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Research highlights:

The rutile crystal phases are responsible for the formation of silver nanoparticle.
The Ag nanoparticles can be transformed into AgxO.

The Ag/AgxO nanoparticles have positive effect on the titania activity.

The Ag/AgxO nanoparticles are playing the role of a charge separator.

e

Abstract:

The issues regarding the low stability of the Ag nanoparticles during the
photodegradation processes are already well-known, being easily transformed to AgxO. On
the other hand, the (photo)catalytic efficiency of TiO2 can be increased by modifying its
surface with noble metal nanoparticles. Therefore, the present work focused on commercial
TiO> (Aldrich anatase and rutile) mixtures with well-defined ratios, applying Ag
nanoparticles on the surface of the titania with or without using a reducing agent. The
transformation of the Ag nanoparticles into AgO was monitored in the frame of the anatase
and rutile content, while the transformation’s effect on the photocatalytic activity was
examined (degradation phenol and oxalic acid under UV). It was concluded that the Ag

nanoparticles deposited on the surface of rutile can increase the efficiency of charge



separation while, present on the surface of the anatase, the formed amorphous AgO
nanoparticles are behaving similarly. The tertiary and quaternary composites generally had
higher photocatalytic efficiencies toward oxalic acid, than the corresponding commercial
TiO2 mixtures. The low stability of the Ag nanoparticles was also found in our investigations,
as the NPs are transformed into Ag20, which can be re-transformed during the photocatalytic
processes to Ag. On the other hand, the stability of the AgO is not affected during the aging
period. Therefore, it can be assumed, that AgO is more stable on the surface of the anatase
phase of the titania than the Ag and the Ag>O nanoparticles.

Keywords: quaternary composites; Ag nanoparticles; electron transfer; photocatalysis



1. Introduction

One of our most emerging problems is the decreasing availability of clean, accessible,
and potable water sources. Nowadays, different filtration methods (e.g., regular, membrane,
coagulation, flocculation, sedimentation, and distillation) are widely used for water
purification [1]. These methods of purification are used for removing chemicals and
biological contaminants. However, in some of the cases, they are insufficient to keep pace
with the new challenges given by new classes of pollutants, such as persistent
pharmaceuticals (e.g., antibiotics, antipyretics substances, etc.), organic dyes and other
contaminants. Therefore, in order to solve both problems, we need to develop a method
toward unique industrial needs that is low-cost, non-toxic, and highly efficient.

In the early *70s, the research with photoelectrolysis [2] started to focus on using TiO>
for water splitting and photoelectrocatalytic Hz evolution. The main problem with TiOz is that
it can be excited mostly with UV light [3]. In order to enlarge its applicability spectra toward
visible light and a more significant number of organic contaminants, investigations were
concentrated on modifying the structure of titania [4, 5].

A widely researched approach in order to overcome these issues were to modify the
band gap/excitation energy of TiO2 by modifying with non-metallic elements (N [6], S [7], P
[8], rGO [9] etc.), or depositing noble metals on the surface of the semiconductor (Ag [10],
Au [11], and Pt [12]) which can increase the efficiency of the separation charge carriers [13].
Additionally, noble metals can help the adsorption of some organic compounds on the surface
of titania (e.g., methyl orange), increasing in this way, the photocatalytic efficiency of the
semiconductor [14]. Moreover, attempts were made using composites containing two
semiconductor oxides [15, 16] and with non-Ti based semiconductor oxides (ZnO [17], CuxO
[18], AgxO [19, 20], In203 [21]).

Among other well-known Ag-based materials (e.g. AgxS [22], AgX [23, 24], AgsPO4
[25]), AgxO based materials (AgO, Ag20) are considered to be promising alternatives in
photoactive applications. Although, the bottle-neck of these semiconductors it that their
strong photosensitivity is often “combined” with low operational stability under irradiation
with visible/UV light [26], in parallel with the non-controlled formation of Ag nanoparticles
on the surface of the silver (1) oxide [27]. On the other hand, the stability of the Ag.O can be
increased by deposition of silver nanoparticles with in situ method, generated under light
irradiation [20]. However, it is challenging that Ag20 is transformed into/covered by Ag

nanoparticles, usually losing in this way its photocatalytic efficiency. Other semiconductors



were used for promoting the stability of the material, such as Ag.O/Agl [28], Ag20/TiO>
[29], Ag20/C3N4 [30].

The Ag.O/TiO2 composites were investigated in several photocatalytic processes
because Ag-0 has relatively low band gap energy and usually has facile preparation pathways
[31]. The Ag2.O/TiO2 composites are p-n type semiconductors, where the band gap energy of
Ag20 is =1.3 eV [32], while this value is 3.2 eV for anatase [33] and 3.0 eV in the case of
rutile [34]. The increasing interest toward p-n type semiconductors can be attributed to their
improved e-h* charge separating properties [34]. Moreover, if Ag nanoparticles are deposited
onto the surface of the composites, it can be beneficial for the electron transfer between the
TiO2 and Ag20, increasing the photocatalytic efficiency of the composites [31].

