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Abstract

Silver (Ag) was loaded on TiO, powders through mechanical ball milling. Ag-loading was accomplished by adding 4.6, 9.2, and
13.8 ml of AgNOj; solution to the TiO, powders during the milling process. The resulting powder was characterized by XRD, XPS,
SEM, and EDS. The photocatalytic activity of the silver-loaded powder was evaluated in terms of the degradation of methyl orange
(MO) solution under ultraviolet (UV) illumination. XRD patterns were refined using the Rietveld analysis to determine the lattice
parameters. XRD analysis suggested that Ag was loaded on TiO, powders in the form of AgO. X-ray photoelectron spectroscopy and
Rietveld analysis revealed that silver did not dope into the crystal structure of TiO,. SEM investigations confirmed that ball milling
caused a decrease in the average particle size of the powders. Silver-loading improved the photocatalytic activity of the TiO, powders.
The TiO, powder ball milled without Ag-loading degraded 46% of the MO solution whereas the ball milled with 13.8 ml AgNO;
solution degraded 96% of the MO solution under 1 h UV irradiation. Moreover, TiO, powders gained antibacterial property after Ag-
loading.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide, TiO,, has been used widely as a
photocatalyst due to its relatively high photocatalytic activity,
biological and chemical stability, low cost, non-toxicity, and
long stable life [1-5]. The photocatalyst TiO, generates an
extremely strong oxidizing power that oxides harmful
substances and eliminates them by decomposition into
carbon dioxide, water and other small molecules when it is
exposed to a light source [3-7]. However, TiO, photocatalyst
is effective only under UV light (1 < 388 nm) irradiation due
to its large energy band gap (ie. 3.2eV for anatase).
In addition, a high degree of electron—hole recombination
results in low photoquantum efficiency, which severely limits
the practical applications of TiO, as a photocatalyst although
it has been investigated for over two decades [8—10]. There-
fore, basic research and industrial development of high-
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efficiency TiO, photocatalyst are still attractive topics due
to its industrial importance. Several investigations have been
done to improve the photocatalytic efficiency of TiO, since
the discovery of photocatalysis by Fujishima in the early
1970s [6]. In that regard, different production techniques such
as sol-gel processing, hydrothermal processing, ball milling
[11-13], or different modifications, such as doping with a
metal and a non-metal, co-doping with a metal and non-
metal [14-16], or coupling with other semiconductors [17]
have been tried.

Silver is most suitable for industrial applications due to
its inexpensiveness and easy preparation. The Ag-loaded
TiO; has a high Schottky barrier and acts as electron traps,
facilitating electron—hole separation and promoting the
interfacial electron transfer process [10]. Under UV-light
irradiation, the photogenerated electrons quickly transfer
from the TiO, surface to the Ag particles and result in the
improvement of photocatalytic efficiency. Various meth-
ods, such as photochemical deposition [18], chemical
reduction method [19], hydrothermal method [20], sol-gel
process [21,22], and laser induction [23], have been
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explored to load silver onto TiO,. However, Ag doping on
TiO, particles by mechanical ball milling has not been the
subject of any scientific study until now. Therefore, it has
both scientific and technological significance.

The purpose of this study was to prepare Ag-loaded
TiO, powder through mechanical ball milling, and also to
produce a TiO, powder with photocatalytic properties
comparable to a photocatalyst TiO, powder (P-25).
The powders prepared were characterized using XRD,
SEM, EDS, and XPS analysis techniques. The photocata-
Iytic activity of the powders was evaluated in terms of the
degradation of methylene orange (MO) solution under
UV-light illumination. Likewise, the antibacterial activity
of the Ag-loaded TiO, particles was investigated.

2. Experimental
2.1. Powder preparation

The process was initialized by using anatase TiO,
(NT-22) purchased from Nano Co. All other chemicals
used in this study were of analytical grade and used in the
as-received form, without further purification. The NT-22
powders in as-received form and in ball-milled form with-
out the addition of AgNOj; solution were coded N and NO,
respectively. The NT-22 powder ball milled with the
addition of AgNOj; solution was named Ag-loaded TiO,
powder. Three different Ag-loaded TiO, powders
produced by ball milling the starting powder with 4.6,
9.2 and 13.8 ml of 0.1 M AgNO; solution were coded N1,
N2, and N3, respectively. Hereafter, the powders will be
referred to by their codes unless otherwise mentioned.

