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Abstract Silver nanoparticles supported on anatase TiO,
nanoparticles have been prepared by deposition—precipita-
tion, and characterized by X-ray photoelectron spectroscopy,
including scanning electron microscopy, X-ray diffraction
crystallography, Raman, and UV-visible absorption spec-
troscopy. The Ag 3d peak and the X-ray diffraction patterns
show characteristics of purely metallic Ag, with no indication
of Ag oxide species. Depth-profiling X-ray photoelectron
spectroscopy with Ar" ion beam sputtering show a significant
change in Ti 2p, and an asymmetric broadening of Ag 3d to a
higher binding energy side. A decrease in major Ti 2p3/, at
459.2 eV and a significant increase in lower binding energy
peak are due to change in oxidation state of Ti from +4 to
+3/4-2. A broadening of Ag 3d peak with sputtering time is
tentatively assigned to a final state quantum size effect. Upon
annealing the deposition—precipitation sample, no significant
change in Ag 3d peak is observed, while Ti 2p and O 1s XPS
intensities are reduced, plausibly due to change in analyzed
surface area for TiO,. The photocatalytic activity for the
photodegradation of methyl orange is dramatically reduced
upon high Ag-loading, compared to bare TiO,. The X-ray
photoelectron spectroscopy of Ag on TiO, prepared by an
electrochemical deposition reveals that Ag is also metallic,
with no evidence of an oxide form. Upon annealing the
electrodeposited sample, the Ag 3d peak shifts by +0.3 eV,
while the Ti 2p and O 1s show no critical change in intensity
and peak position.
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Introduction

Titanium dioxide (TiO,) has explosively been studied as a
good model material for solar cell, water splitting, and
photocatalysts, and widely applied in various fields [1-5].
Nowadays, to achieve a material of a more enhanced per-
formance, impregnation of guest elements into transition
metal oxides and surface modification of the oxides have
actively been under performance [2, 6—12]. Enache et al.
[8] used TiO, as a support for Au/Pd catalyst, and found
very efficient turnover frequencies for the oxidation of
alcohols. Park et al. [9] prepared carbon-doped TiO,
nanotube arrays, and showed enhanced water splitting
under visible-light absorption. Zhang and He [10] also
used TiO, as a support for Pt catalyst, and found a com-
plete oxidization of HCHO at room temperature. Kim et al.
[11] fabricated a double (undoped TiO, and Cr-doped
TiO,) layer solar cell, and achieved an improved effi-
ciency, compared to that of TiO, single layer. Gao et al.
[12] tested photodegradation of bisphenol A using
Zr-doped TiO, catalyst, and found a much higher photo-
activity than undoped TiO,. Chen et al. [6] modified the
surface of white TiO, through hydrogen, and obtained
black hydrogenated TiO,, which showed substantial pho-
tocatalytic activities.

Ag, as a guest has also been introduced into (or onto)
TiO, using various methods including sol-gel, solvother-
mal, hydrothermal, and photo-reduction methods, and
widely applied to antibacterial- and photo-catalysts [13—
33]. Guin et al. [24] prepared Ag on TiO, by a photo-
reduction method in Ag nitrate-TiO, mixed solution, and
tested antibacterial activities. Yu et al. [32] prepared
Ag-TiO, composite by a sol-gel method, and found an
enhanced bactericidal activity, compared to bare TiO,. Yu
et al. [22] tested photo-decolorization of methyl orange
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using Ag-TiO, catalyst, and found 6.3-fold increase in
efficiency, compared to bare TiO,. In addition to those
applications, photochromic effect of Ag-TiO, has been
applied to multicolor systems [34-37].

In this article, being motivated by the reported studies,
we have modified the surface of TiO, with Ag using pre-
cipitation-deposition (DP) and electrochemical deposition
methods, and fully characterize the interfacial electronic
structures by X-ray photoelectron spectroscopy (XPS).
Valence band spectra taken by XPS are also included in
this article although more detailed valence band structures
are commonly obtained by ultraviolet photoelectron spec-
troscopy. Understanding valence band is very important
because chemical reaction, bonding, electron (or hole)
transfer processes, and wave-function mixing between two
materials are mainly determined by the electronic struc-
tures [38]. In addition, because valence band is influenced
by size, morphology, and the supports, by changing theirs
we could tailor the properties of a system.