Besides the electron trap property of silver nanoparticle, it also could be distinguished
from the surface plasmon resonance effect of the Ag [35], which helps the excitation of the
electrons on the surface and have a new absorption band in the visible region [36]. In
Ag/TiO2 composites could be formed the Schottky barrier, which appeared at Ag and TiO>
contact region. This barrier also helps with increasing TiO: activity [37].

According to Wei et al. [38], Ag nanoparticles can be spontaneously transformed to
Ag20 on the surface of anatase. However, Ag.0 undergoes a disproportionation reaction,
forming Ag and AgO nanoparticles, although the latter ones are unstable at room temperature
[18]. L. Gomathi Devi et al. claimed that the deposition of Ag nanoparticles on the surface of
titania could also help the electron transfer between the anatase and rutile, as the electron
from the valance band of anatase could be promoted to the valence band of the rutile [39].

Taking into account the aspects mentioned above, in the present work, Ag
nanoparticles were deposited with or without reduction onto the surface of different
commercial TiO2 (Aldrich anatase (AA) and rutile (AR)) mixtures. The amount of the
transformed AgxO was analyzed by using several investigation methods, taking under the
loupe the synergic effect of Ag/AgxO on the activity of TiO2. The novelty of this work
consists of an in-detail investigation on how different crystal phases of the TiO, can affect the
deposition of Ag nanoparticles, as it was found that Ag nanoparticles were formed on the

rutile crystal phase and AgO nanoparticles have formed by using anatase crystal phase.

2. Material and methods
2.1. Chemicals
All chemicals were used without any further purification. Commercial Aldrich anatase

(99.8 %, trace metal basis) and Aldrich rutile (99.9 %, trace metal basis), were purchased
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from Sigma-Aldrich (Steinheim, Germany). Trisodium citrate (NazCeHsO7, 99.0%, Chempur,
Poland); silver-nitrate (AgNO3, 99.8 %, Penta industry, Romania); sodium borohydride
(NaBHg4, 96 %, Merck, Germany) were used for the synthesis of Ag/AgxO nanoparticles.
Sodium chloride (analytical reagent) was purchased from Molar Chemicals, Hungary
(99.9%).

2.2. Synthesis of the TiO2 mixtures by mechanical mixing
Mechanical mixing in an agate mortar was applied for 2x5 min to obtain the mixtures
of commercial titania. Well defined ratio of commercial Aldrich anatase (AA) and Aldrich
rutile (AR) were mixed to obtain the following composites: AA:AR= 0:100, 10:90, 25:75,
50:50, 75:25, 90:10 and 100:0. The obtained composites were named *AA _YAR, where x and

y represent the ratio of the component in the mixture.

2.3. Synthesis of the Ag/AgO/TiO, composites

Our previously described method was adapted for the synthesis of silver nanoparticles
[40]. Briefly, 500 mg of commercial TiO2 (AA and/or AR) powder was added directly into
the reaction vessel with 130 mL of distilled water and ultrasonicated for 15 minutes.
Afterward, 18.9 mL (0.63 mM) trisodium citrate was added to the suspension, followed by 30
minutes of stirring. In the next step, 1.65 mL (22.8 mM) of AgNOs was added in the
suspension, in order to obtain a concentration of 0.8 % of Ag/AgxO on the surface of TiOx.
Finally, two different experimental approaches were followed:

(1) reduction without a reducing agent (wo/NaBHys): after stirring for 30 minutes,
the color of the suspension changed from white to greyish (Fig. 1), while the intensity of the
color depended on the amount of the AR. Finally, 5 g of NaCl was added, followed by a
washing step with 2x50 mL H>0 at 6000 RPM. The abbreviation of the as-synthesized
materials will be as follows Ag/AgO_*AA_YAR_woNaBHj;

(i) by using NaBHg4, as reducing agent: after 30 minutes of stirring, the color
change was the same but followed by the addition of 3 mL of NaBH4 (0.15 M) to the mixture.
After stirring for another 1 hour, the same washing process was used as described above. The
used abbreviation for these samples will be Ag/AgO_*AA YAR. In both cases, sodium

chloride was added to increase the sedimentation rate of the suspension.

2.4. Characterization methods and instrumentation



JASCO-V650 diffuse reflectance spectrophotometer (DRS) with an integration sphere
ILV-724 (the spectra of the samples were recorded between 250-800 nm) was used for
investigation of the optical properties of the composites. DRS was used to demonstrate the
influence of Ag/AgxO on the band gap energy values of TiO.. The indirect band gap energy
values of the materials were estimated by using the Tauc plot [41], while the first derivative
spectrum (dR/ dL) was also obtained and analyzed. In the presence of Ag/AgxO, the DRS was
used for the detection of the plasmonic band, specific for both nanoparticles [42]. The DRS
was also used to demonstrating the stability of the Ag/TiO, composites (measuring the
differences after the synthesis, after 6 months of aging and after the photodegradation
process(es)).

