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ABSTRACT Photocatalytic activity of Ag/TiO, composites obtained by photoreduction treatment (PRT) was investigated. The composite
materials, containing various ratio of silver nanoparticles (0.6—3.7 wt %) were obtained by depositing silver on the Evonic-Degussa
P25 titania surface. Selected samples whose color varied between light rose and purple brown were examined by SEM, TEM, XPS,
DRS, and BET techniques. Flat band potential was determined using Roy method. TEM analysis showed spherically shaped silver
nanoparticles of the diameter 4—12 nm. The XPS measurements revealed that silver particles were obtained mainly in metallic form.
DRS spectra and photovoltage measurements showed that silver nanoparticles modified the P25 spectral properties but they changed
neither the band gap nor the location of flat band potential. The photocatalytic activity of Ag/P25 composite was compared to the
photocatalytic activity of pure P25 in the photooxidation reaction of an important potable water contaminant humic acid (HA) and
two model compounds, oxalic acid (OxA) and formic acid (FA). The photodecomposition reaction was investigated in a batch reactor
containing aqueous suspension of a photocatalyst illuminated by either UV or artificial sunlight (halogen lamp). The tests proved that
a small amount of silver nanoparticles deposited on the titania surface triggers the increase in photocatalytic activity; this increase

depends, however, on the decomposed substance.
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INTRODUCTION
eterogeneous photocatalysis is an economically

alternative and environmentally safe technology of

advanced oxidation processes (AOP) for removal of
organic impurities from water. During that process, the
semiconductor illuminated by light of the proper wavelength
absorbs light and generates active species, which oxidize the
organic compounds dissolved in water. The most popular
and promising material for this application is TiO, because
of its high physical and chemical stability, nontoxicity, and
low price (1). However, its main drawbacks of low quantum
yield and limited photoresponse range (A < 380 nm) hinder
its application and commercialization (2). To handle those
problems, researchers have adopted numerous strategies,
including phase and morphological control, doping, sensi-
tizations, and semiconductor coupling (1—14). Recently,
there has been a great interest in the photoelectrochemical
properties of nanostructured TiO, films such as photovoltaic
(15, 16), photocatalytic (17), optical (18), and water splitting
ability (19). Several researchers reported that modification
of the TiO, surface with metals like Pt, Fe, Ag, Au, and Pd is
promising as a tool to enhance the photocatalytic activity of
TiO, and to increase the quantum yield (20—23). In particu-
lar, silver nanoparticles deposited on TiO, substrate (Ag/
TiO,) have attracted significant attention because of non-
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toxicity of this metal with remarkable catalytic and antibac-
terial activity (24—30). Moreover, silver is particularly suit-
able for industrial applications because of its relatively low
price and the ease of the Ag/TiO, composite preparation
when compared to other metals. Activity of those materials
has been tested with many organic compounds like organic
dyes (31, 32), phenols, ketones (25), carboxylic acids (33)
in solid—liquid as well as in solid—gas systems. In those
kinds of reactions, the Ag/TiO, composite showed usually
higher activity than bare titania. The most common and
promising methods of preparation of Ag/TiO, composites,
which make possible approaching the systems of high
efficiency and low cost are sol—gel (34, 35), PRT (36, 37),
and CVD (38) ones.

The aim of this work was the optimization of the prepara-
tion procedure of Ag/TiO, composites by using organic metal
basis in PRT reaction and minimizing the diameter of Ag
particles. The composites were synthesized from organic
silver salt (silver acetate). The application of acetate in the
PRT reaction allowed synthesizing metallic nanoparticles
without any additional reducer. In such photoreaction pro-
cess, the organic anion (sacrificial reagent) causes reduction
of silver cations to the metallic state. It makes that kind of
synthesis simple, fast, and relatively cheap, and makes it
possible to obtain pure composites without any impurities,
which is a big advantage when compared to reduction of
AgNOs5 (39—41). The Ag/TiO, photocatalysts containing
silver particles were tested in the decomposition of selected
organic compounds like oxalic acid (OxA), formic acid (FA),
and humic acid (HA) (42). Results recorded for silver modi-
fied titania were compared to pure P25.
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In this paper, we take special note of potential applica-
tions of the investigated materials for environmental pollut-
ant elimination from water potentially connected with the
photoinduced elimination of micro-organisms. So, the activ-
ity of obtained photocatalysts was tested with the natural
contaminant, humic acid (HA), which appears frequently in
natural waters. That species is a significant component of
humic substances derived from the decomposition of plant
and animal matter (43). It is a complex mixture of organic
compounds hardly removable in the water treatment pro-
cesses. The presence of humic substances can impart an
undesirable taste and color to drinking water, which forces
the search for highly effective methods for removing those
kinds of contaminations (44).

