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The surfaces of TiO2 and ZnO nanoparticles have been modified by gold (Au) nanoparticles by a reduction method
in solution. Their interfacial electronic structures and optical absorptions have been studied by depth-profiling X-ray
photoelectron spectroscopy (XPS) and UV-vis absorption spectroscopy, respectively. Upon Au-modification, UVvis absorption spectra reveal a broad surface plasmon peak at around 500 nm. For the as-prepared Au-modified TiO2
and ZnO, the Au 4f7/2 XPS peaks exhibit at 83.7 and 83.9 eV, respectively. These are due to a charge transfer effect
from the metal oxide support to the Au. For TiO2, the larger binding energy shift from that (84.0 eV) of bulk Au could
indicate that Au-modification site of TiO2 is different from that of ZnO. On the basis of the XPS data with sputtering
depth, we conclude that cationic (1+ and 3+) Au species, plausibly Au(OH)x (x = 1-3), commonly form mainly at the Au+
TiO2 and Au-ZnO interfaces. With Ar ion sputtering, the oxidation state of Ti dramatically changes from 4+ to 3+
and 2+ while that (2+) of Zn shows no discernible change based on the binding energy position and the full-width at
half maximum (FWHM).
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Introduction
Metallic nanoparticles supported on transition metal oxides
have extensively been studied because the nature of overlayer
metal could be modified by the support, and the major role of
1-5
the overlayer metal could be improved further. For an example, Au nanoparticles on oxide support are active for CO oxidation although bulk Au itself is inactive.1-4 The physical properties (e.g., band gap) and the major role (e.g., catalytic property) of oxide support could also be modified by the overlayer metal. Additionally, surface modification of inorganic
nanoparticles by Au has been introduced to prepare for biocompatible inorganic/Au nanoparticles, and thereby the surface
is further functionalized by organic molecules.6,7 Among transition metal oxides, TiO2 (titanium dioxide) and ZnO (zinc oxide) have widely been studied for various applications including
optoelectronic devices, photocatalysts and solar cell devices.
In dye-sensitized solar cells (DSSC) and photocatalysts, TiO2
is one of the most studied materials, and is still explosively under investigation.8-10 ZnO with a wide direct bad gap of 3.2~
11-13
3.4 eV has been applied to light emitting diodes and sensors.
For a prototype overlayer metal, it is known that Au becomes
catalytically active as the size approaches to nanometer-size
region. In addition, the activity of Au highly depends on the
1-4
support material. It has been found that Au on TiO2 support
plays a very active catalytic role in CO oxidation at low temperatures, propene epoxidation, and water gas shift reaction (CO +
14-18
The enhanced catalytic role has been
H2O → CO2 + H2).
19-21
It
explained by size, shape, and support electronic effects.
has been believed that interfacial electronic structures formed
between Au and oxide support could play a major role in cataly-

21,22
It is still not clearly understood that the active catalytic
sis.
site of Au on oxide support is merely metallic Au and/or ionic
23
Au species. To fully understand the role of metallic nanoparticles on metal oxides, it is very important to study the interfacial electronic structures of Au-metal oxide. In this paper,
we have prepared Au nanoparticles on metal oxide nanoparticles
by a wet impregnation method in solution. The interface has
mainly been studied by depth-profiling XPS.

Experimental Section
Anatase TiO2 (99.7%, < 25 nm in size) and ZnO (99.7%,
< 100 nm in size) nanopowders were purchased from Aldrich,
and dispersed in Millipore water (18.1 MΩ-cm resistivity) assisted by an ultrasonicator. In the nanopowder solutions, an appropriate amount of 0.1% hydrogen tetrachloroaurate (HAuCl4,
Aldrich) solution was added and boiled while being kept stirred.
In the boiling solutions, 0.05 M sodium citrate solution was
then added and continued to boil until the color of the solutions was changed. When no further change in color was observed, we stopped boiling and let the solution cool to room temperature. We observed that the originally white TiO2 and ZnO solutions become violet and pink upon Au-modification, respectively. The change in color indicates that Au nanoparticles
become deposited on the metal oxide surfaces. The Au-modified
TiO2 and ZnO in solution were then drop-coated on a Si substrate, and the sample was dried before XPS characterization.
UV-vis absorption spectra of the solution samples were taken
using a Jasco UV-vis spectrophotometer (V-530). The XPS mea+
surements with Ar ion sputtering depth were performed using
a Thermo-VG Scientific MultiLab 2000 with a monochromatic
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Figure 2. XPS survey spectra of Au-TiO2 (left) and Au-ZnO (right) before (as-prepared) and after 10.0 min Ar+ ion sputtering. The C 1s XPS
peaks are 5× expanded, but other major peaks are expanded with an
arbitrary scale.