Ag-loaded TiO, powders were prepared by adapting the
procedure described by Kondo and Jardim [24]. First, an
AgNO; (Merck) solution of 0.1 M and a Na,CO; (Horasan
Kimya) solution of 1% weight/volume (w/v) were prepared
separately. Then, 10 g of TiO, powder was poured into a
250 ml zirconia jar containing 50 ml of distilled water. An
AgNO; solution of 4.6 ml and a Na,CO; solution of 5ml
were then added into the zirconia jar. After that, 2 ml of
dispersant (Darvan C-N, Vanderbilt Co.) and 200 g of
zirconia balls with a 5 mm diameter were added into the
jar. Finally, the jar was fastened to a planetary ball mill (PM-
100, Retsch). Milling was performed at 200 rpm for 1h
continuously without any interval breaks.

After milling, the suspension was taken out of the jar
and poured into a glass beaker. Then, the beaker was
placed in a dryer at 100 °C for 4 h. After drying was
completed, agglomerated powders were ground gently
using an agate mortar and pestle. After that, the ground
powders were calcined at 400 °C for 1 h to remove any
organic compounds and to allow the diffusion of Ag into
the TiO,. The procedure was repeated for 9.2 ml AgNO;
and 10 ml Na,COj solutions as well as for 13.8 ml AgNO;
and 15ml Na,CO; solutions to observe the effects of
increasing amounts of AgNO; solution on the Ag-loading
process.

2.2. Characterization

Powder XRD technique was employed to identify the
phases present in the TiO, powders. The XRD patterns of
the TiO, powders were taken with Cu target Ko radiation
by using a Rigaku Geiger-Flex DMAK/B model diffract-
ometer. Each powder was scanned from 26 of 20-80° at a
rate of 2° min~' by 0.02° increments continuously. Crys-
tallite size was calculated by applying the Debye—Scherrer
formula on the characteristic peaks of the TiO, powders.
For crystallite size calculations, the characteristic peak of
each powder was scanned at a rate of 0.5° min~' by 0.02°
increment. The changes in the lattice parameters of the
powders were calculated and evaluated using UnitCell [11].

An X-ray photoelectron spectroscope (XPS) was
employed with Al Ko radiation to investigate the surface
composition and chemical states of the powders. Detailed
scans were recorded for Ti 2p and Ag 3d. Doped atoms at
the surface of TiO, were analyzed by means of binding
energies obtained from XPS.

A scanning electron microscope (Nova NANOSEM
430) was employed to examine surface morphology and
particle size of the TiO, powders. Elemental analysis was
performed to detect the presence and percentage of Ag in
the powders. The specific surface area of the powders was
measured using an Autosorb-6 apparatus (Quantachrome
Co.) by multi-point Brunauer, Emmett and Teller (BET)
method.

2.3. Photocatalytic activity measurements

Photocatalytic activity measurements were carried out
in a homemade enclosed box, which provided a fully dark
environment without allowing light exposure within the
box. A Black-Ray-grade UV semiconductor inspection
lamp (100 W, 230V ~50Hz, 2.0A, 365nm) and a
magnetic stirrer were present inside the box. A UV-vis
single beam spectrophotometer (Scinco, S-3100) was used
for the photocatalytic activity measurements. A 10 mg/L
of Methyl Orange (MO) solution was prepared by
dissolving MO powder (Fluka) in de-ionized water. A
0.1 g TiO, powder was added into a 100 ml of MO
solution and the suspension was stirred continuously at
500 rpm by a magnetic stirrer in the dark for 30 min for
the powders to absorb the MO solution and reach
absorption—desorption equilibrium. At the end of the
first 30 min, a sample of 3.5ml was taken from the
suspension by means of syringe filters (Millex Millipore,
0.22 um) for spectrophotometer measurement. After the
first measurement, the UV lamp was turned on and
changes in absorbance under UV light were measured
after 30 and 60 min. The photocatalytic activity of a well-
known TiO, photocatalyst, P-25 powder (Degussa), was
also measured in the same test conditions for comparison
purposes.
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2.4. Antibacterial activity test

The suspension taken from the ball mill was spin-coated
on glass substrates for 30s. After coating, the substrate
was dried at 180 °C for 5 min. This process was repeated
five times for each powder suspension to obtain a homo-
geneous and appropriate coating on the substrate. Coated
sides of glass substrates were placed into agar plates
containing E. coli bacteria. Then the plates were incubated
at 37 °C for 48 h. Bare glass substrate and P-25-powder-
coated glass substrate were also placed into agar plates as
control specimens. The photographs of the inhibition
zones of the substrates were taken for the comparison of
antibacterial activity for each specimen.