EXPERIMENTAL SECTION

Materials and Reagents. TiO, (P25, 25% rutile and 75%
anatase) was kindly supplied by Evonic-Degussa. Silver acetate
99.99 % metals basis, barium sulfate ((ReagentPlus, 99 %), and
humic acid sodium salt (technical grade) were purchased form
Sigma-Aldrich. Other reagents were obtained from POCh Gli-
wice, Poland (oxalic acid (OxA) 99.5%, p.a., potassium man-
ganate (VI) (99.0 %, p.a.), potassium thiocyanate (99.0 %, p.a.),
nitric acid (65.0%, p.a), sodium carbonate (anhydrous, 99.8 %
p.a.), silver nitrate (p.a), and sulfuric acid (=95.0%, p.a.)), and
Fluka (formic acid (FA) 98.0 % p.a.). Solution of humic acid was
made from Sigma-Aldrich technical HA sodium salt and used
after filtration (0.45 um) and centrifugation (12.000 rpm for 30
min) to remove coarse particles. Methylviologen hexafluoro-
phosphate was kindly supplied by Jagiellonian University, De-
partment of Chemistry. All reagents were used as received
without further purification. Deionized water of Millipore Direct
Q UV quality was used in all experiments.

Preparation of Ag/TiO,. The Ag/TiO, nanocomposites were
obtained by a photoreduction treatment (PRT). The composite
suspension (40 mL) was prepared by mixing P25 powder (1 g)
with different volumes of CH;COOAg aqueous solution (0.05 M)
and deionized water. The suspension was then sonificated for
10 min, and finally agitated (300 rpm) and irradiated with a
high-pressure xenon arc lamp (250 W) for 1 h in a quartz flat
bottomed cell. The resulting Ag/TiO, nanocomposite was re-
covered by filtration, rinsed with deionized water several times,
and finally, dried at 40 °C in the dark. The composites were
prepared for following Ag/TiO, ratios in the synthesis mixture
(%):1,2,3,5,10, 20, and 30. The determination of real silver
concentration in composite was done by dissolving silver from
the composite in nitric acid and titration using the Volhard
method. In the further text, the real concentration of silver,
presented in wt %, is given.

Material Characterization. The scanning electron micros-
copy (SEM) images and EDXS analysis were performed with a
JEOL JSM-7500F field-emission apparatus operated at 15 kV.
The samples were analyzed without any surface treatment.

The TECNAI G2 instrument equipped with EDXS system was
used for transmission electron microscopy (TEM) investigations.
Apparatus was operated at 200 kV.

The X-ray photoelectron spectroscopy (XPS) and X-ray ex-
cited Auger electron spectroscopy (XAES) measurements were
performed using an XPS spectrometer equipped with a hemi-
spherical analyzer (R4000, Gammadata Scienta) and MgKa
(1253.6 eV) radiation. The power of the X-ray source was 240
W and the analyzer pass energy was 100 eV, corresponding to
a full width at half-maximum (fwhm) of 0.9 eV for the Ag 3ds,,
peak. The area of the analyzed sample was approximately 3
mm?. The powder samples were pressed into indium foil and
mounted on a dedicated holder. In the case of Ag/TiO, suspen-
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sions, the drop of liquid sample was dried at the gold sheet
surface and then analyzed. The binding energy (BE) was
calibrated using Cu, Au, and Ag foils as reference materials,
according to the ISO 15472:2001 procedure.

DRS measurements were performed with a Perkin-Elmer
Lambda 35 spectrometer provided with a diffuse reflectance
accessory. Photocatalysts were diluted with BaSO4 (10 mg of
photocatalyst and 1 g of BaSO,4) and ground in an agate mortar.
Subsequently, 10 mm pellets were prepared for the analysis.
The background reflectance of BaSO4; was measured first.
Spectra were registered in the 190—1100 nm range with 240
nm/min scan speed.