Experimental

We used anatase TiO, nanopowder (99.7%, <25 nm in
size) purchased from Aldrich. For the impregnation of Ag,
0.1 M Ag nitrate solution (Yakuri Pure Chemical Co.,
LTD) was added into a TiO,-dispersed water solution at
70 °C, followed by adding ammonia and glucose. This
silver reduction is commonly known as silver mirror
reaction (Tollen’s test). Upon addition, we observed a
change in color from white to dark, and kept stirring until
no further change in color was observed. The final products
was washed, and dried in an oven at 60 °C. For the elec-
trochemical deposition of Ag, we first coated TiO, on a Si
substrate, and completely dried at 100 °C. Ag was then
electrodeposited on the substrate (2.5 mm x 15 mm) in a
conventional three-electrode cell (CH Instruments) with a
Ag/AgCl and a Pt wire electrodes for a reference and
counter, respectively. Ag was electrodeposited on the TiO,
potentiostatically by amperometry in an electrolyte solu-
tion mixed with 1 mM Ag (II) perchlorate hydrate (98%,
Aldrich) and 0.1 M NaClO,.

The prepared Ag-TiO, samples were imaged by SEM
(Hitachi, SE-4800) combined with energy dispersive X-ray
(EDX) elemental analysis. For UV-visible absorption
spectra, we used Perkin-Elmer Lamda 35 equipped with
Lapshere. For Raman spectra, we utilized Bruker Senterra
confocal microscope at a laser excitation of 532 nm (a
courtesy of professor K. T. Leung, University of Waterloo,
Canada, www. watlab.com). The X-ray diffraction (XRD)
of Ag-TiO, powder sample was taken using a PANalytical
X’Pert Pro MPD diffractometer with Cu Ko radiation.
The Ar" ion depth-profiling XPS was performed using a

Thermo-VG Scientific MultiLab 2000 with an Al Ko X-ray
source (1486.6 eV), a pass energy of 20.0 eV, and a
hemispherical energy analyzer. No critical surface charging
during the XPS measurements was observed; thereby, no
correction of binding energy was performed.

Results and discussion

Figure 1 shows the SEM images of as-prepared precipita-
tion—deposition (DP) and electrodeposited Ag nanoparti-
cles (NPs) on TiO, supports. Ag NPs (~ 10 nm) are clearly
discriminated from the TiO, support, and uniformly dis-
tributed on the support. For electrodeposited sample, Ag
NPs distribute mainly on the topmost surface, while for DP
sample Ag NPs uniformly distribute inside the bulk as well
as the surface, as expected. The Ag deposition was also
confirmed by an EDX (not shown) analysis. For the SEM
image of the 450 °C-annealed DP sample, it appears that
the Ag NPs become aggregated to form a larger Ag island.
The as-prepared and annealed Ag NPs dispersed in water
show a slight difference in photo color, indicating a change
in particle size upon annealing.

The XRD patterns of the as-prepared and 450 °C-
annealed Ag on TiO, are displayed in Fig. 2. The patterns
are assigned to tetragonal anatase TiO, (JCPDS 21-1272)
with (101), (004), (200), (105), (211), (204), and (220)
planes [39], and cubic metallic Ag (JCPDS 41-1402) with
(200), (111), and (220) planes [40, 41]. No peaks corre-
sponding to Ag oxides were found. A formation of metallic
Ag during DP could also be judged by change in color, and
tiny silver mirror formation inside the wall of the reaction
flask. Upon annealing to 450 °C, the major XRD patterns
show no critical change, but the peak becomes a bit nar-
rower, indicating formation of a larger island. This is in
good consistency with the SEM image in Fig. 1. We have
also induced sonication during DP. The XRD is displayed
below in Fig. 2 for reference. Based on the SEM image
(not shown) and the sharper XRD patterns, it appears that
Ag forms larger islands. We have also simply tested
photochromism of our sample [37] although this is not a
main focus in this article. Upon irradiation of UV light for
30 min, we clearly observed a change in color (not shown)
of the Ag-TiO, film by eye.