XPS measurements were performed on a SPECS PHOIBOS 150 MCD instrument to
clarify the oxidation state of silver, with monochromatized Al K, radiation (1486.69 eV) at 14
kV and 20 mA, and pressure lower than 10~° mbar. Samples were mounted on the sample
holder using double-sided adhesive carbon tape. High-resolution Ag 3d spectra were recorded
in steps of 0.05 eV. The analysis of the obtained data was carried out with CasaXPS software.
All peaks have been deconvoluted using Shirley background and Lorentzian-Gaussian line
shapes. The applied value of the Gaussian-Lorentzian ratio was 90. A series containing four
samples were analyzed, namely Ag/AgO-12°AA °AR, Ag/AgO-"AA AR, Ag/AgO-

YAA *9AR and Ag/AgO-°AA AR, respectively.

Rigaku Miniflex 11 X-ray diffractometer (XRD) (Acuka = 0.15406 nm, 40 kV, 30 mA,
between 43°-49° (20°) with 0.3 (20°)-min™* scanning speed) was used for the investigation of
catalysts structure.

FEI Technai G2 20 X-TWIN transmission electron microscope (TEM), operating at an
accelerating voltage of 200 kV was used for the demonstration of the deposited nanoparticles
on the TiOx.

Fluorescence measurements were recorded using a Jasco LP-6500 spectrofluorometer
with a 1 nm spectral resolution, equipped with a Xenon lamp as an excitation source, coupled
to an epifluorescence accessory (EFA 383 module). Fluorescence spectra were collected in
the wavelength range of 350-600 nm using a fixed excitation wavelength at 325 nm,

bandwidths of 5 nm were employed in both excitation and emission.

2.5. Photocatalytic investigations
The investigations of photocatalytic activities were carried out under irradiation of UV

light (6 x 6 W, Amax= 365 nm), within a double-walled photoreactor (100 mL), which was
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surrounded by a thermostat jacket (25 °C). The concentration of the suspension was 1 g-L,
which was continuously stirred, and air supply was assured with an airflow of = 1 L - min.
The same photocatalytic reaction setup was also used for the investigation of efficiencies
under irradiation with visible light, except that the reactor was thermostated by 1 M NaNO-
solution (for eliminating any UV photons) and irradiated by 4x24 W (DUVI 25920/R7S,
Hungary, Amax = 545 nm). The sampling in the first hour was taken every 10 minutes, and in
the second hour by 20 minutes. The changes of the concentration of the model pollutant (0.5
mM of phenol and 5 mM of oxalic acid) were measured by Merck-Hitachi L-7100 with low-
pressure gradient pump, equipped with a Merck-Hitachi L-4250 UV-Vis detector and a
Lichrospher Rp 18 column applying methanol/water mixture and H2SO4 as eluent using 210
nm (phenol) and 206 nm (oxalic acid) as the detection wavelength.

Recycling tests were used for the stability of the catalyst investigation. After the
degradation test, the catalyst was washed with 3 x 50 mL of H2O for 10 min at 4400 RPM
and dried for 12 hours at 40 °C and it was re-used in the same conditions (except that the

sampling was changed to intervals of 30 minutes intervals).

3.Results and discussion

3.1 Preparation and characterization of the samples

The first observation during the synthesis of the samples was that with the addition of
trisodium citrate into the suspension of TiOz (Fig. 1a), no color change was observed. On the
other hand, by adding AgNOs (Fig. 1b), the color has changed to grey, and the intensity
increased with the amount of rutile in the sample, which is probably due to Ag® deposition
onto the surface of TiO>. In the case Ag/AgO-"AA_YAR_woNaBHj4, by adding sodium
chloride into the suspension, its color has changed from grey to creamy pink (Fig. 1c). The
intensity of the color change depended, similar to the previous case, on the amount of rutile.
When NaBH4 was added as a reducing agent (Ag/AgO-*AA_YAR), the color of the
suspension changed to dark cream (brownish, wood color), then to a brighter nuance after the
addition of NaCl (Fig. 1d).
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Figure 1. The color change sequence of the samples: (a) the color of the catalyst did not change during the first step; (b) after adding the
noble metal precursor to the suspension, it turned to grey (which became brighter with an increase in the amount of anatase); color effect of Ag
nanoparticles deposition (c) without (Ag/AgO-*AA_YAR_woNaBHj4) - and (d) using a reducing agent (Ag/AgO-"AA_YAR) on the surface of the

commercial TiO; (e) the position plasmonic bands of Ag-based composites.