Flat band potential was determined using the Roy method
(45). Setup was assembled with a thermostatted flat-bottomed
cell made from Pyrex glass. A 1 cm? Pt foil electrode was used
as a working electrode and Ag/AgCl/sat.KCl electrode as the
reference electrode. A combined glass electrode was used for
pH measurement. All these electrodes were inserted through
the Plexiglas lid covering the cell. pH was adjusted by means
of an infusion pump (TSE systems NE-1000) with 0.1 M Na,COs;
after suspension acidification by concentrated sulfuric acid.
One-hundred milligrams of of semiconductor powder was
placed in the cell and 100 mL of 0.1 M KNO5 was added. Then
suspension was sonificated for 15 min and the mixture was
purged from oxygen by intensive bubbling with laboratory
grade Ar (Linde) for 15 min, and then 20 mg of methylviologen
was added. The mixture was again bubbled with argon for 10
min. During the measurement suspension was irradiated with
250 W xenon arc lamp, stirred with mechanical stirrer and
continuously bubbled with Ar. The potential of the working
electrode was recorded with a Brymen BM857 multifunction
meter. An Elmetron CX-401 multifunction meter was used for
pH measurements.

The cyclic voltammetry (CV) measurements were carried out
using PGSTAT302N potentiostat/galvanostat (Autolab). Glass cell
with Pt foil counter electrode, Ag/AgCl/sat.KCl electrode as the
reference electrode and Pt wire as a working electrode was used
in the measurements. Solutions were purified from oxygen by
bubbling with laboratory grade argon (Linde) for 15 min before
measurements. The CV measurements were performed at the
sweep rate of 100 mV/s and 0.1 M KNOs was used as a base
electrolyte.

The Brunauer—Emmett—Teller (BET) surface area of the
powder samples was determined with a QuantaChrome Au-
tosorb-1 instrument. The surface area of the samples was
obtained from nitrogen adsorption isotherms after outgassing
for 18 h at the temperature of 20 °C.

Photodegradation Experiments. The photooxidation experi-
ments were performed in two identical quartz flat bottomed
batch reactors of the volume 40 mL. In the first reactor, a
halogen lamp (150 W, Philips) was used as the artificial sunlight
(ASL) source; in the other one, dedicated for ultraviolet (UV),
the high-pressure xenon arc lamp (250 W, Optel) was applied.
Both lamps were used without any cutoff filters, except the layer
of cooling water flowing below the bottom of the cell. The cell
illumination was monitored by the radiometer Radiometer RD
0.2/2/100 (Optel). In those measurements sensor was placed
at the top of the empty reactor. The distance between the source
and the sensor was about 25 cm for ASL and 15 cm for UV light
and the illumination area was 16.3 cm?. The irradiation intensity
was 68.8 mW/cm? for ASL and 48.8 mW/cm? for UV source.
The photocatalyst suspensions were stirred during the experi-
ments in both reactors with a mechanical stirrer at a constant
rate of 300 rpm. A mechanical stirrer with the stirring rod
positioned a few millimeters above the bottom of the cell was
used instead of a magnetic stirrer to avoid grinding of the TiO,
grains during the measurement. The temperature was stabilized
at 25 £ 0.5 °C (see Figure I in the Supporting Information).
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Table 1. Parameters of the Photodegradation
Experiments

contaminant OxA FA HA
Ceontaminant 5x 107*M 4 x107°M 40 mg/L
Cphu[ocalalyst (mg/L) 500 500 100
irradiation time (min) 5,20 60 60
analytical wavelength (nm) 195 208 254

Together with the sample used in a photocatalytic experi-
ment, an identical reference sample was prepared and kept in
the dark during the same period of time. After the experiment,
three portions of both suspension and reference samples were
taken, subjected to 25 min of centrifugation at 15 000 rpm to
separate TiO,, and then analyzed for the contaminant concen-
tration. In that way, the influence of adsorption on the TiO,
surface on the uptake of the contaminant from the solution was
eliminated. The concentration changes of different contami-
nants were determined by UV—vis spectrophotometery (Specord
40, Analytik Jena). The most characteristic wavelength of
maximum light absorption was chosen for all contaminants.
After preliminary experiments, the following photocatalyst and
contaminant concentrations as well as irradiation times were
chosen for testing the activity of the Ag/TiO, composites, as
shown in Table 1.