We have taken UV—Vis absorption and Raman spectra
for further references, displayed in Fig. 3. As seen in the
Figure, upon Ag-modification the absorption in the visible
region is clearly enhanced due to nano-size metallic Ag.
Compared to the 450 °C-annealed and the sonication-
induced samples, the as-prepared sample shows an
enhanced absorption in the visible region, plausibly due to
a morphology (e.g., size) effect. Four Raman active peaks
are observed between 100 and 900 cm_l, attributed to
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Fig. 1 SEM images of bare
TiO, (top left), electrodeposited
(top right), as-prepared DP
(bottom left), and 450 °C-
annealed (bottom right) Ag on
TiO, supports. The inset photo
images correspond to
as-prepared and 450 °C-
annealed DP samples dispersed
in water
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Fig. 2 XRD patterns of as-prepared and 450 °C-annealed DP Ag on
TiO, nanoparticle support. Anatase TiO, and cubic metallic Ag XRD
patterns are displayed below for reference. The XRD of a sonication-
induced sample during DP is displayed for reference

anatase TiO, [42]. The peaks at 144 (E,) and 394 cm™!
(B,,) are of O-Ti—O bending. The other two peaks at 514
(Ay,) and 636 cm ™! (E,) are due to Ti—O stretching. Upon
high loading Ag, the Raman peaks are drastically reduced.
This indicates that TiO, is almost fully covered by Ag.
Upon annealing to 450 °C, the peak is further reduced to
show no peaks. This could indicate Ag becomes more
homogeneous than the as-prepared film. For the sonication-
induced sample, the Raman peak of TiO, is still seen,
indicative of lower coverage. As shown, the UV-visible
absorption intensity in the visible region, and the relative
XRD intensities of Ag/TiO, is lower, compared to the other
two samples.

@ Springer

We performed depth profiling XPS to further clarify
changes in chemical states and electronic structures with
depth. Figure 4 shows the XPS survey and high resolution
narrow scans. The major XPS survey peaks include O 1s,
Ti 2p, Ag 3d, and C 1s. The C 1s XPS peak due to surface
impurity is significantly decreased upon sputtering as
expected. Other XPS peaks show no comparable change in
intensity, relatively compared to the C 1s peak. The high
resolution Ag 3d peaks for the as-prepared sample are
located at 368.0 eV (3ds;;) and 374.0 eV (3d5.), with a
spin—orbit splitting of 6.0 eV. This is attributed to metallic
Ag [42], consistent with the XRD result. The Ti 2ps)
(2p12) peak is found at 459.3 (465.1) eV, attributed to Ti**
of bulk TiO, [39]. The peak position and width show no
critical change compared to those of unmodified bare TiO,.
This indicates that there is no significant interfacial inter-
action between Ag and the support. Upon Ag deposition,
the O 1s peak at ~533.0 eV is enhanced, as clearly shown
from the difference spectrum (O 1s Ag/TiO,—O ls bare
TiO,). The enhanced peak is plausibly due to weakly
adsorbed species such as H,O (and/or O,). The major peak
at 530.5 eV is due to O*~ of TiO, [39]. The valance band
(VB) shows a broad distribution between 2 and 10 eV, due
to both Ag 4d, and n-nonbonding/c-bonding O 2p orbitals
for TiO, [39]. To discriminate net Ag 4d signal from the
TiO, support, we take a difference VB spectrum (Ag/TiO,—
bare TiO,), and attribute this solely to Ag 4ds»3, VB.
With sputtering the surface, the Ag 3d peak shifts slightly
to a higher BE position by only 0.1 eV (within experi-
mental uncertainty), and becomes asymmetrically broad-
ened toward higher BE side. Upon 10 min sputtering, the
Ag 3d peak is enhanced by 1.1 x. The normalization factor
is then 0.93 for the 10 min-sputtered Ag 3d peak. The
enhancement could be due to removal of surface carbon
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Fig. 4 High resolution Ag 3d, Ti 2p, O 1s, and VB XPS spectra (top) with sputtering time, and survey XPS spectra (bottom left) of as-prepared
DP Ag on TiO,. 0/10 indicates 0 and 10 min spectra display at the same baseline