The typical plasmonic resonance band of the isolated Ag nanoparticles (=10-20 nm) can
be observed at ~400 nm [42-44]. If the Ag nanoparticles increase in size to tens of
nanometers or aggregates of Ag nanoparticles are formed, or even non-spherical
nanoparticles are present, the absorption band can appear at longer wavelengths [43, 44]. As
Fig. 1e shows, the plasmonic resonance bands of the materials are located between 451-494
nm.

Two different regions can be separated:

(i) using NaBH4 (Ag/AgO-*AA _YAR), as a reducing agent, the observed plasmonic
resonance bands were located between 451-463 nm, where the silver specific plasmonic
resonance band showed a large redshift. According to Feng et al. [45], this shift could be
attributed to the high refraction index of TiO>. In this case, we can conclude that the resulted
plasmonic resonance bands have linear trend within a single exception: Ag/AgO-""AA_%AR;

(if) when no reducing agent was used (Ag/AgO-*AA YAR_woNaBHa), the obtained
plasmonic resonance bands were located between 469-494 nm, which can be attributed to
agglomerated Ag nanoparticles or transformation into other materials. In this case, an
outstanding value was obtained for the sample Ag/AgO-""AA_*AR_woNaBH.. Before
reaching this specific value, the plasmonic resonance bands suffer a redshift (the plasmonic
band maxima being located at higher wavelengths with the increase of the amount of the
anatase), while after Ag/AgO-""AA_®AR_woNaBHj, the samples are giving blueshift.

X-ray diffractometry was used for the confirmation of the crystal phase mixture of
commercial TiO2 and any possible changes during the synthesis/deposition processes. JCPDS
21-1272 (anatase) and JCPDS 21-1276 (rutile) cards were used for the correct identification
of two different crystal phases, from which we can conclude that none of the titania is
suffering any structural changes during the synthesis (Fig. S1, Fig. 2). The specific diffraction
peaks of AgO (JCPDS 84-1108) and Ag-O (JCPDS-75-1532) were not found because (i) the
applied amount of these materials was low (only 0.8 % wt.%) or (ii) the obtained values are

below the threshold limit of the approach/setup.
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Figure 2. X-ray diffractograms of the samples prepared using a reducing agent: (a)
complete patterns of samples, (b) enlarged pattern and (c) deconvolution of the pattern of
Ag/AgO-AA 1OAR,

On the other hand, the specific reflection of silver nanoparticles (JCPDS 04-0783;
(200), at 44.0°) generally can overlap the specific reflection of (101) Miller indexed rutile. As
can be observed in Fig. 2a, by deconvolution of Ag/AgxO-°AA OAR, the specific reflection
of silver nanoparticles appears. As the amount of rutile decreased in the samples, the intensity
of the Ag signal decreased as well (Fig. 2b), until disappearing entirely in the case of the
sample Ag/AgO-1°AA_°AR (Fig. 2). Briefly, we can conclude that the rutile crystal phase is
responsible for Ag nanoparticles’ formation because the typical reflection for Ag
nanoparticles are present and changed together with the signal of rutile [46]. Since the
specific plasmonic resonance bands were present in all samples (Fig. 1), we can suppose that
Ag was transformed to AgxO, which can appear in an amorphous phase (being not observable
in XRD pattern shown in Fig. 2). The transformation of silver to AgxO is also supported by
the fact that no silver leaching was observed during the synthesis as the supernatant was
transparent.

Transmission electron microscopy was used to measure the size shape of the
nanoparticles. The commercial TiO> crystals had particle sizes between 80-100 nm (Aldrich
anatase, Fig. 3e-f) and 100-150 nm (Aldrich rutile, Fig. 3a-b). In the case of Ag/AgO-

OAA 1°AR, 5-10 nm sized particles were obtained (Fig. 3b). Since, in the XRD patterns (Fig.
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2), only Ag-specific diffraction peaks were observed. Therefore, we can suppose that the
observed particles on the surface of titania are indeed silver nanoparticles. Our previous work
also supported this statement [38] as we showed that the preferred forming of Ag
nanoparticles was observed when rutile was used (also described by Quesada-Cabrera et al.
[44]).

Moreover, in the case of Ag/AgO-1AA °AR, larger Ag-based nanoparticles were also
found (15-20 nm). However, in the case of Ag/AgO-’AA_>°AR, both particle size values
were observed (Fig. 3c and 3d). The obtained larger particles could be assigned as (i)
agglomerated silver nanoparticles [44] or (ii) AgxO [36, 38]. Since, as shown in Fig. 3, there
is no any sign of agglomerated metal nanoparticles and the sample Ag/AgO-1AA °AR
shows a lower value of plasmonic resonance band position (451 nm, Fig. 1e), therefore we
can suppose that AgxO was formed. In order to elucidate this hypothesis, results of XPS
investigations are discussed in later sections of the paper.