Al Kα X-ray source (1486.6 eV), a pass energy of 20.0 eV, and
a hemispherical energy analyzer. Because no critical final state
surface charging effect was observed during the XPS measurements, no binding energy correction was performed for the obtained XPS spectra.
Results and Discussion
Figure 1 shows the UV-vis spectra of TiO2 (left) and ZnO
(right) nanoparticle solutions before and after a surface modification by Au nanoparticles. Compared to the spectra of un-modified nanoparticles, those of the modified particles clearly show
an enhanced absorption intensity at around 400 ~ 600 nm. In
addition, the Au-modified TiO2 and ZnO solutions are pink
and violet, respectively, as seen from the photos in Figure 1. It
is known that the surface plasmon peak of Au nanoparticles
24
depends on size, concentration and aggregation. On the basis
of the peak position for Au-TiO2 and the literature informa24
tion, we deduce that the size of Au nanoparticles is not larger
than 5 nm. For Au-ZnO, the Au particle size is likely bigger (but
less dense) than that for Au-TiO2 with a broader size distribution. For ZnO, the larger Au particle size could be expected
because the size of ZnO particle is 4 × of that of TiO2, and thus
the surface area for Au nanoparticle growth is larger for ZnO.
The samples were further characterized by depth profiling

530.9

2+

min
10
7.5

5.0

5.0

2.5

2.5
0.0

0.0
465.0

530.7

459.4

533.0
Au/TiO2-TiO2

459.2

460

455

Binding energy (eV)

530.5

535

530

Binding energy (eV)

Au 4f

Au 4f diff.
88.6

min
10/0.0

10-0.0

85.0
86.5
3+

10-7.5
7.5

Au

Au

+

7.5-5.0

5.0

5.0-2.5

2.5
2.5-0.0

0.0

87.5

90
1000

Ti

7.5

Au/TiO2-TiO2

XPS intensity (arb.unit)

XPS intensity (arb.unit)

O1s

3+

min
10

465

as-prepared
10.0 min Ar+ ion

Ti2p

10-0.0

4+

Ti

Wavelength (nm)

Figure 1. UV-vis absorption spectra of unmodified (thin lines) and Aumodified (thick lines) TiO2 and ZnO dispersed in water. Digital camera
shots clearly show a difference in color before and after Au-modification.
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Figure 3. Ti 2p, O 1s, Au 4f, and Au 4f difference XPS spectra of AuTiO2 with Ar+ ion sputtering time. 10/0.0: the spectra for 10 min and
0.0 min are displayed with the same baseline. 10-0.0 difference spectrum: subtraction of the spectrum of 0.0 min from that of 10 min. Au/
TiO2-TiO2 difference spectrum: subtraction of the spectrum of asprepared bare TiO2 from that of as-prepared Au-TiO2.

XPS to clarify changes in chemical state and electronic structure with sputtering depth. Figure 2 shows the XPS survey
+
spectra before and after (10 min Ar ion sputtering) depth profiling for Au-modified TiO2 and ZnO, respectively. The main
XPS peaks are expanded to illustrate a noteworthy change in
peak. The C 1s XPS peaks show a dramatic decrease upon sputtering with no critical change in peak position, attributable to
contaminated carbon species. Interestingly, before sputtering
the C 1s XPS peak for Au-TiO2 is 10× stronger than that for
Au-ZnO. After sputtering, the C 1s XPS peak for Au-ZnO is
almost completely disappeared while that for Au-TiO2 exhibits
a considerable intensity. From the results, we could deduce that
the surface area of TiO2 is larger than that of ZnO. In addition,
the Au-TiO2 may be chemically more active than Au-ZnO,
and consequently contain more contaminated carbon species
on the surface. As mentioned in the experimental section, we
used TiO2 smaller in size than ZnO. For Au-TiO2, the Ti 2p
XPS peaks are significantly broadened, indicating a dramatic
change in chemical state. The intensity of Au 4f XPS peak is
enhanced in the higher binding energy side. For Au- ZnO, the
Zn 2p XPS peaks are considerably enhanced with no significant
change in peak position. Further details will be described below
with high-resolution XPS spectra displayed in Figure 3 and 4
for Au-TiO2 and Au-ZnO, respectively.
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Figure 4. Zn 2p, O 1s, Zn 3p, Au 4f, and Au 4d spectra of Au-ZnO with
Ar+ ion sputtering time. All the dotted lines are the spectra of the asprepared (0.0 min) sample. 0.0/ZnO: the spectra of as-prepared (0.0 min)
Au-ZnO and bare ZnO are displayed with the same baseline. 10/0.0:
the spectra for 10 min and 0.0 min are displayed with the same baseline.
10-0.0 difference spectrum: subtraction of the spectrum of 0.0 min from
that of 10 min.

