO photocatalysts by various methods, including
flame synthesis, resulting in visible-light-active photocatalysts for gas-
phase degradation of acetone and liquid-phase degradation of 4-chloro-
phenol. In this case, the activation was the result of incorporation of
Cr*® ions into the system that allow for a visible light active transition.
Chambers et al. [33] have also doped TiO, with silver ions, thereby
lowering the band gap and inducing antibacterial properties under
visible light irradiation.

Even though the extinction spectra and the particle size distribution
could not be properly linked to the photocatalytic activity, certain
properties were observed to correlate with it. When the peak intensities
and the integral areas (graphical integration) in the measured extinction
spectra of “Low cycles” samples were inspected for the UV region
(300-400 nm) and the visible light region (400-800 nm), the ratio of
these two regions was seen to have a correlation with the activities. The
“High cycles” samples were deemed unsuitable for this inspection, since
the excessive silver loading was expected to nullify these correlations.
Fig. S4 shows that photocatalytic activity tended to rise when the inte-
gral area of the visible light region in relation to the UV region increased.
Similarly, the activity increased as the ratio of the VIS-Peak intensity to
the UV-Peak intensity increased. Once a suitable silver loading is found,
these kind of measures could possibly be used to probe the extinction
spectra for finding optimal synthesis parameters without thorough
sample analysis. However, these correlations are bit speculative,
because we are comparing samples produced on two different substrates
with similar LFS parameters, and we can not be sure it the properties
directly translate from one substrate to another.

3.3. SEM imaging

We were also interested in the surface structure of the prepared silver
coatings, and how the actual deposition relates to the photocatalytic
activity. The “Low cycles” samples and the “Varying cycles” samples
were imaged with SEM to see how the particle deposits differ from each
other, and how the surface structure relates to the photocatalytic
enhancement. The surface coverage of silver particles for each sample
was determined from the SEM micrographs using ImageJ with suitable
thresholding. The values were calculated as averages of several SEM
images for each sample. Fig. 7 shows the photocatalytic activity of the
samples as a function of surface coverage along with representative SEM
images of a few selected samples. The “High cycles” samples were not
imaged, so they could not be implemented in the results.

The results from “Low cycles” and “Varying cycles” samples fit well
together. It seems that if the surface coverage is roughly over 10 %, the
photocatalytic activity increases as the coverage is raised. The activity
peaks at around 30 % and then starts to go down. The one data point
(“Varying cycles” sample with 1 coating cycle) with the surface coverage
value of around 8 % leaves some open questions, since it strays signif-
icantly from the fit representing the rest of the data. Since it is the only
data point with under 10 % surface coverage, no conclusions can be
made on how the photocatalytic activity behaves with very low silver
particle loadings, or if the data point is just erroneous for some reason.
This should be studied further in future work by lowering the silver
concentration in the precursor solution, thus producing lighter silver
loadings.

Slight differences were observed in the particle sizes between the
different “Low cycles” samples, which are represented as SEM images in
Fig. S5. But as the earlier results suggested, the particle size distribution
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Fig. 7. Photocatalytic activity as a function of silver particle surface coverage. SEM images of “Low cycles” sample TAgl, “Varying cycles” sample with 5 coating

cycles, and “Varying cycles” sample with 8 coating cycles, from left to right.

might not have that significant of an effect on the photocatalytic activ-
ity. However, as N is increased, the interaction between the flame and
the surface starts to fuse the silver particles together, causing them to
coagulate and form larger particles. At high N¢, we start to see larger
sintered islands of silver shown in the rightmost SEM image of Fig. 7.
This likely nullifies some of the effects that the primary particle size
distribution could have on the extinction spectrum or the photocatalytic
activity. The particles were seen to sinter much less on soda-lime glass
surface compared to the titania samples, which is clearly observable in
Fig. S6. As the particles sinter, their shape change as well, which could
potentially also change the plasmonic properties [34,35]. For some
reason the sintering process on the surface varied significantly between
the two substrates, even if all other parameters were kept identical. This
is likely a major factor contributing in the disconnect between the VIS-
Peak redshift observed in extinction spectrum and the photocatalytic
activity. This hypothesis should be explored in future work by finding a
solution to inhibit particle sintering on the surface. One option would be
increasing the distance of the LFS burner from the substrate or possibly
cooling the surface during deposition. Increasing the distance would,
however, decrease the temperature gradient and therefore lower the
deposition efficiency. It is also possible that the similar particle deposits
behave plasmonically in a different way on the TiO3 surface compared to
soda-lime glass.