As it is shown in Fig. 4a, the as-synthesized metal-based nanoparticles can influence the
light absorption capacity of TiO.. As it was predictable from the literature, the calculated
values for the indirect band gap energy (Eg) were between 2.97-3.18 eV (Fig. 4b) for the bare
catalysts (*AA_YAR). However, it is also not surprising that by noble metal deposition
(Ag/AgO-"AA _YAR) on the surface of titania, those values shifted to the visible light range
(Fig. 4b). Without any reducing agent (Ag/AgO-*AA_YAR_woNaBHg), the obtained values
are closer to the values of the titania mixtures. Therefore, we focused on the composites,
where Ag/AgxO nanoparticles were deposited by using the reducing agent. In the case of
Ag/AgO-*AA YAR only Ag/AgO->AA_"AR (2.79 eV, Fig. 4b) resulted higher band gap
energy value than the commercial catalysts (2.55 eV, Fig. 4b). In all other cases the
modification of the composites was successful, moreover in the case of Ag/AgO-""AA_®AR
sample resulted in 20 % (+0.53 eV) increasing of band-gap energy value (Ag/AgO-
SAA_BAR-2.38 eV; PAA_BAR-2.91 eV, Fig. 4b).
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Figure 4. (a) diffuse reflectance spectroscopy of the samples; (b) band gap energy values of
bare and modified TiO; catalysts.

As the ratio of titania-based crystal phases changed, two different light absorption
capacities were detected (Fig. 4a), due to the presence of rutile and anatase, therefore the
specific indirect band gap energy value cannot be clarified based on the two crystal phase-
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specific band gap energy weighted average. The mixture of AA and AR showed a weighted
average band gap value, and sometimes also lower values were obtained (Fig. 4). The reason
for the lower band gap energy values can be attributed to the enhanced electron transfer
between the two titania phases.

As it is shown in Fig. 5, by increasing the amount of the anatase in the case of
*AA_YAR samples resulted in a smaller increase in the first order derivative spectra — laa/lar
value. Thus, that the light absorption of photostable rutile is more favored. Moreover, only in
the cases of 1°AA_°AR samples, the anatase dR/d) peak is more intense than the rutile with a
2.94 AA/AR ratio value (Fig. 5). However, since the commercial Aldrich anatase contains a
small amount of rutile an apparent ratio was noted, AA/AR ratio is not “infinite”. If the light
absorption would be “ideal”, then the intensity ratio Iaa/lar should be the same as the weight
ratio of AA and AR. In the case of the Ag/AgO-"AA YAR sample series (red straight line),
Iaa/lar ratio changed significantly in favor of anatase. In the case of the Ag/AgO-1°AA °AR
sample, the intensity ratio value was 80 % higher than in the corresponding bare
photocatalyst. The reduced electron transition band intensity value of rutile is due to fact that
the metal nanoparticle accepts an electron from the conduction band of rutile. Consequently,
the Ag metal nanoparticles should be located on the surface of rutile; otherwise, the electron
transfer would not be possible.

In the cases of Ag/AgO-’AA PAR and Ag/AgO-1°AA *°AR samples, silver
nanoparticles were detected by XRD (Fig. 2). If the character of the Ag nanoparticle did not
change its structure, the AA/AR ratio increase would be linear. It was evident that the Ag
nanoparticles changed their structure, characteristics and even transformed into other
compounds during or after the deposition process because reaching the sample Ag/AgO-
SAA_2°AR, the intensity of the AA/AR ratio suddenly increases (Fig. 5). Because we have
not found any sign of other crystal structures (Fig. 2), the newly formed silver-containing
material may be amorphous. This is a somewhat plausible approach as AgxO can be obtained
easily from Ag.

Based on the 1aa/lar from the first derivatives of DRS, we can conclude that the
presence of anatase and rutile can control the ratio of the Ag/AgxO. While the amount of
rutile is higher in samples, the obtained trend is linear. Reaching the "AA_2°AR, the trend

changed suddenly due to the character change of the Ag nanoparticles.

14



rutile (%)
60 40

100 80 20 0
] . 1 . 1 . | . ] . I
—— AA_AR
8 —|—#=— Ag/AgO-AA/AR
6 -
24
<
:<(
—< —
2 -
O -
T T T T T T T T T T T
0 20 40 60 80 100

anatase (%)

Figure 5. Ag/AgxO formation effect on the anatase and rutile electron transition band ratios

obtained from the first order derivative of the DRS spectra.

