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Abstract: The Agnanoparticles (AGNP)/TiO, composite thin films with various amounts

of Ag (10nOmod890% Mol %) were examined as
decoloration reaction of methylene blue (MB) in an agueous solution. These composite
thin films of ca. 100 nm thickness were fabricatgdtihe MPM at 600°C in air. The
decoloration rates monitored by the absorption intensity of the MB solution indicated that
the composite thin films of Agvith anamountless than 40 mol% are not effective under
vis-irradiation, though they can work as eoptatalyst under UNfradiation. Further, the
UV-sensitivity of the composite thin films gradually decreased to almostheiével of

that of the TiQ thin film fabricated under the identical conditions when theafigpunt
increased from 1@ 40 mol%.Contrarily, the composite thin films of Ag content larger
than 50 mol% showed thas-responsive activity, whose level was slightly lower than the
decreased U\sensitivity. Diffuse reflectance spectra suggested thatvireesponsive
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activity of the compsite thin films is due to theonductivity,localized surface plasmon
resonanceand surface plasmon resonanoé Ag-NP. It was also elucidated that the
vis-responsive level of the composite thin films corresponds to their electrical conductivity
that depads on the Ag content.

Keywords: photocatalyst; Ag NP; molecular precursor meftmethylene bluesurface plasmon

1. Introduction

Metal oxide photocatalytic degradation of organic pollutants has attracted significant attention by
researchers because itdf usefulness in tackling environmental contaminants [1]. Whereas titanium
dioxide as a metal oxide seems to be one of the most promising semiconductors for many
photocatalytic applications due to its low cost, chemical stability andtaacity. Its utlization
remains typically confined to UV light because of its wide band gap (3.2 eV for anatase and 3.0 eV for
rutile) [2]. This limits the efficient utilization of solar energy for fiBecause Ti@cannot efficiently
utilize solar light since UV light@ounts for only #6% of solar radiation. Therefore, many attempts
have been undertaken in recent decades to shift the threshold of theqspoiese of Ti@into the
visible region, which would enhance its potential for chemical solar energy conversloapan
possibilities for further applicationsi[3].

One of the alternative approaches for achieving the threshold of thenelptmse of Ti@into the
visible region isto make a composite semiconduchyr modifying TiQ, with noble metalsThese
noblemetals act separately or simultaneously depenaimtipe photoreaction conditions, experimental
methods used and theyay (i) enhance the electrdiole separation by acting as electtaps Bi 11],

(i) extend the light absorption into the visible raragedl enhanesurface electron excitation lgyze

and shap&lependenplasmon resonances excited Wagible light [7,12 14] and/or (iii) modify the
surface properties of Tg)15,14. The early methodEL7i 19], to produce noblenetal nangarticles

are still used todayand continue to be the standard by which other synthesis methods are
compared [2022]. In particular,silver as a noble metal fiattracted considerable attention, as a result
of its remarkable rolén the improvement dhephotcactivity of semiconductorf9,13,23. They could be
reused andhandled more easily and economically if impregnated on substrates. Theraforeesearchers
have focused on modifying Tgvith Ag by synthesis Ag/Ti@heterostructure8i 14,23,24.

Although the syritesis of Ag/TiQ heterostructures was intensively reported in large
guantities[81 14,23,24, there are few reports about Ag/Li@ompositethin films with amounts of
Ag > 18 mol% prepared by chemical methods such asgs$lso far in the literaturedt is well
reported that incorporating larger amount of Ag particles was limited by thgebkalip-coating
methodof up to 18 mol% due to Ag particles coalegscwith each other into huge particles during
sintering R5]. Moreover, AgliO, electrodes werehsrtlived because Ag NPs on TiQire easily
oxidized and dissolved in an electrolytic solution undedligist irradiation[26,27. Ag NPs must be
coated with a Si@shell or AbO; mask to prevent foremost their oxidation by Ti[26,27. By
incorporatingsilver ionsand Cu ions into clay minerals/Ti@nixtures with different ratioit obtained
composites capable of degrading ethanol in the visible wavelength range about twice as fast as the
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reference photocatalyst type P288,29. Using molecular precuss method (MPM), a coating
precursor solution can be prepared by a reaction of 'HifOwith ethylenediamineN,N,NNj-
tetraacetic acid (EDTA)under the presence of dibutylamine and hydrogen perox3@e3Z).
Consecutively, the Ag acetate ethanol solutionlmaeasily prepard simply by dissolving the silver
salt in ethano]32,33. The two precursor solutions caa then mixed at different molar concentration
to forma composite solutiofid2,33. By spin coating the composite precursor solution on quartz glass
substrates, the potential of producimgtallic Ag-nanoparticles/titanigAg NP/TiO,) composite thin
films with various and unprecedentedly high Ag particles, up to 80 mol% of Ag homogeneously
distributed in a titania matrix can be fabricated by heat treated &0532,33. It was concluded that

the MPM offers excellent miscibility of the silver and titapi@cursor solutionsandis effective for
overcoming the limitations in miscibility of the conventional-gel method and is necessary for
fabricating Ag/TiQ compositethin films with amounts oAg O80 mol%][32].