4. Conclusions

In this study, silver nanoparticles were produced with Liquid Flame
Spray and deposited first on soda-lime glass slides (UV-Vis samples),
and then on anatase TiO; thin film photocatalysts fabricated on quartz
glass slides by Atomic Layer Deposition (photocatalytic activity sam-
ples). The UV-Vis samples were used to study how the extinction
spectrum can be adjusted by tuning the LFS synthesis parameters, and
the goal of coating the TiO, thin films was exploring the factors influ-
encing their photocatalytic activity. These two perspectives together
gave valuable insight for designing more efficient photocatalytic sys-
tems. The silver concentration in the precursor solution, the solvent
composition, the precursor solution feed rate, the H gas feed rate, and
the number of coating cycles were the LFS parameters varied. In most
sample sets, the theoretical silver loading on the surface was kept very
similar among all samples in order to distinguish the differences caused

by the structural design. An additional sample set was prepared with
varying number coating cycles to study the effect of silver loading on the
photocatalytic enhancement of the TiO; thin film.

The UV-Vis samples mostly expressed bimodal extinction spectra,
one peak being centered in the UV region (UV-Peak) and the other in the
visible light region (VIS-Peak). The position of the VIS-Peak was
observed to correlate with the precursor solution feed rate and the silver
mass concentration in the precursor solution. The peak redshifted as the
concentration or the solution feed rate was increased. A simultaneous
blueshift was observed for the UV-Peak. The primary particle sizes for
each set of synthesis parameters were studied with TEM imaging, and
the average particle sizes were calculated for particles over 5 nm in
diameter that could be automatically measured from the micrographs.
The redshift of the VIS-Peak was observed to correlate well with the
increasing average particle size. As there always was a clear ultrafine
particle mode (d < 5 nm) present that could be counted manually, the
blueshift of the UV-Peak was attributed to the simultaneous decrease in
the average size of the 0-10 nm fraction of the particles.

The photocatalytic activity of the samples was measured by acety-
lene photo-oxidation under high intensity broad spectrum light irradi-
ation to see if the mentioned correlations could be coupled with
photocatalytic enhancement of the TiO; thin film. Surprisingly, photo-
catalytic activity was not observed to correlate with the increase in
particle size and the redshift of the VIS-Peak. Instead, the silver particle
coverage of the TiO, surface seemed to be a more relevant factor for the
photo-oxidation rate. The disconnect between the extinction spectrum
and the photocatalytic activity is likely connected to the particle sin-
tering on the titania surface compared to the soda-lime glass surface,
thus changing the properties of the particle deposits measured for the
soda-lime glass samples.

The samples were imaged with SEM to determine the silver cover-
ages on the sample surfaces. The surface coverage values calculated with
ImageJ correlated with the photocatalytic activity, when the surface
coverage was roughly over 10 %. At first, adding silver raised the pho-
toactivity, which peaked at around 30 % surface coverage, and then
started to decrease. The initial increase in photocatalytic activity with
growing silver loading was explained by plasmonic coupling of the silver
particles with the TiO, explained by Temerov et al. [3] in more detail.
The subsequent decrease was attributed to either silver particles
blocking a significant portion of the active reaction area of the titania
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surface or absorbing/scattering too large a fraction of the incoming
light, decreasing the electron excitation in the TiO3. The particles were
also seen to agglomerate and sinter on the surface, especially when the
number of coating cycles was clearly increased.

This study consisted of two parts, controlling the extinction spectra
of silver nanoparticle coatings on soda-lime glass surface, and opti-
mizing their photocatalytic enhancement on a TiO2 surface. Even
though the control of the extinction spectrum was not observed to
correlate with the photocatalytic activity, there will likely be other areas
of application where this type of control could be useful. Also, if the
sintering behavior can be controlled better, a correlation could possibly
be found. The effect of silver loading on the photocatalytic activity can
be directly used for the upcoming studies, when moving to more com-
plex surfaces of coatings. This gives a good basis for the next step of
designing better photocatalytic systems. However, the effect of very low
silver loadings of under 10 % surface coverage should still be explored as
our samples could not adequately cover that.
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