contaminants. The asymmetrical broadening is due to
either initial or final state effects [44, 45]. A final state
charging effect is plausibly considered. When the size of a
Ag NP reaches to a quantum size by sputtering the positive
charge inside the NP become isolated from the substrate
[44]. Thereby, the XPS peak is observed in a higher BE
side. The Ti 2p XPS peak drastically changes with sput-
tering. The Ti 2p3, peak at 459.3 eV becomes reduced
while the peak in the lower BE side becomes remarkably
enhanced. This has been attributed to lower oxidation states
of Ti (Ti"*, n < 4) induced by ion beam irradiation [39].

For the O 15 XPS peak with sputtering, the peak maximum
slightly shifts to a higher BE position from 530.5 to
530.7 eV. The photoemission intensity at 530.5 eV is
reduced while that at 531.5 is enhanced. The change in
total O 1s intensity is negligibly small, indicating no loss of
oxygen by sputtering. The O 1s peak at ~531.5 eV is
attributed to defects and/or adsorbed OH. It has been
reported that OH species could be formed by ion beam
irradiation [39, 46]. Furthermore, defects are also created
when Ti** and Ti*" are formed by reduction of Ti*". The
VB spectra broaden toward a higher BE side with
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Fig. 5 High resolution Ag 3d, Ti 2p, O 1s, and VB XPS spectra (fop)
of 450 °C-annealed DP Ag on TiO, with sputtering time. 0/10
indicates 0 and 10 min spectra display at the same baseline. The

increasing sputtering, due to mostly change in chemical
state of TiO,.

Upon annealing the DP sample, the XPS spectra show
differences as displayed in Fig. 5. The Ti 2p and O
1s spectra remarkably change, while the Ag 3d spectrum
shows no significant change. The enhanced O 1s peak at
532.5 eV is due to an increase in weakly adsorbed oxygen
species such as H,O and O,. The major Ti 2p and O
Is peak are reduced in intensity with no change in BEs.
This reflects that the analyzed surface area of TiO, is
decreased upon annealing. As discussed above (Fig. 1), the
morphology of DP sample changes considerably upon
annealing. The Ag 3d peak is gradually decreased with
sputtering. The intensity is reduced by 0.74 x, and thus the
normalization factor is 1.35x. An asymmetric broadening
of the Ag 3d peak to a higher BE side is plausibly due to a
quantum size effect, as already discussed above. The Ti
2p peak changes very similarly to that of unannealed DP
sample. The Ti 2p (Ti*") peak at 459.2 eV is reduced while
the Ti 2p (Ti"*, n < 4) peak with a lower BE is enhanced
due to an ion beam sputtering effect, as discussed above.
The O 1s XPS peak at 532.5 eV is dramatically reduced
upon 2.5 min sputtering, reflecting removal of topmost
adsorbed species. Upon further sputtering, the O 1s peak
changes very similarly to that (Fig. 5) of unannealed DP
sample. Two VB maxima appear at 4.9 and 6.1 eV, and
resemble that of metallic Ag [19]. With increasing
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sputtering, the VB becomes blunt plausibly due to size
effect and/or change in chemical states of TiO, support.
We have roughly calculated the relative elemental surface
composition of Ag versus Ti for the DP sample, assuming
that the Ag and TiO, are homogeneously mixed. The XPS
peaks of Ag 3d and Ti 2p were integrated, and divided
the areas by their corresponding sensitivity factors (Ti
2p = 1.9 and Ag 3d = 5.2) [47]. Then, the Ag/Ti ratios
were calculated to be 1/7.5 ~0.13 and 1/2.7 ~0.37 for the
as-prepared and the annealed samples, respectively. The
difference in ratio is mainly due to decrease in Ti
2p intensity upon annealing, already discussed above.
Photocatalytic activities of DP samples were tested for
the photodegradation of methyl orange. The degradations
catalyzed by unmodified TiO, and Ag-modified TiO,
powders (un-annealed and 450 °C-annealed) are displayed
with UV (365 nm) irradiation time. The UV-Vis spectra of
methyl orange solution containing bare TiO, are displayed
with photo-irradiation time for reference. As seen in Fig. 6,
without a catalyst the absorption maximum (4,,,x) shows
no change with time. Upon adding anatase to TiO, nano-
powders, the degradation of methyl orange drastically
occurs with photo-irradiation time. For Ag-modified TiO,,
the degradation rate becomes remarkably slower. And the
rates for the as-prepared and 450 °C-annealed DP samples
show no considerable change. As discussed above, the
chemical states of Ag and TiO, elucidated by XPS show no
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critical change. It appears that the lower degradation rate
could be due to a high Ag-loading effect. It has commonly
been observed that the best efficiency is obtained at a low
loading level [47-50]. Moon et al. [48] doped Sb into TiO,
to increase photocatalytic activity, found a better activity
than that of Degussa P-25 for the photodecomposition of
methylene blue at 5% doping level. At above 5%, they
found that the activity becomes deteriorated. Sano et al.
[49] photodeposited Ag on TiO,, and obtained the best
efficiency at 0.16 wt% Ag for the photodecomposition of
N,O. They attributed the increased efficiency to Ag*
species. Dobosz and Sobczynski obtained the optimum
condition at 0.5 wt% Ag in TiO, for phenol decomposition,
and found a decrease in decomposition efficiency at above
the Ag loading level [51] .