The initial contaminant concentrations were selected to fit
the optimum spectrophotometer absorbance range of 1.0—2.0.
The percentage of the decomposed contamination was calcu-
lated using following eq 1

% decomp

Ay — A)
100 (%)

A "

where A, is absorbance of the reference sample and A is the
suspension absorbance after irradiation.

Sample preparation to the spectrophotometric measurement
is schematically showed in Figure 1. Stability of investigated
compounds versus decomposition under the influence of ir-
radiation was checked in blank experiments without the pho-
tocatalyst. After 3 h of illumination under ASL and UV light, the
photodecomposition effect was negligibly small for all used
substrates.

The usefulness of spectrophotometery to the determination
of the oxalic acid was confirmed by manganometric titration
with potassium manganate(VII).

RESULTS AND DISCUSSION

Photocatalytic Activity. In the first stage of the
experiments, the optimum ratio of the silver nanoparticles
to titanium oxide was determined. Oxalic acid was chosen
as a model compound because of its outstanding stability
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FIGURE 2. Decomposition efficiency for oxalic acid under ASL and
UV irradiation for various silver concentration in Ag/P25 composite.

Table 2. Photocatalytic Activity of P25 and
Aelected Ag/P25 Composites in Photocatalytic
Degradation of Various Contaminants

pure P25 Ag/P25, 1.0 wt %

AgIP25, 2.1 wt %

irradiation
sample time/min ASL UV ASL uv ASL uv
OxA 20 9.3 529 263 99.2 26.5 95.1
5 19.2 57.3 54.2
FA 60 0.6 6.6 0.5 14.5 2.1 21.3
HA 60 3.0 344 4.1 41.5 3.6 62.7

under both UV and ASL irradiation. Figure 2 shows the
dependence of the conversion of OxA in the photocatalytic
process on the Ag/TiO, ratio in the composite. The effective-
ness of OxA decomposition increased rapidly up to a 1.0 wt
% AgITiO, ratio and approached a flat maximum between
0.8 and 1.2 wt %; the effectiveness then stabilized. The
shape of curves suggests that 1 wt % silver nanoparticles is
high enough to reach optimum photoactivity.

Figure II in the Supporting Information shows the OxA
decomposition Kinetics. The shape of the curves suggested
the Langmuir—Hinshelwood reaction mechanism, which is
in good agreement with the results of other works (46, 47).
That mechanism is well-known and widely accepted in
heterogeneous photocatalysis.

Almost 100% decomposition of oxalic acid has been
attained in 20 min when UV radiation was used. The Ag/
TiO, composite containing at least 1.0 and 2.1 wt % of Ag
irradiated by UV light showed about twice as high activity
as pure P25 (Table 2). What is even more important is that
very high photoactivity for OxA decomposition was also
observed under ASL irradiation.
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FIGURE 1. Sample preparation to the spectrophotometric measurement.
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Table 3. XPS and EDXS Analysis of Ag/P25-2.1 wt % Composite Freshly Synthesized (1), Suspension of
Ag/TiO, Composite in HA Solution Kept in the Dark (2), Suspension after ASL Irradiation (3), Suspension after

UV Irradiation (4)*

Ag 3ds, (A) Ag 3dsp, (B)
sample BE (eV) % BE (eV) % AZ L4NysNys (€V) o (eV) XPS Ag/Ti EDXS Ag/Ti
1 367.7 78.2 368.6 21.8 358.4 726.1 0.081 0.018
2 368.0 82.4 369.4 17.6 357.6 725.6 0.096 0.013
3 367.8 93.2 369.2 6.8 358.9 726.7 0.065 0.011
4 367.5 83.7 368.5 16.3 358.4 725.9 0.124 0.015

“ A, ratio of the intensity of the Ag 3d emission line that may be ascribed to metallic silver; B, ratio of the higher BE component.

To confirm the applicability of spectrophotometric mea-
surements in determination of OxA uptake from the solu-
tion, we performed some experiments with the application
of manganometric titration. Obtained results showed that
spectrophotometric measurements give practically the same
results as manganometric titration. The difference between
the values of concentration registered for these two measur-
ing techniques was 2.4 % for ASL irradiation and 1.1 % for
UV irradiation.