Based on the other experimental approaches and facts provided until this point of the
present manuscript, it was clear that several silver species can be present on the surface of our
materials. It was also clearly demonstrated that by changing the anatase and rutile ratio within
the composites, the ratio of the Ag species is changing as well. Hence, it was necessary to
identify these species. Considering the experimental data available it was suspected that AgO
formation was favored by the presence of anatase, while Ag by the presence of rutile,
therefore, the samples’ Ag3d XPS spectra were analyzed. In the case of sample Ag/AgO-
10AA °AR both under the d5/2 and d3/2 signal just one clear peak was detected, namely at
366.8 eV and 372.8 eV (Figure 6 A). The values are far away from the Ag and Ag.0 signals
and can be attributed only to AgO [47], which reinforces the speculations and the indirect
evidence brought up until now. Next, the sample containing 50% anatase and 50% rutile was
analyzed (Ag/AgO-’AA _°AR) and it was expected that a considerable amount of Ag should
be visible in the Ag3d XPS spectrum at 368.4 eV and 374.0 eV [48]. The expectations were
fulfilled partially as 12.7% of the total silver species was metallic silver, while the rest was
AgO. However, with the increase of the rutile content the amount of Ag increased gradually
(0% - Ag/AgO-'CAA °AR, 7.2% - Ag/AgO-"°AA_°AR, 12.7% - Ag/AgO-*’AA_ AR and
15.1% - Ag/AgO-AA_1PAR). It should be mentioned that Ag nanoparticles are known to

oxidize quite easily, therefore the original metallic silver content cannot be measured
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accurately. Moreover, the sample without anatase contained 10.4% of Ag.O (identified at
367.7 eV and 373.8 eV) [49] pointing out that a higher amount of Ag was present initially,

while Ag20 represents an intermediate step in the oxidation.

O Raw Data A O Raw Data B
| |—— AgO 3d5/2 | [——AgO 3d5/2
—— AgO 3d3/2 —— AgO 3d3/2 o
- - - - Background —--—+ Ag 3d5/2
[ Envelope —--—- Ag 3d3/2
- - - - Background
Envelope

Intensity (cps)
Intensity (cps)

375 374 373 372 371 370 369 368 367 366 365 364 375 374 373 372 371 370 369 368 367 366 365 364
Binding Energy (eV) Binding Energy (eV)

Figure 6: The Ag3d XPS spectra of the samples Ag/AgO-1°’AA _°AR (A) and Ag/AgO-
SAA-PAR (B), demonstrating the presence of the two discussed species Ag and AgO,
respectively. The envelope curve was represented by points (A) due to the overlapping of the

spin-splitted signal components with the fitted main curve.

3.2. Effect of the noble metal-based nanoparticles on the photocatalytic activity of the

titania

As can be seen in Fig. 6, the °AA AR composites have the highest oxalic acid
degradation yield (bare: 98.9 %; modified: 89.6 %, Fig. 7a), and *°®AA_°AR samples have the
highest activity in the degradation of phenol (bare: 60.6%, modified: 55 %, Fig. 7a).
Interestingly, the commercial composites had higher activity than the modified TiO», when
only one crystal phase was present. Sample Ag/AgO-">AA_2°AR was an exception in the
degradation of both phenol and oxalic acid, which was not surprising, as this sample was an
exception also concerning its plasmonic band location at 357 nm (Fig. 1e) and it has the
lowest indirect band gap energy (Fig. 4, 2.38 eV).
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Figure 7. (a) Oxalic acid (black) and phenol (red) conversion on bare (hollow squares) and
Ag/AgO modified (filled squares) photocatalysts; possible electron transfer mechanism on (b)
Ag/AgO-AA 1AR:; (c) Ag/AgO-"AA *°AR; (d) Ag/AgO-1?°AA °AR composites.

Based on Fig. 5, we found that by increasing the amount of anatase, the degradation
yields would increase as well because anatase is generally considered a photocatalyst with
higher yields, compared to rutile. This was proven in the case of phenol degradation but was
not applicable in the case of oxalic acid, where the degradation yield decreases with the
increase of the amount of anatase. It is well-known that during the usual photocatalytic
degradation on the surface of titania-based materials, oxalic acid can adsorb quite well on the
surface of the catalyst, while shows a much weaker affinity towards the surface of titania. The
rutile phase is favorable compared to anatase because rutile can adsorb oxalic acid with
higher efficiency than phenol [50]. Moreover, in the case of phenol degradation, sample
OAA_1°AR had the lowest efficiency, because phenol adsorbs poorly. Presumably, in the case
of rutile, adsorption/degradation of intermediates forming during phenol decomposition was
favorable, while anatase adsorbs the intermediates with lower efficiency, degrading the
phenol in the meantime with higher yield and making the surface available for radical

generation and thus finally for phenol degradation. This statement can also be supported
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because as the amount of the rutile increases in the samples, the amount of degraded oxalic
acid is also increasing, while the concomitantly higher amount of anatase resulted in higher
phenol degradation.

In order to explain the behavior of the composites, we have proposed an electron
transfer mechanism for each composite system (Fig. 7 b-d).

(i) binary composite (Fig. 7b): in the case of Ag/AgO-"AA_PAR, the electron transfer
occurs between the silver nanoparticle and rutile. This electron transfer has already been
proven [43].

(i) tertiary composite (Fig. 7d): in the case of Ag/AgO-1°’AA °AR, the electron transfer
is preferred between the anatase crystals and silver(l1)-oxide particles, then between the rutile
and anatase crystal phase, due to the low rutile content.