In Figure 3, for Au-TiO2 before sputtering, the Ti 2p3/2 (Ti
2p1/2) XPS peak is located at 459.4 eV (465.0 eV), with a spinorbit splitting of 5.6 eV. This is in good agreement with literature
25-27
To clarify
values for bare TiO2 (oxidation state of 4+ for Ti)
a change in Ti 2p XPS peak upon Au-modification, we subtracted the Ti 2p XPS of Au-TiO2 from that of bare TiO2. The difference Ti 2p XPS is displayed below the Ti 2p XPS spectrum of
the as-prepared (0.0 min) Au-TiO2. The total intensity of Ti 2p
peak is decreased by 35% upon Au-modification. The negative
Ti 2p3/2 peak position is located at 459.2 eV, 0.2 eV lower than
459.4 eV. The decrease in lower BE side emission is possibly
due to a charge transfer effect by the overlayer Au nanoparticles
and adsorbed OH (or H2O). The O 1s XPS peak also slightly
shifts to a higher BE side upon Au-modification, plausibly due
to the same reasons. The O 1s XPS peak exhibits two peaks at
530.7 and 533.0 eV, with an intensity ratio of 2.7/1 (I530.7/I533.0).
The major peak at 530.7 eV is due to oxygen of TiO2, and the
minor shoulder peak is attributed to adsorbed hydroxyl groups,
25-27
A difference O 1s
defective oxides and/or adsorbed water.
XPS peak between the spectra of as-prepared Au-TiO2 and bare
TiO2 is also displayed. Upon Au-modification, the major O 1s
peak is decreased by 28% while the minor peak at 533.0 eV is
enhanced by 72 %. The total O 1s XPS area is decreased by