The same photocatalytic tests as for OxA were performed
for formic acid. Significant increase in activity for the Ag-
modified sample was observed in the case of UV irradiation
(Table 2) for both FA and HA. In the case of ASL irradiation
of the composite containing 1.0 and 2.1 wt % Ag, decom-
position of FA was practically the same as for the unmodified
sample. An increase in silver concentration to 2.1 wt %
resulted in some increase of the FA degradation under UV
irradiation when compared to 1 wt % Ag.

We found that our Ag/TiO, catalyst degrades HA under
UV irradiation effectively although its efficiency depends on
silver concentration (Table 2). For ASL irradiation, silver
addition to TiO, does not triggers the HA degradation.

XPS Analysis. The chemical composition of Ag/TiO,
composite before and after the photocatalytic tests was
analyzed by the XPS method (Table 3). The chemical state
of silver in the composite was determined by analysis of Ag
3d core excitation and Auger spectrum (XAES). The Ag 3d
peaks of all composite samples were slightly asymmetric.
Good fit was obtained when two doublets were applied in
the spectrum fitting procedure. The electron binding energy
(BE) of the most intense peak (A) was found in the range of
367.5—368.0 eV for all studied samples.

The Auger parameter (" = Ag 3ds;, (BE) + Ag LiNysNys
(KE)) showed values above 725 eV. Analysis of Ag 3ds,, BE
and o’ parameters showed that metallic silver is main silver
species present in the composite (48). No component that
might be ascribed to silver oxide was found in the spectrum
(48). Additionally, because the BE of the Ag 3d core excita-
tion depends on the particle size (49, 50), the presence of
the second peak at BE of 368.5—369.2 eV in the XPS spectra
suggests that part of silver at the TiO, surface forms nano-
particles. However, silver forming silver salts with some
organic acids may show a similar position of the higher BE
component (48).

The XPS analysis allowed calculation of the Ag to Ti
atomic ratio (Table 3). The XPS analysis depth for Ag and
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TiO, was estimated to 5.2 and 7.4 nm, respectively (51). The
results suggest that irradiation of the composite suspension
with either ASL or UV light changes Ag concentration at the
titania surface. The highest Ag concentration is observed at
the composite surface after UV irradiation (even higher than
in the case of as-synthesized sample) contrary to the ASL
irradiated one, where the lowest value was obtained. This
result was confirmed by EDXS analysis (Table 3) although
generally much lower values of the Ag/Ti were found. The
EDXS analysis depth is much larger comparing to XPS, it can
approach 1 um. Taking the above into account, the com-
parison of the results of XPS and EDS analyses shows that
Ag clusters/nanoparticles decorated the TiO, surface. Fur-
ther, on the basis of the XPS and EDXS analysis, one can
conclude that the ratio of the surface occupied by Ag
nanoparticles increases significantly after UV treatment. The
following mechanism may explain observed behavior. Silver
nanoparticles are surface oxidized and the silver is partially
removed from the surface. On the other hand, the presence
of organic species causes reduction of Ag" ions under UV
irradiation and redeposition of silver on the titania surface,
which increases the surface area occupied by silver nano-
particles. In the case of ASL irradiation, the reduction process
is slower than under UV so the amount of silver on the
surface after ASL irradiation is lower than in the case of
sample kept in the dark.

SEM and EDXS Analysis. Images a and b in Figure 3
present the SEM images obtained for the Ag/TiO, composite
containing 1.2 wt % silver nanoparticles. Image a shows
morphology of the composite. In Figure 3b, the back-
scattered electrons (BSE) were used to obtain the SEM image
sensitive to the larger atomic number (2). In this picture, the
bright spots were identified as the silver nanoparticles. Most
of the Ag particles show rather low diameter (up to 20 nm)
although there is a small number of relatively large particles
(more then 50 nm). The titanium and silver concentrations
in the EDXS analyzed points (Figure 3b) are collected in
Table 4. The Ag concentration shows nonuniform distribu-
tion over the sample that varies from 1.7 to 5.2 wt %.

TEM and EDXS Analysis. The silver distribution over
the Ag/TiO, sample was also analyzed by TEM technique.
Figure 3¢ shows the inhomogeneity of the composite mor-
phology and nonuniform size distribution of TiO, particles.
The images obtained by using HAADF-TEM detector (Figure
3d) where the color brightness is proportional to the Z° value,
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FIGURE 3. (a) SEM and (b) BSE images of Ag/P25 composite (1.2 wt %), (c) TEM and (d) HAADF-TEM images of theAg/P25 composite (2.1

wt %).