(ii1) quaternary composite (Fig. 7c): silver nanoparticles transformed to AgxO with an
increased amount of anatase (as shown in Fig. 5). In addition to the electron transfer between
AgO and TiOz (suspected above, (ii)), an electron transition can also occur between anatase
and rutile (in this case, the amount of the rutile is higher). The possibility of the anatase to
interact with rutile is more tranquil than with AgxO, and due to that, the amount of the rutile
is higher. Moreover, the Ag nanoparticles can accept the electrons from rutile (the electron
will neutralize the generated hole in the rutile valance band from the anatase conduction
band). Therefore, we can propose the existence of a quaternary composite, in which the
electron from the anatase structure is “short-circuiting” another material, which resulted in
low degradation yields.

The same mechanism could be applied in the case of other quaternary composites,
where also the rutile-anatase electron transfer occurs. By increasing the amount of the
anatase, the number of the electrons on the valance band is increasing. Therefore, it can be
concluded that the chance that the electron is promoted from the conduction band of rutile to
the conduction band of anatase is higher than the probability of the recombination on the
rutile with the electron originating from the conduction band of anatase. Therefore, the
number of holes necessary for the degradation of oxalic acid is not reached.

(iv) using the bare commercial TiO2 composites, the anatase-rutile electron transfer could
occur quickly, therefore they were able to degrade the model pollutants.

The supposed electron transfer mechanism can also be proven by using the degradation
curve. For the degradation of oxalic acid, holes are needed, which has a preferred formation
in this case, as shown in Fig. 7b, Ag nanoparticles accept the electrons from the conduction

band of rutile, while in another case the hole traps an electron from anatase or AgxO. The
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high degradation yield of phenol can be related to the amount of anatase since the anatase
degraded phenol with higher efficiency than the rutile.

We can conclude that Ag nanoparticles enhanced the charge transfer on the surface of
the titania if both crystal phases were present. Interestingly, if only rutile were present
(CAA _0AR), the bare catalyst degraded efficiently oxalic acid compared to the modified
TiO2. Similarly, 1°AA _°AR degraded phenol with higher yield comparing to the silver
modified catalyst.

It is worth to mention that the activity of the catalysts was also investigated under
visible light irradiation, but they have exhibited negligible activity (less than 8 %).

In order to understand the photocatalytic performance of the samples,
photoluminescence measurements were carried out at an excitation wavelength of 325 nm. As
can be seen in Fig. S2, with increasing rutile content, the characteristic emission band of TiO-
showed a redshift (376 nm—385 nm) while the single band was split to a double peak, which
is specific for the rutile based samples. With the deposition of the Ag nanoparticles, the band
around 400 nm suffered a blueshift (except of sample Ag/AgO-""AA_*AR, which was
unexpected, because it had one of the lowest plasmonic resonance band and the second-
highest efficiency in the degradation for each model pollutant). We have also detected an
enhancement in PL spectra in Ag_AgO _°AA 1%°AR and Ag_AgO_'®AA °AR samples,
which could be attributed to the excitation of surface plasmons in Ag or AgO nanoparticles
[51].

For a more in-depth investigation, we have deconvoluted the obtained PL spectra (Fig.
S3). In the case of bare catalysts, we have found four different bands (376-385 nm; 411-423
nm; 461-467 nm; 513-521 nm), while in the case of modified catalysts five different peaks
could be observed (375 nm; 392-411 nm; 418-433 nm; 467-470 nm; 513-528 nm). The first
major difference between the modified and the bare catalysts is that the modified catalysts
resulted in one more intensive response at the 392-411 nm region (second peaks). This band
could be attributed to the presence of Ag/AgxO nanoparticles. Figs. S2, S3 shows the PL peak
at ~375 nm (modified) and 376-385 nm (bare), which can be attributed to the presence of
anatase (recombination of photoexcited electron-hole pairs) [52]. On the other hand, the peak
around 375 nm cannot be observed in emission spectra of ’AA_°AR and Ag/AgO-

OAA AR samples. Other bands were also observed, which were located at 411-433 nm,
461-470 nm, and 513-521 nm, which could be attributed to the shallow traps and oxygen

vacancies [34].
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As you can see in Fig. 8, a correlation between the PL measurements and phenol
degradation was observed. Interestingly, the photoactivity increases with the increase of the
photoluminescence of the 411-433 band. At first sight, it seems that these are contradictory
results. However, if the luminescence signals’ origin lies within recombination phenomena in
traps, then the higher conversion of phenol is explainable. More precisely, if the charge traps
are functioning correctly, some of the photogenerated electrons or holes can be trapped (and
eventually neutralized by the other generated charge carrier pairs generated in the trap’s
vicinity), while its counterpart can freely migrate to the Ag-based components and generate
reactive radical species, such as *OH and *O%",
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Figure 8. Correlation between the intensity of the 418-431 nm photoluminescence band
with the conversion of phenol under UV irradiation.