3. Results and discussion

The XRD patterns of all powders possess the character-
istic (101) diffraction peak of anatase TiO, at 20 of ~25.3°
(JCPDS #21-1272) as shown in Fig. 1. In addition to the
peaks diffracted from anatase TiO,, a small but visible
diffraction peak of AgO (—111) at 20 of ~32.3° (JCPDS
#89-3081) was detected in the patterns of the powders N2
and N3. AgO was not identified in the XRD pattern of the
N1 powder due to the fact that the low AgO peak was
indistinguishable from the background. The intensity of
the AgO peak increased slightly when the AgNOj3 addition
during ball milling was increased as best seen in the inset in
Fig. 1. Again, the characteristic (111) diffraction peak of
AgO is unseen in the patterns since it overlaps with (103)
the peak of the anatase phase at 20 of ~37.04°. The
characteristic (110) diffraction peak of rutile TiO, at 20 of
~27.4° (JCPDS #21-1276) is absent in all patterns. The
XRD analysis suggests that only anatase TiO, is present
and rutile TiO, does not exist in all the powders both
before and after Ag-loading by ball milling. In addition, no
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Fig. 1. XRD patterns of the (a) N, (b) NO, (c) N1, (d) N2, and (e) N3
powders.

phase change was recognized in the TiO, powders after
Ag-loading followed by calcination. The occurrence of the
characteristic (101) diffraction peak of anatase TiO, at
nearly the same diffraction angles after Ag-loading implies
that Ag did not dope into the crystal lattice of TiO».

The values calculated for the lattice parameters, crystallite
volume and crystallite size for the powders are given in
Table 1. The lattice parameters and crystallite size for the
powders agree well with those given in the JCPDS card of the
anatase phase. The lattice parameter “«” remained more or
less the same, around 3.78 A, after milling as well as after
Ag-loading. Nevertheless, a small change in the “¢” para-
meter was observed after milling and Ag-loading. A notice-
able change in the lattice parameters is the result of plastic
deformation, leading to lattice distortion [25]. For all
powders after the milling process, crystallite size was about
the same (22.18 nm), which is slightly smaller than the size of
the starting powder (22.6 nm). The decrease in crystallite size
may be due to the production of O vacancies in TiO,. No
significant change in the cell volume of the powders led to the
conclusion that Ag did not dope into the TiO, lattice.

The surface morphology of all powders is shown in the
SEM images in Fig. 2. SEM analysis revealed that the TiO,
particles in all powders are irregular in shape and rather
agglomerated, and AgO is either dispersed on the surface
of TiO, particles or between the interfaces of TiO,
agglomerates. The surface morphology and shapes of
particles did not change after ball milling and
Ag-loading. The particles in the milled and Ag-loaded
powders seem more agglomerated than the ones in powder
N. The particle size of the powders, as measured from the
SEM images, is shown in Table 2.

As seen in Fig. 2, the particle size of powder N is around
80-90 nm. The manufacturer of this powder quoted par-
ticle size as 15-30 nm. Particle size data obtained from the
SEM images may not be true because of the agglomera-
tion, but they have been measured for comparison of the
size of particles before and after ball milling and
Ag-loading. The particle size of the powders decreased
after only ball milling without Ag-loading. However, the
particle size of the Ag-loaded powders increased with
Ag-loading. The increase in particle size of the Ag-loaded
powders was related to agglomeration induced by both
ball milling and AgO coating onto the surface of the TiO,
particles [26]. The mechanical energy accelerated the

Table 1
The lattice parameters and crystallite size of the powders.
Parameter Powder

N NO NI N2 N3
aA) 3.7850  3.7818  3.7835  3.7822  3.7832
¢ (A) 9.5098  9.5189  9.4993  9.5098  9.4996

Crystallite volume 136.2395 136.1394 135.9813 136.0380 135.9640

(A%)

Crystallite size (nm) 22.63 22.17 22.22 22.19 22.13




7122

B. Aysin et al. | Ceramics International 39 (2013) 7119-7126

Table 2

Fig. 2. SEM images of the (a) N, (b) NO, (c) N1, (d) N2, and (e) N3 powders.

SEM particle size and BET specific surface area of the powders.

Property Powder

N NoO NI N2 N3
SEM particle size (nm) 88.8 826 855 928 989
BET specific surface area (m%/g) 78.53 81.64 71.38 71.22 64.89

aggregation because the fresh surfaces exposed by the
milling process lowered their high surface energy by
agglomeration [27].