We have compared the XPS of DP sample with that of
electrodeposited sample. For Ag on TiO, prepared by
electrodeposition, the corresponding XPS spectra are dis-
played in Figs. 7 and 8. The survey XPS scan also includes
Ag 3d, Ti 2p, O 1s, and C s (surface impurity), as
expected. The Ag 3ds, (3d;;) peak is found at 368.1
(374.1) eV, assigned to metallic Ag. The Ag 3d peak
becomes also asymmetrically broadened toward a higher
BE side with increasing sputtering time. The intensity is
reduced by 0.5x%, and then the normalization factor is 2x.
The Ag 3d XPS intensity is more drastically reduced with
sputtering, compared to the DP sample. This is because as
mentioned earlier Ag NPs mainly exist on the topmost
surface for an electrodeposited sample, not inside the bulk.
The Ti 2p3,, (2p12) peak at 459.2 (465.0 eV) is the same as
that of bare TiO,, indicating no critical interfacial inter-
actions between Ag and the support. With increasing ion
beam sputtering, the major Ti 2p peak becomes reduced
while the lower BE peak is enhanced. This change is very
similar to that for DP sample. Upon Ag deposition, the

Wavelength (nm)

O 1s XPS peak between 531 and 534 eV is enhanced while
the major peak at 530.6 eV is reduced. With increasing
sputtering, the photoemission between 531 and 535 eV are
increased due to enhancement of adsorbed H,O (and O,,
OH) and defects [39]. On the other hand, the major peak is
consequently reduced. The VB also changes very similarly
as that of DP sample. The difference (Ag/TiO,—bare TiO;)
VB spectrum is attributed to entirely overlayer Ag 4d. With
sputtering, the VB becomes broadened, and the maximum
shifts from 5.2 to 6.6 eV.

For 450 °C-annealed electrodeposited sample, the Ag
3d and VB changes significantly, while the Ti 2p and O
1s show a very little change, compared to the unannealed
sample. The BE of Ag 3d shifts to a higher BE by 0.3 eV,
and the VB maximum shifts by 1.5 eV. The Ag 3d peak
shift is not due to a change in oxidation state, plausibly due
to a support electronic effect. Emphasized here that, in XPS
the Ag 3d BE of Ag oxides is lower than that of metallic
Ag. The Ti 2p and O 1s XPS peaks shift merely by 0.1 eV,
with no critical change in intensity. The O ls peak upon
annealing shows a slight decrease at ~531.5 eV and a
slight increase at ~533 eV, indicating a small change in
oxygen chemical states.