Table 4. Distribution of Ag Nanoparticles

wt %
spectrum spectrum 1 spectrum 2 spectrum 3 spectrum. 4 mean std dev max min
Ti 94.8 98.2 98.3 97.7 97.2 1.7 98.3 94.8
Ag 5.2 1.8 1.7 2.3 2.8 1.7 5.2 1.7

showed single spherical Ag nanoparticles with diameter in
the range of 4—12 nm. The EDXS analysis confirmed pres-
ence of silver as the bright particles (S1; Figure 3d) and that
the substrate surface is free of silver outside the places where
the Ag particles adhere to the surface (S2; Figure 3d).

DRS and Flat Band Potential Analysis. To describe
the spectral properties of obtained composites, we per-
formed DRS measurements. Reflectance spectra were con-
verted to the absorbance spectra using Kubelka—Munk
equation (egs 2 and 3) (52).

(1 =R’
F(R_(A) = TSR 2)
R
R, = (3)
RBaSO4

where R is the reflectance recorded for a sample and Rgaso,
is the reflectance recorder for a reference.
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Notice that 2.1 wt % Ag/P25 composites absorb light in the
whole visible region, which might suggest that obtained pho-
tocatalyst could be active in the visible-light region. Absorption
of the visible light by this composite may be explained by
surface plasmon resonance effect (SPR). That effect relies on
excitation of collective electron oscillations in the metal nano-
particle by the electric field of electromagnetic wave. Magnifi-
cation of electric field inside and in the nearest neighborhood
of a nanoparticle is the direct reason of the appearance of many
optical effects. Figure I1I in the Supporting Information shows
absorbance spectra of pure P25 and the 2.1 wt % Ag/P25
composite. An additional absorbance band with a maximum
at about 570 nm observed for silver modified photocatalyst
may be ascribed to the plasmon effect.

To calculate the band-gap energy, we converted the
Kubelka—Munk function to the form (F(R..)E)'”? and changed
the wavelength to energy units (eV). Depending on the
choice of the method of extrapolation (see Figure 4), differ-
ent values of band gap energy may be obtained.

Depending on the mode of extrapolation (see Figure 4),
that method gives an ambiguous value of band-gap energy
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FIGURE 4. Determination of the band gap energy values for pure
P25 TiO, and TiO, -modified with Ag nanoparticles (2.1 wt % Ag/
P25 composite).
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FIGURE 5. Simulated shape of TiO, part and Ag part as well their
sum fitted to the spectrum registered for the 2.1 wt % Ag/P25
composite. The difference between the simulated and measured
spectrum is shown too.

charged by relatively high error. The authors offer another
solution, which uses additivity properties of absorbance
spectra obtained by Kubelka—Munk conversion. Thirteen
additive components were fitted to the contour of absor-
bance spectrum of silver composite using CasaXPS (ver.
2.3.12) program. The sum of 7 peaks was assigned to the
titanium dioxide spectrum and the sum of the other 6 peaks
to the silver spectrum. The simulated envelop was compared
with absorbance spectrum of the composite. Standard de-
viation was calculated to check fitting quality (Figure 5).

After that, the TiO, part of the composite spectrum was
transformed to the (F(R)E)'? form and compared with the
similarly converted pure P25 spectrum. In consequence value
of band-gap energy was obtained (see Figure 6). That method
of calculating band-gap energy gives highly probable results
charged by lower error than the previously described one.
Note that such measured band-gap energy for the composite
was practically identical to that of a pure P25 TiO,.

Flat band potential was measured for pure P25 and 2.1 %
Ag/P25 composite. Both measurements were repeated at
least three times. Determination of conduction band edge
energy was carried out using following equation

Ecy(PH) = Egyyocisn + k(pHy — pH) 4)
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FIGURE 6. Comparison of the band gap energy values for pure P25
and simulated TiO, part of the spectrum for the 2.1 wt % Ag/P25
spectrum.