The specific surface area of the powders is presented in
Table 2. The measured specific surface area of powder N was
78.53 m*/g, which was in agreement with the value (60-80 m?/
g) reported by the manufacturer of this powder. The specific
surface area for powder NO was a little larger than the starting
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powder, indicating that particle refinement was efficient as a
result of ball milling. After Ag-loading, the specific surface
area of TiO, particles decreased. A large specific surface area is
desirable since a large amount of absorbed organic molecules
on the surface can promote the photocatalytic reaction.
Therefore, a large specific surface area provides more absorb-
ing sites for reactant MO molecules. The lowest value
(64.89 m?/g) for the specific surface area was obtained for
powder N3. The decrease in specific surface area after
Ag-loading was also reported by Iliev et al. [28] and Kondo
and Jardim [24] and may be related to the increase in particle
size due to Ag-coating [26] or due to the blocking of fine
capillaries on the parent TiO, surface by metal film islands
[29,30]. It has also been noted that BET-specific surface area
data of the powders were compatible with the particle
size data.

The eclemental composition of the powders in weight
percentage as obtained from the EDS analysis is given in
Table 3. As expected, Ag concentration in the powders
increased as the amount of the AgNO; solution added to
the starting powder during ball milling was increased.

The fully scanned XPS spectra for N and N3 powders
are shown in Fig. 3. The Ag 3d peaks are clearly seen in the
spectrum of the N3 powder. Two peaks located at 458.4 eV
and 464.1 eV were identified as Ti 2ps» and Ti 2py, of
TiO,, respectively. The XPS analysis revealed that the
presence of Ag exerts no significant influence on the XPS
spectra in either the Ti 2p level or the O 1s level.

Table 3
Elemental composition of the powders.
Element Powder
N NO NI N2 N3
O K 48.36 48.81 48.78 49.70 56.56
AgL 0 0 0.49 0.69 0.91
Ti K 51.64 51.19 50.73 49.61 42.53
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Fig. 3. XPS survey spectra for powders N and N3.

For a closer inspection, the XPS spectra of the N3
powder between 362 and 372 ¢V is shown in Fig. 4. The
data was fitted according to the Lorentzian peak shape and
calibrated according to Cls peak. Ag 3ds,, peak detected
at 367.1eV is attributed to the presence of AgO [31]
implying that Ag is present in the form of AgO. The
XPS results are concomitant with the XRD results and
provide the evidence that Ag do not enter TiO, lattice but
exists as an individual phase in N3.

The peaks for Ti between 450 and 468 ¢V shown in
Fig. 5 were also fitted and calibrated like the ones for
Ag. Any remarkable shift could not be detected after
Ag-loading. Therefore, it is concluded that Ag did not
weave into the TiO; lattice structure and remained as AgO
over the TiO, particles [32].

Degussa P-25 TiO, powder was taken as the reference
photocatalyst to compare the photocatalytic performance of
the prepared powders. Fig. 6 shows the degradation of the
MO solution with respect to the irradiation time for all the
powders. Without UV irradiation, all the powders did not

— N3

1 Ag3d5/2
3
3
2
@
s
3
£ -

372 370 368 366 364 362

Binding Energy (eV)
Fig. 4. The XPS spectra of Ag 3ds), for powder N3.
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Fig. 5. XPS spectra of Ti 2p for powders N and N3.
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Fig. 6. Variation of MO degradation with irradiation time for all of the
powders investigated.

provide any noteworthy degradation of MO. All MO
degradation was caused by photocatalytic reaction only.
N3 powder gave the best result in terms of MO degradation.
N3 and P-25 powders decomposed 96.3% and 94.5% of the
MO in 60min of UV irradiation, respectively. Results
revealed that as the Ag-loading increased, the photocatalytic
activity of the powder increased as well due to Ag acting as
electron traps to enhance the electron—hole separation.
Moreover, Ag also enhanced the transfer of trapped electrons
to the absorbed O, acting as an electron acceptor [33]. Ball
milling without Ag-loading increased the photocatalytic
activity due to the increase of the specific surface area.

Fig. 7 shows the variation of the apparent rate constant
with the irradiation time for all the powders investigated. The
reaction rate of MO degradation increased in the first 30 min
for all the powders. N3 powder had the highest reaction rate
in terms of MO degradation in the first 30 min of UV
irradiation time. After the first 30 min, the reaction rate of
powders N, NO, and P-25 continued to increase but that of
powders N1, N2, and N3 decreased, implying that Ag-loaded
powders reached the maximum rate within 30 min of UV
irradiation. However, powder N3 still had the highest
reaction rate in terms of MO degradation at the end of
60 min of UV irradiation time.