Now here, we should discuss that the oxidation state of
Ag may also play a significant role in a photocatalytic
activity. In other words, it is important to know chemical
states of Ag for better understanding photocatalytic prop-
erties. Table 1 summarizes the XPS-probed chemical states
of Ag on TiO, support prepared by various methods
reported in literatures. It has commonly been observed that
Ag is metallic for samples prepared by DP and photore-
duction methods. Ag oxides are generally formed by UV or
thermal treatments after preparing by a sol—gel process. A
thermal-treated (200-300 °C) Ag prepared by a photo-
reduction method was also shown to be an oxide form. As
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Table 1 A literature review for chemical states (XPS BE) of Ag on TiO, prepared by various methods

Preparation methods

Ag chemical states in 3ds, (3d3), eV

XPS instruments, [Reference no.]

Metallic Oxide form
DP method (chemical deposition) 368.0 (374.0): as prep. and anneal None MultiLab 2000, this study

368.1 (374.1): as prep. and anneal None ESCALab 250 [29]

368.5 (374.5) None PHI 5000C ESCA [52],

Escalab M K;; [53]

Electrodeposition 368.1 (374.1): as prep. None MultiLab 2000, this study

368.4 (374.4): anneal
Liquid phase deposition 368.0 (374.0) None [22]
Sol-gel method 368.5: as prep. None Kratos Axis Ultra spectrometer [32]

After UV exposure: Ag,O (367.9 eV) and Ag0 (368.6 eV)

450 °C anneal 368.2 (374.2)
400 °C anneal: Ag0 (368.2), AgO (367.0 eV), and Ag,O

(367.7 eV),
500 °C anneal-anatase
368.2 and 374.5
368.4 (as-prep.)

PHI Quantum 2000 [61]
Escalab MK II [54]

None

800°C anneal-rutile
Ag,0, ~ 367.5eV

ESCA 2000 [60]

Anneal: 367.9-368.3 eV: Ag(0) — Ag(l)

368.6 (375.8)

None

368.5 (375.5)

368.1 (374.1)
367.6 (373.5 £ 0.1)

Ag deposition (RF method) on xerogel
Photo-reduction method

367.2 (373.2):charge transfer interaction None

300 °C anneal

None Perkin-Elmer ® 5600ci [27]
None [24]

Ag,0: 367.8 (373.6) [62]

None [25]

None ESCALab220i-XL [55]
None PHI 5600 [56, 58]

PHI 5000C ESCA [57]
Thermo VG [59]

(Ago, 368.2): minor/(Ag,0, 367.8): major

368.2: as-prep., and
450 °C anneal

PE PHI Quantera
SXM [63]

367.6 (Ag,0):
200 °C anneal

mentioned, different oxidation states of Ag are prepared by
changing the preparation methods. Thereby, different
photocatalytic activities are achieved at low Ag concen-
tration levels. Using our experimental setup, we could not
really measure a change in photocatalytic activity for the
electrodeposited sample because the surface area of the
sample is only 2.5 mm x 15 mm. For a direct comparison
of photocatalytic activities between DP and electrodepos-
ited samples, we consider it as a future plan.

Summary

Efficient Ag deposition on TiO, support has been per-
formed by deposition—precipitation (DP) and -electro-
chemical deposition methods. Ag 3d XPS peaks and XRD
patterns are of purely metallic Ag. With increasing Ar" ion
beam sputtering, Ag 3d XPS peak becomes asymmetrically
broadened to a higher BE side. This is attributed to a final
state quantum size effect. Ti 2p XPS peak significantly
changes with increasing sputtering, due to change in

oxidation state of Ti from 44 to lower oxidation states (3+
and 2+). Photocatalytic activity of bare TiO, for methyl
orange degradation becomes deactivated upon high Ag-
loading. Our study further deepens interfacial nature of Ag
and a metal oxide support for understanding the origin of
catalytic active or inactive sites.
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