3.3. Stability investigation of the samples
As it was already shown in the literature that the Ag-based materials can have stability
and photocorrosion related issues [53], we examined the photocorrosion of the Ag
nanoparticles with diffuse reflectance spectroscopy and with photodegradation tests in order

to investigate the recyclability and long term stability of the samples.

3.3.1. Long term stability investigations
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We have remeasured the diffuse reflectance spectra of the samples (after 6 months after
the initial synthesis), to examine the possible transformation of silver nanoparticles into AgxO
during the time.

In Table 1, we can observe the original value, which was obtained from the spectra
measured after the synthesis processes and also the re-measured for value (after 6 months).
We have remeasured the sample to figure out the possible transformation of the Ag
nanoparticles. The “after the 2" catalytic process” is the value of the samples, which are
measured after the second degradation processes. In the first instance, we can assume that the
silver nanoparticles have transformed into Ag20 during the time (also discussed in the
paragraph dealing with XPS results). The plasmonic band of Ag/AgO-’AA_'PAR was
initially located at 463 nm (Table 1), and after 6 months has and showed a redshift (to 475
nm, Table 1). Moreover, the band becomes narrower than the primary one.

The other samples (Ag/AgO-AA_°AR; Ag/AgO-1PAA °AR) did not show any
significant changes in their plasmonic band changes in time. Therefore, we can suppose that

the content AgO is affected by any major aging process of six months.

Table 1. The position of the plasmonic band maximum of the samples in different

conditions.
o Re-measured After the 2"d catalytic process
Original
(hm) -after 6 months- "5 4ic acid phenol
(nm) (hm) (hm)

Ag/AgO-°AA_1OAR | 463 474 444 453
Ag/AgO-LAA VAR | 453 457 471 478
Ag/AgO-1°AA °AR | 451 455 465 481

3.3.2.  Recyclability of the samples

During the recyclability test of the samples, in the first instance, it was observed that the
Ag/AgO-PAA_1PAR sample’s photoactivity was higher in the second cycle compared to the
first one with 11 %, which confirmed the formation of Ag.0O in time, which re-transformed
into Ag, enhancing the degradation of oxalic acid and phenol. In the case of oxalic acid, the
Ag/AgO-LAA AR and Ag/AgO-1°AA AR samples showed the same degradation yield in
the second cycle. Since the position of the re-measured plasmonic resonance bands are the
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same and there is no significant decrease/increase of the degradation yield in the second

cycle, the small changes of the plasmonic resonance bands can be attributed to the

agglomeration of Ag/AgxO nanoparticles. In the case of phenol, there is a minimal decrease
in conversion value by using the Ag_AgO_°AA °AR catalyst.

After the degradation processes, the plasmonic resonance bands showed a blue shift

(oxalic acid — 444 nm; phenol- 453 nm, Table 1). The obtained plasmonic resonance bands

have their maxima at a lower wavelength, which means that they have re-transformed to Ag
nanoparticles. We suspected that this was possible by the reduction of AgxO by the
photogenerated electrons. The plasmonic resonance bands of the Ag/AgO-*AA °AR and

Ag/AgO-1°AA OAR suffer a redshift, which could be attributed to the agglomeration of

silver/silver-oxide nanoparticles [43, 44].

We can also conclude that the catalysts are not “deteriorated” during the catalytic

processes, as the activity of the samples is unchanged or even higher in the second cycle

(Figure 9).
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Figure 9. Recycling test on the Ag/AgO-’AA_1°AR; Ag/AgO-*AA °AR; Ag/AgO-

10AA °AR samples (black — oxalic acid, red- phenol)
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4. Conclusions

As it was already known and predictable from the literature and our previous results,
Ag nanoparticles were unstable and transformed into AgO nanoparticles, which process can
be controlled by using different mixtures of commercial TiO (Aldrich anatase (AA) and
rutile (AR)). Ag nanoparticles can be deposited preferentially on rutile, while they could be
transformed into other silver-based nanoparticles (AgxO) by increasing the amount of the
anatase. Considering the results from DRS measurements, it can be affirmed that the Ag
nanoparticles deposited on the surface of rutile can increase the efficiency of charge
separation while on the surface of the anatase, the formed amorphous AgO nanoparticles are
behaving similarly.

Regarding the photocatalytic efficiencies of oxalic acid, we can conclude that the rutile
crystal phase is required for the sufficient degradation process. The photocatalytic efficiencies
of the tertiary and quaternary composites were higher than those of the corresponding
commercial TiO2 mixtures. In the case of phenol degradation, anatase proved to be
responsible for the degradation of the contaminant, while rutile can preferentially adsorb the
intermediates during the degradation process.

After the aging process, the Ag nanoparticles deposited on the crytal phase of rutile
were transformed into Ag>0 which have re-transformed to Ag nanoparticles after the
degradation processes. On the other hand, the AgO on the surface of the anatase maintained

its long term stability and the photocatalytic efficiency.
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