Table 5. Location of Ecgand Eyg for Pure P25 and
2.1 wt % Ag/P25 Composite for pHs Values
Measured in the Suspensions Containing Various
Contaminants

vs Ag/AgCl

suspension Epg Ecp Evp

material  substrate pH pHo (ev) V) V)
pure P25 0 596+ 0.15 3.00 —0.09 291
OxA 3.36 —0.29 2.71
FA 2.63 —0.25 2.75
HA 6.55 —0.48 2.52
21wt % 0 598+ 0.10 3.04 —0.09 295
AgIP25 o 3.47 —030 2.74
FA 2.63 —0.25 2.79
HA 6.54 —0.48 2.56

where Ecy is conduction band edge energy, Egy++ = 0.445
V is methylviologen redox potential, & is a coefficient defin-
ing the Ecp change caused by unit pH change (for TiO,, kR =
0.059 V), pHy is the pH value when Ecg = Efyy2++, and pH is
suspension pH.

The pHy value was determined from inflection point as
an average of marked point on the graphs (see Figure [Va-b
in the Supporting Information).

Values of conduction band edge energy were calculated
for pH of zero and for suspension pHs (Table 5).

Obtained values of pHy for both photocatalysts were
practically the same, which is in accordance with literature
data (53, 54). Oxidation potentials of the OxA (+0.91 V) and
FA (+0.87 V) were determined by the CV and are located in
the band-gap region of TiO,. It was impossible to measure
HA oxidation potential because it is a mixture of different
compounds.

BET Analysis. The surface area obtained for 2.1 % Ag/
P25 (49.4 m?/g) was smaller than for pure P25 (56.6 m?/g).
Probably silver nanoparticles are deposited in the cracks and
holes of agglomerates of TiO,. It suggests that the composite
photoactivity was created only by synergic effect between
Ag nanoparticle and P25 that overcomes the observed effect
of the specific surface area decrease.

In general, the studied system shows outstanding cata-
lytic activity in the ultraviolet light region. Under ASL irradia-
tion silver composites showed high activity only in the
photodegradation of OxA.
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FIGURE 7. Comparison between the position of the Fermi level of
selected metals and location of the TiO, conduction band at the
potential of zero charge at different pH on the electronic state energy
scale.

The observed silver composite activity could be explained
by the fact that silver occupies an exceptional position
among metals from the point of view of its electronic
properties. The work function of silver is much lower than
the work function of other noble metals, especially gold and
platinum, and even lower than the work function of some
common metals like iron or nickel (see Figure 7).

At the same time, silver is relatively resistive to dissolu-
tion: the normal potential of the reaction Ag™ + e~ = Ag®is
much higher than the respective potentials of the common
metals and not much lower than of other noble metals. So,
metallic silver at the TiO, surface can resist the attack of
oxidizing agents from the solution or, vice versa, oxidized
silver is a strong oxidizer. The usual explanation for the
enhanced activity of the Pt or Au loaded TiO, is the forma-
tion of so-called Schottky barrier at the surface TiO,/metal.
The Fermi level of those metals is situated deeply below the
conduction band edge of TiO, (see Figure 7) and the elec-
trons can flow in one direction only, from TiO, to metal
(53, 54). At the metal surface they are consumed in a
reaction of hydrogen evolution or oxygen reduction. So, the
metal particles deposited at the TiO, surface becomes traps
for electrons, facilitating the process of charge separation
in the photocatalytic process. In the case of silver, the Fermi
level of the metal is situated close to the conduction band
edge of TiO,, and no Schottky barrier can be formed. So,
electrons can flow in both directions, enabling the capture
of a hole by the silver particle.

According to the literature, the decomposition of OxA on
bare TiO, surface proceeds probably according to the fol-
lowing mechanism (55, 56)

After excitation of TiO, with light of energy higher than
that of the band gap, electron—hole pairs are formed. The
photoinduced carriers migrate to the surface of the particles
where they take part in redox reactions. Holes oxidize water
or surface hydroxyls, whereas electrons reduce dissolved
oxygen (eq 1).