In this study, we report the photocatad activity of Ag-NP/TiO, composite thin films with various
amounts of Ag (100 Aandcomparéthe@ with @yre TiCin fiim, bothn i a
fabricated by théMPM. The relationship between the unprecedentedly &rgbunts of metallic silver
in TiO, and photocatalytic decoloration ratef methylene blue was examinedlomogeneous
distribution and growth of AGNP in the composite thin films were clarified by #fi&-SEM and TEM
observationsThe absorption spectra &g-NP/TiO, composite thin filmswere analyzed by using
Kubelk-Munk equation for diffuse reflectance spectra (DRS), in order to study the plasmonic effect of
Ag-nanoparticles (AgNP) in dielectric TiQ matrix. The findings demonstratedhat a positive
relationship exists between Ag N&uface plasmon absorptioand the rate enhancements of
decoloration angrove the hypothesis that the metalljglasmonicenhancegsatesof photocatalytic
reactions 24].

2.Results

TheTiO; thin film andeight Ag-NP/TiO, composite thin films (COM{Agn; n = 10, 20, 30, 40, 50,
60, 70, and 80were fabricated. The XREnd electrical conductivityesults of these AHIP/TIO,
composite thin films are presented in our recent pgg#&83.

2.1.ChemicalCharacterizationof Thin Films by XPS

Figure 1 shows the X®high resolution wide scans f6BOMP-Ag70. The major XPS peaks include
Ag 3d, Ti 2p, and O 19.he XPS peak for Cls (284.8 eV) is due to the adventitious hydrocarbon from
the XPS instrument itseliThe depth profile folCOMP-Ag40, 50 and 70 werscanned & shown in
Figure2; including the spectra obtained after perfimgrGaussian curvétting. The Ag 3d peakdg-{gure2q)
for all thin films are located at 368.0 eV {3pland 374.0 eV (3@), with a spirorbit splitting of 6.0 eV.
This is attributed to etallic Ag [34], consistent with the XRD result reported previous3y]| By
increasingthe amount of Agn the composite thin filig) the Ag 3d peak shifts slightly to a lower
binding energy position by only 0.1 eV (within experimental uncertainty).
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Figure 1. Representative widscan XPS survey spectrum taken from the surface of
COMP-Ag50 composite thin films.
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The Ti 2p, and 2p,, peaks Figure2b) are found at 481 and 4.5 eV, respectively, attributed to
Ti** for pure crystalline Ti@[34,35. The peak position shosmo critical change compared to that of
pure TiQ. This indicateshatthere is no significant interfacial interaction between Ag and.TiGe
O 1s peaksHigure2c) found at 53.0 eV is due to & of TiO, [34,36. The Ti 2p and O 1seqals are
reduced in intensityThe O:Ti ratio obtained from XPS for THOCOMP-Agn (n =40, 50and 7Q are
2.003, 1.997, 2.007 and 2.138spectively Further, any peak around 457.4 eV attributable to tfie Ti
ion could not be observedd.

2.2.TheDistribution of Ag NP in the AYIP/TiO, CompositeThin Films

The TEM images of all the composite thin flms and Ag NP film are showhigaore 3. As
presented irFFigure 3a, the presence and distribution of the Ag NP can be observed clearly as dark
spots. Hencethe dark spots within the composite films micrograghigure 3bi j) represent the Ag
NP. The highresolution TEM imageRigure3b) confirmed that the composite samples was comprised
of crystalline titania and silver nanoparticles with the lattice spaairsgaxis agreeing well with the
anatase phase (0.352 nm) and metallic silver (0.240 nm), respectively.

All the TEM micrographs Kigure 3a'j) exhibited small Agnanoparticles5 2 nm. Three other
populations of Ag NP are obtained; small spherical natiolear 11 £7 nm, larger spherica9 +8 nm,
and rodlike: 45 £25 nm or agglomerated ones depending on the amount of silver in a given thin film.
Therefore, COMPAgn can be categorized into three types, as categorized by their UV/vis absorption
specta we indicated in recent work; leg-level 100n O 4 0) ,-Ag+evetl (dd <a < 70), and
high-Ag-level (70 O n) composite thin films. The lowg-level thin fiims show spherical Ag NP
homogeneously distributed in the titania with diamétee: 7 nm. Most of Ag NP by the highAg-level
thin films aremore agglomerated, which is in contrast to the behaviors of thealmivmiddleAg-level
thin films.