merely 13%, smaller than 35% decrease in the Ti 2p peak. Solely
based on the larger decrease in Ti 2p XPS intensity upon Aumodification, it could be deduced that OH (or H2O) group is
mainly adsorbed on Ti site by forming Ti-O-H bonds. Our XPS
result is consistent with the OH (or H2O) adsorption model bas28
ed on IR spectroscopic result reported by Bezrodna et al.
To calculate the relative elemental composition of Ti versus
O, the peaks of Ti 2p and O 1s XPS are integrated, and the areas
are divided by their corresponding sensitivity factors (Ti 2p =
29
1.8 and O 1s = 0.66). Then, the Ti/O ratio is calculated to be
1/3.6; oxygen is richer, compared to 1/2 of TiO2. This is mainly
due to adsorbed by OH (or H2O) species, and Ti is mainly covered by the species, as discussed above. For Au 4f XPS, the Au
4f7/2 (Au 4f5/2) XPS peak is located at 83.7 (87.5) eV, with a
spin-orbit splitting of 3.8 eV. The BE position is lower than
that (84.0 eV) of bulk metallic gold. This is due to either a
charge transfer effect or an initial state quantum size (or electronic) effect. This will be further discussed later. Using the XPS
areas and their corresponding sensitivity factors the Au/Ti ratio
is calculated to be 1/30. Assuming that the radius of a spherical
3
TiO2 particle is < 12 nm, and using the volume (4/3 πr ) of a
sphere particle, we roughly calculated the radius of an Au particle to be < 3.8 nm, corresponding to < 7.4 nm in size. Because
an inelastic electron mean free path (IMFP) as a factor is not
considered in this rough calculation, and the IMFP is likely
smaller than the size of TiO2 particle25,29 the real size must be
smaller than the calculated value. As discussed above, the Au
size is not larger than 5 nm expected from the UV-vis absorption
spectrum.
High-resolution XPS spectra were recorded with increasing
+
Ar ion sputtering time. Upon 2.5 min sputtering, the Ti 2p XPS
shows a dramatic change. The major peak at 459.4 eV is reduced
by 22%, with no discernible change in peak position. However,
the photoelectron emission in the lower BE side is newly appeared. We attribute the lower BE side emission to reduced Ti states
n+
+
30-32
The total Ti
(Ti , n < 4) formed during Ar ion sputtering.
2p XPS is enhanced by 17% after an initial 2.5 min sputtering,
due to removal of adsorbed overlayer species, such as OH (or
H2O) groups. With further increasing sputtering, the Ti 2p3/2
4+
peak (Ti ) at 459.4 eV is gradually decreased while the Ti 2p3/2
peak at lower BE sides is constantly increased. A difference
spectrum (10.0 - 0.0) between the as-prepared sample and the
10.0 min-sputtered sample shows negative and broader positive
peaks, corresponding to Ti4+ and Tin+ (n < 4), respectively. For
the O 1s XPS upon sputtering, the peak at 533.0 eV is reduced
while the O 1s peak of TiO2 crystal lattice at 530.7 eV is enhanced, due to removal of adsorbed OH (or H2O) groups. With
increasing the sputtering time, the O1s XPS peak gradually
shifts to a higher BE position by + 0.2 eV. The enhanced emission in the higher BE could be due to sputtering-induced defec25-27
For bare TiO2 with sputtering we have also obtive oxides.
served that the major O 1s XPS peak gradually shifts to a higher
BE position.
For the Au 4f XPS with increasing sputtering time, the peak
broadens and shifts to a higher BE position. The difference spectrum between the as-deposited (0.0 min) and the 10 min-sputtered samples could be fitted with two 4f7/2 XPS peaks at 85.0
and 86.5 eV. The peaks at 85.0 and 86.5 eV are plausibly assign-
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+
3+
ed to Au and Au states, respectively. The XPS intensity ratio
(I85.0 /I86.5) of the two peaks is estimated to be 3.9/1, and the (Au3+
+ Au+)/Au0 ratio (cationic vs. metallic species) for the 10 minsputtered sample is estimated to be 0.63/1. For Au-TiO2 prepared by a deposition-precipitation (DP) method, Fu et al. observed
+
3+
Au and Au (AuO , AuO2 and AuOH ) species by time-of33
flight secondary ion mass spectroscopy (TOF-SIMS), consistent with our XPS result showing the same oxidation states.
However, they observed only metallic Au by XPS without any
indication of ionic Au species. For the as-prepared un-sputtered
sample, our XPS data show only metallic Au. Mrowetz et al.
34
also observed only a metallic Au 4f7/2 peak at 83.6 eV. On the
other hand, for an as-prepared sample Casaletto et al. found
two 4f7/2 XPS peaks at 84.4 and 85.6 eV (obtained after curve0
3+
35
fitting), assigned to Au (67%) and Au (33%), respectively.
Yang et al. found an Au 4f7/2 (Au 4f5/2) peak at 85.8 eV (89.1 eV),
3+
36
assigned to Au species. The inconsistent XPS results could
be explained as follows: the cationic Au species form mainly
at the interface. If the Au particle size is big enough, the photoemitted signal from the interface could not travel to the surface
without energy loss because of a short inelastic electron mean
free path, while the size is small enough the photoelectrons
0
+
3+
both from the surface (Au ) and the interface (Au and Au )
could reach the surface. For Au nanoparticles on TiO2(110)
studied by scanning tunneling microscopy (STM) and density
functional theory (DFT) calculation, Matthey et al. made a conclusion that cationic Au species are generally occurred at the
37
interface.
The higher Au 4f XPS BE could also be due to a final state
38-40
Because the size of Au particles could
quantum size effect.
be decreased to a quantum size by sputtering, a quantum size
effect should be discussed. At lower coverages of Au on TiO2
(110) surface prepared in an UHV condition, it has been observed that the 4f7/2 XPS peak show ~ 0.5 eV higher BE than that of
39,40
Jiang