TiO,(hy,) + HOg, — TiO, + OH 4 (1)
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TiO,(eg) + Oppqy + H' — TiO, + HO, <= 0, + H'
2)

2 HO, — H,0, + O, 3)
H,0, + e, — OH™ + OH~ (4)

From both reactions 1 and 4, strong oxidizing hydroxyl
radicals are generated, which may in turn attack organic
contaminants like oxalate species (55)

HOOC-COO™ 4+ OH' — HOOC-COO™ + OH™  (5)
HOOC-COO" — CO,™ + CO, + H' (6)

HOOC-COO™ + O, — HO, +
2CO, (in the presence of oxygen) (7)

Another possibility is the direct oxidation of the organic
species by holes

HOOC-COO™ + hJ;, = HOOC-COO’ ®)

In the case of Ag/TiO, composites, the photodegradation
mechanism may proceed in two ways. In the presence of
hydrogen peroxide, which is formed in accordance with
equation 3, silver nanoparticles are surface oxidized (56)

0 + + .
Ag(nano) + HZOZ +H — Ag(surf. or susp.) +OH + HZO
9)

Ag" ions stay on the silver nanoparticle or they move into
the solution. In the latter case, Ag™ cations react with HC,0,~
anions and adsorb on the surface (eqs 8 and 9). HC,O4~
anions stand for 85 % of oxalate species present in solution
at this reaction condition (pH 3.5), which suggests that route
of oxidation process.

+ —
A8suspy T HOOC-COO  — HOOC-COOAE 105 o Ag surf)
(10)

After that process, adsorbed HC,0O,~ anions are oxidized
under the influence of hydroxyl radicals, which are produced
in the reaction of direct photoexcitation of TiO, (eq 10)

HOOC-COOAG 1105 or ag surty + OH” — HOOC-COO™ +

OH™ + Ag"™ (11)
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Reduction of Ag cations occurs with the participation of
carboxyl anion radicals created in the reaction 6 or photo-
generated electrons (see eq 12).

+ — 0
A8io2 oragsuh T CO2 = A8angy T CO,  (12)

+ - 0
Ag(TiOZ or Ag surf) + € Ag(nano) (13)

Oxidation of silver nanoparticles is also possible by the holes
generated in the valence band (see eq 13). After that process,
the oxalate oxidation cycle starts again according to equation
14.

Ag?nano) + Tioz(h:—b) - Ag:f—\gnano) + Tioz (14)

However, such a mechanism is possible only in the case of
UV irradiation. In the case of ASL irradiation, such a mech-
anism is impossible, because the condition for its occurrence
is the generation of the OH® radicals (reaction 4). In our
precise measurements, we have shown that the band gap
of TiO, in the Ag/TiO, composite is exactly the same as in
the case of pure TiO,. Note that in the case of similar
compounds, formic acid composite showed no activity. The
possible explanation may be found by invoking the proper-
ties of silver oxalate. That compound is sensitive to visible
light and decomposes under its influence. So, when the
adsorbed complex of oxalate anion on the Ag surface is
formed, it may also be sensitive to visible light and can
decompose under its influence, according to the following
reaction

hv
HOOC-COOAgG ) — HOOC-COO™ + Ag"  (15)

surf)

HOOC-COO" + H,0 — H,C,0, + OH"  (16)

Note that the transfer of electrons from silver to TiO, with
the creation of positive charge on the surface of silver would
facilitate adsorption of oxalate anion on the surface of silver.
Such transfer is very probable in view of the presented
position of the Ag Fermi level versus TiO, band edges.

CONCLUSION
The synthesized Ag/P25 composites containing various

concentrations (0.6—3.7 wt %) of the silver nanoparticles
on the titania surface were tested as a potential photocatalyst
to remove organic contaminations from water. It was proved
that a small amount of silver nanoparticles (1 wt %) greatly
increase photocatalytic activity of TiO,. The Ag/P25 com-
posite showed oxidation activity significantly higher than
pure P25 in the case of OxA, FA, and HA under UV irradia-
tion. In the degradation reaction of OxA, under ASL irradia-
tion, silver composites were several times more active than
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pure P25. XPS analysis proved the presence of metallic silver
as the main silver component of the silver nanoparticle both
in as-synthesized composites as well as after the reaction.
Furthermore, in the presence of organic substances and UV
irradiation, surface occupied by silver nanoparticles devel-
oped what is connected with partial oxidation of deposited
silver nanoparticles with subsequent reduction. The TEM
measurements showed spherically shaped Ag particles whose
sizes were in the range 4—12 nm. An analysis of the
electrochemical properties of the obtained composites proved
that silver kept the location of conduction band energy and
band-gap energy unchanged. According to the opinion of the
authors, the high activity of Ag/TiO, composite may be
ascribed to the unusual electronic properties of silver.
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