Catalysts2013, 3

@

Intensity/a.u.

®)

Intensity/a.u.

©

Intensity/a.u.

62¢

Figure 2. High resolution regionala) Ag3d; (b) Ti 2p and ¢) O 1s XPS spectra. The thin
solid lines indicate the original data of XPS. The dashed swshiew theoretically fitted

curves by assuming Gaussian distribution.
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Figure 3.(a) TEM image of Ag NP(b) HRTEM image of COMPAQ10, and ¢)i (j) TEM
images of Ag-NP/TiO, composite thin films at variousamounts of Ag molar
concentrations:d) 10; (d) 20; (e) 30; (f) 4G; (g) 50; (h) 60; (i) 70 and )) 80, respectively.
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2.3.Particle Morphologyand the Dispersionof Slver Nanoparticles

The surface morphology observed by-SEM of Ag-NP/TiO, composite thin films is illustrated in
Figure 4.The amount®f Ag grains (white dots) on the surface of {&g-level thin films Eigureda d)
were fewer and scattered compmhred middle and highAg-level thin films (Figire 4€h),
respectively Figure4e f images for middleAg-level composite thin filmillustratedthat the surface
morphology of three composite thin films, COM®B50 and 60 respectivelyre quite identical and
Ag particles are homogenedydgistributed with some spherical/réite and partially agglomerated
Ag NP on the surface of the composite thims. Figure4gi h image shows higAg-level thin film,
COMP-Ag 70 and 80, having a rough surface structure, with some sphericdikecahd highly
agglomerated Ag particles on the surface.
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Figure 4. SEM images #, of the AgGNP/TiO, composite thin fms at various amounts of Ag
molar concentrationsa) 10, (b) 2G; (c) 3G, (b) 40, (e) 50; (f) 60, @) 70 and|q) 80, respectively.

(a) COMP-Ag10 [§5 Si0E  (b) COMP-Ag 20

2.4.Optical Propertiesof TiO, Thin Film, AgNPsand AgNP/TiO, CompositeThin Films

Figure5 represents the UVis absoption spectra for Ti@andAg NP. The TiG; thin film showed
a lowintensity absorption band in the wisgion; however, its absorption intensity increased steeply at
shorter wavelengthsith the band edge at around 355 contrast, the Ag NP film showedaseak and
broad absorption band at around 410 nm. The absorption band in this region corresponds to the
characteristic SPR of Ag NH83]. This absorption band was also observed for the CAlgiRthin
films, though the peak position in this region graduallyreased in intensitypon increasing the Ag

content33].

Figure 5. UV-vis absorption spectra for Ti@hin film and Ag NPfabricated on quartz glass.
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The DRS of the composite thin films are presente#igure5(a g ) . The DRS meas
range of 2000800 nm were converted to the absorbance spectra using KiMefka equation
(Equationsl and 2)37,39.

F(Ra () == @)
R
R':‘: B RT:'DE (2)

Where R is the reflectance recorded an@Rs the reference recorded for a referencen(tan
this case).The Origin9 softwargOriginLaB Co, Northampton MA, USA) was used to obtained
individual Gaussian peaks, which are theoretically fitted peaks by assuming Gaussian distribution.

The peak positions and peak areas obtained by analysiswitefitting procedure are listed in
Tablel. All the composites show two main peaks, labeled peak 2 and 3. Peak 2, which is at 365 nm on
averagemay represent a typical semiconductor optical absorption since the lambda maximum of pure
TiO, is at aroud 365 nm, corresponding to a band gap of arouadd. As shown inFigure 5 the
band edge of Ti@is around 5 nm andaccording to our recent pap&J], there was no band gap
shift observed for Ti@in all the composite thin filmstherefore, we assigpeak 2 in all the
composits to berelatedto the TiO, absorption spectrunPeak 3, which is locateat around 390 nm,
can be regarded as the main Gaussian peak since it has the largest peak area ratio per volumn
compare to the other peaks.

Figure 6. UV1 Vis diffusereflectance spectra (DRS) of AYP/TiO, composite thin films
atvarious amounts of Ag molaoncentrations:a) 10; (b) 2G; (c) 30; (d) 40; (e) 50; (f) 60;
(g9) 70 and(h) 80, respectively.
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Figure 6. Cont.
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Table 1. The DRS peak positions d@npeak areaatios of Ag-NP/TiO, composite thin
films. These data werebtained by Gaussian cun4fitting using ORIGIN9 software
(OriginLaB Co, NorthamptonUSA).