metallic Au, attributed to a final state screening effect.
et al. reported a XPS evidence that on reduced TiO2 (110) surface
charge transfer from the oxide support to Au also play a role in
the XPS BE.40 However, for the samples prepared in solution,
the 4f7/2 XPS BE exhibits at much higher position than the BE
induced by final-state quantum size or charge transfer effects.
For the un-sputtered sample as mentioned above, the 4f7/2
XPS peak at 83.7 eV is in good agreement with the result re41
ported by Radnik et al. They observed lower 4f7/2 XPS BE
than that of metallic Au for Au supported on TiO2 nanoparticles,
prepared by chemical vapor deposition and deposition-precipitation methods. This could be explained by a charge transfer
effect from the support to Au. It has been believed that Au is
attracted more strongly to oxygen vacancy sites than to Ti or
42
bridging oxygen sites. In this case, the electron from the vacancy will transfer to adlayer Au. This indicates that a stronger
bonding between Au and TiO2 support is expected for defectrich TiO2 support.
For the as-prepared ZnO shown in Figure 4, the Zn 2p3/2 (Zn
2p1/2) XPS peak is located at 1022.4 (1045.5) eV, with a spinorbit splitting of 23.1 eV. This is attributed to Zn(II) of ZnO
crystal lattice. For the O 1s XPS of ZnO, the peak consists of
at least two peaks at 531.1 and 533.0 eV. The shoulder peak at
533.0 eV could be assigned to adsorbed OH (H2O) species on
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the surface,13 as mentioned above. The Au 4f7/2 XPS peak is
clearly seen at 83.9 eV although the Au 4f5/2 XPS peak is buried
in the strong Zn 3p3/2 XPS peak. A weak Au 4d5/2 XPS peak is
25,26
Compared to the
seen at 335.0 eV, assigned to metallic Au.
Au 4f7/2 XPS BE (83.7 eV) for Au-TiO2, the BE for Au-ZnO is
higher and is more close to that (84.0 eV) for bulk metallic Au,
41
in good agreement with the literature. This indicates that the
adsorption site (e.g., vacant Zn interstitial surface sites exhibit43
ing less charge transfer to Au) of Au on ZnO is different from
42
that (e.g., oxygen vacancy sites) of Au on TiO2. Although it
has not clearly been understood why nanosize Au on oxide support is chemically active, the larger Au 4f BE shift for Au-TiO2
than that for Au-ZnO could be related with the fact that Au is
more active on TiO2 support than on ZnO.1-3 Using the Zn 2p
and the Au 4f XPS areas, and their corresponding sensitivity
factors the Au/Zn composition ratio is calculated to be 1/80.
Upon sputtering the sample for 2.5 min, the Zn 2p XPS intensity is enhanced by 26%. This is mainly due to removal of
44
adsorbed OH (H2O) species. The O 1s XPS peak at 533.0 eV
is reduced as expected while the major O 1s peak at 531.1 eV
shifts to a lower BE position by 0.2 eV. The difference spectrum
between 10 min (solid line) and 0.0 min (broken line) show a
broad negative peak at 533.0 eV and a positive peak. The two
spectra are displayed with the same baseline in Figure 4 for a
direct comparison. With further increasing sputtering time, although the Zn 2p becomes slightly enhanced the peak position
and the FWHM stay nearly constant, indicating no critical change in chemical environments. For the Au 4f7/2 XPS, with increasing sputtering time the photoemission signal at around 85.0 eV
becomes enhanced. The difference spectrum between 10 min
(solid line) and 0.0 min (broken line) clearly show a broad positive peak at ~85.0 eV. This could be due to Au(I) species, as
discussed above for Au-TiO2. The Au 4d5/2 XPS peak becomes
broader and stronger, mainly due to an increase in photoemission
signal at ~336.1 eV, assigned to Au(I). The difference spectrum
(10min - 0.0min) clearly shows a peak at 336.1 eV. The Au 5d
spectra of 10 min (solid line) and 0.0 min (broken line) are compared with the same baseline. Because the Au 4f peak is buried
in the Zn 3p, and the Au 5d spectra is much weaker we could
not clearly deduce whether Au(III) species are present or not
for Au-ZnO. However, on the basis of the result of Au-TiO2,
we assume Au(III) species are also probably present at the
Au-ZnO interface. Phala et al. demonstrated by a theoretical
calculation that Au(I), Au(II) and Au(III) are stable as substitu42
tional species of vacant Zn(II). For Au-ZnO samples prepared
in solution, Au(OH)x (x = 1 - 3) complexes are plausibly formed
42
as cationic Au species.
Summary
TiO2 and ZnO nanoparticle surfaces have been modified by
Au nanoparticles by a deposition-precipitation method in solution, and investigated by depth-profiling XPS and UV-vis absorption spectroscopy. On the basis of Au 4f XPS with sputtering
time, we conclude that cationic (1+ and 3+) Au species are
commonly formed, mainly at the interface of Au and the oxide
+
3+
nanoparticles. With the Au 4f (Au and Au ) and O 1s XPS
42
data (e.g., OH) in conjunction with a literature report, we as-
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sume that the cationic Au species are plausibly due to Au(OH)x
(x=1 - 3). For the unsputtered as-prepared samples, the only metallic Au 4f XPS peaks observed at 83.7 and 83.9 eV for TiO2
and ZnO, respectively. It appears that charge transfer from the
adsorption sites on TiO2 to Au nanoparticles is more prominent
than from those on ZnO to Au nanoparticles. A critical differ+
ence between TiO2 and ZnO with Ar ion sputtering is that the
oxidation state (4+) of Ti for TiO2 is dramatically changed to
lower oxidation states (3+ and 2+) while that (2+) of Zn for
ZnO shows no noticeable change. Our XPS results much clearly
reveal the interfacial electronic structures of two different metal
oxides TiO2 and ZnO modified by Au nanoparticles.
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