The enhanced activity of Ag-loading is attributed to the
particle size reduction, high anatase crystallinity, large
amount of surface oxygen vacancy, intense light absorption,
and narrow band gap. The possible reason why Ag-loaded
TiO, exhibited a better photocatalytic activity for the
degradation of MO under UV irradiation could be explained
using the scheme shown in Fig. 8. When two materials
having different work functions, such as TiO, and Ag,
contact each other, formation of a Schottky barrier is
observed. Electrons will be transferred from the material
with low work function (TiO,) to the material with high
work function (Ag), facilitating electron transfer from TiO,
to Ag. The electrons transferred and loaded on the surface of
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Fig. 7. Variation of the reaction rate of MO degradation with irradiation
time for all of the powders investigated.
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Fig. 8. Schematic illustration of the photocatalysis mechanism of Ag-
loaded TiO».

Ag will be scavenged by the electron acceptor, commonly the
oxygen molecules absorbed on the Ag surface. It is possible
for the photogenerated electrons at the conduction band to
fall onto the doping energy level of the Ag species. The
photogenerated electrons are transferred from the conduction
band to the surface and then captured by the absorbed O,,
thereby enhancing the separation efficiency of the photo-
generated charge carriers. Moreover, some electrons that are
transferred to Ag are contained in the body of the TiO, and
electron—hole recombination rate is decreased by the transfer
of electrons. Ag atoms act as electron traps, capturing certain
amounts of photoelectrons produced by UV excitation. This
way, the separation between the photoelectron and the hole is
increased. In addition, Ag-loading increases the quantity of
photogenerated charge carriers compared to unloaded TiO,.
As a result, more departed photogenerated electrons and
holes (h™ /e™) participate in the photodegradation process,
resulting in higher photocatalytic efficiency.

Ag was detected as AgO in the Ag-loaded powders by
XRD and XPS analyses. SEM investigation revealed that
AgO is coated on the surface of the TiO, particles. The
reaction mechanism of the Ag-loaded TiO, could be
interpreted as follows: In principle, UV illumination can
convert AgO to the native metal in the presence of TiO,
[34]. AgO can be photodecomposed into O and Ag
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according to the following reaction [35]:

Ag0-5 Ag+10,

Similarly, upon exposure of Ag-TiO, to UV irradiation,
electron and holes are generated

Ag-TiOy > e5+ 1

Fig. 9. Photographs of glass substrates in agar plates with E. coli: (a) No
powder, (b) powder N, and (c) powder N3.

The Ag on the surface of the TiO, can be generated to
Ag* ion by holes

Ag+hj—Agf
Ag™ ions trap the electrons.
Ag +e™ - Ag,

The photogenerated holes oxidized the preabsorbed
OH™ and H,O to generate "HO free radicals, which react
with absorbed MO [36].

OH; +h} — "OH
H,Os+h}, > "OH+H™

OH + MO — colorless product

The subscripts vb, cb, and s represent valence band,
conductive band, and surface of catalyst, respectively.

The photographs of substrates in the agar plates after
incubation at 37 °C for 48 h are shown in Fig. 9. Bare glass
substrate and the substrate coated with powder N did not
show any antibacterial activity. When the substrate coated
with N3 powder was examined, a bacterial free zone
around the glass substrate was observed, which indicates
antibacterial activity [37]. The antibacterial mechanism
depends on the attack to the cell membrane of the bacteria
[26]. During UV irradiation of the TiO,, hydroxyl radicals
are formed. These radicals can attack effectively the cell
membrane of the bacteria and break them down [37]. In
the case of Ag, Ag™ ions are the attacking agents, but it is
noted that Ag in oxide form shows antibacterial activity
whether a light source is present or not while Ag™ does not
have any activity if the light is absent [34].

4. Conclusions

The silver-loaded photocatalyst TiO, can be successfully
prepared by mechanical ball milling. The mechanical milling
causes a coupling reaction and change in the surface
morphology of TiO,. During the milling, Ag atoms may
not dope into the lattice structure but remain on the surface
of the TiO, particle. The loaded silver is highly dispersed and
present in AgO form. The Ag-loading increases the quantity
of photogenerated charge carriers which participate in the
photodegradation process and results in higher photocataly-
tic activity. Even with a small amount of Ag-loading, the
photocatalytic degradation rate of the MO solution on TiO,
powder can be greatly improved. Compared with unloaded
TiO, powder, Ag-loaded TiO, powder shows a 50%
enhancement in photocatalytic degradation of MO solution
under 1 h UV-light illumination. Moreover, the prepared Ag-
doped TiO, powder has antibaterial properties when a light
source is given.
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