Notation Peak position Peak arearatio (%)

1 2 3 4 5 6 1 2 3 4 5 6
COMP-Ag10 340 386 400 492 520 - 1 49 46 2 2
COMP-Ag20 - 365 390 1 584 640 - 44 31 - 10 15
COMP-Ag30 - 351 385 559 598 655 - 3B 3B 5 13 12
COMP-Ag40 - 359 390 560 600 - - 15 30 9 46
COMP-Ag50 310 354 379 603 649 710 2 29 46 4 9 10
COMP-Ag60 336 361 383 - - - 44 15 41 - -
COMP-Ag70 329 360 386 510 - - 41 5 43 11 - T
COMP-Ag80 312 364 417 - - - 53 39 8 - - T

Although the average lambda maximum peak position for peak 3 is at 9@ shown in
Figure6a h, more than onghird of its area covet he vi si bl e region 0400 |
also exhibited in COMIAg10 as well as in the middleand highAg-level composite thin films.
Moreover, with exception to COMPAg60, ovagnped Gaussians peaks with smaller peak areas than
those of peak 2 and 3 are appearing in the visible light regions. These peaks 4, 5 and 6 have lambd
maximum at around 500 nm, 600 nm and 550 r@spectively.

2.5.PhotoResponsivéictivity of Ag-NP/TiO, CompositeThin Films

The photocatalytic activity oMB decoloration was investigated quantitatively by monitoring the
changs between the initial MB absorption spectra and the final MB absorption spectra intensity
positions as well as qualitatively by ¢ermining the decoloration rate of MB (nM rhth The
absorption spectra of delowationof 1 x 10'> mM of MB aqueous solution testunder darkUV light
and vislight irradiationfor 18 hare shown irFigure 7ai c, respectively, by employing the pure 31O
thin film, pure Ag NPCOMP-Agnt hi n f i | m&Q80 and the bdankl 0 O

Under dark (Figurera), theMB absorption spectra change for pure Jipure Ag (Ag100)and
COMP-Ag10 are at the identical intensity positilmthatof the blank. This illusti@d that there was
no catalytic activity taking place in these two samples under dark condition. The absorption spectra for
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COMP-Ag20, 30 and 40 show small changes conmgare those of COMPAQ50, 60 and 70.
COMP-Ag8006s absor pti on rgharettiosero@OMP-Agb@, 60gard 7@osnpositma | |
thin films but larger than for lowAg-level composite thin fillm The influence of the amount of the Ag

in titatia onself-decoloration of MB could be thus evaluated.

Figure 7. Absorption spectra of decomptien of 0.001mmol of MB aqueous solution in
the presence of different AgP/TIO, thin films after kept underaj dark (b) UV and
(c) vis-light irradiation for 18 h

In Figure 7b, the absorption spectral changes is getting smaller with the increthseAg amount
in COMP-Agn; whereby COMPAg80 andpure Ag NP(high-Ag-level) show the smallest charsgend
TiO, shows the biggest change under -ht irradiation. The pure Ag NPexhibited a very poor
photocatalytic activity under UV and dark almost eqoathat of the blank, which reflesd that Ag
did not act as catalytic on itselimost 100% decoloration of MB solution has been attained when
UV-light was irradiatedfor 18 hourson pure TiQ and on low-Ag-level composite thin films.
Middle-Ag-level rows the moderated change between the initial MB absorption spectra and the final
MB absorption spectra intensity positiohs.Figure 7c, the absorption spectral changas largemwith
anincrease in the amount of Ag @OMP-Agn thin film under visiblelight irradiation. Pure Ti®
shows the smallest changehile COMRAQ70 shows théargestchangeK R r et alishowedthat the
rate of photooxidation of organic compounaas significantly enhanced by silvenodification of
titania [39].

In order to obtainqualitative data,an index of photocatalytic activity (IPCAnNM mirl j of
decoloration rate ot x 10 ?mM MB solution permittedus to directly compare the performance of
pure TiQ and composite thin films under light irradiation to the dark conditionh Eaperimental set
was repeated three times. The results were reproduced within narrow limits and the mean value was
selected. ThdPCA values extracted from decoloration rate offl x 10 ?’mM MB solution by
photoreaction with each thin film and a blank& ahown inTable?2.

Under U\light irradiation, none of the composite samples exhibit more photagctihnan pure
TiO,, while all of the composite samples are more photoactive than pugeud@r both dark and
visible-light irradiation. The different mailts reveal that the photoactive enhancement mechanisms
under UV and visibldight irradiation are different.



