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provided by the addition of molecular oxygen in the gas phase
during photo-oxidation36,37).

A similar set of experiments was conducted on Au/TiO2
(110) surfaces. A clean and oxidized surface was prepared for
each experiment with the methodology described in the
Experimental Section. Figure 2 presents the XPS Au 4f
collected spectra of the “as prepared” surfaces and those
obtained after the photocatalytic reaction. A nonlinear but
gradual shift of the XPS Au 4f core levels from higher to lower
binding energy was observed with increasing coverage. The
binding energy of XPS Au 4f7/2 decreased from 84.8 eV for the
initial coverage of 0.11 at. % to 84.3 eV for the final coverage of
0.50 at. %. This has been seen in many other works before.38

The shift is attributed to a particle size effect,39 where, for
metal clusters with a subnanometer size, the process of
photoemission leaves an unscreened hole. After the photo-
reaction of ethanol, the binding energies shift of XPS Au 4f
core level peaks was still noticed although with a slight
decrease of their fwhm, most likely due to a marginal sintering
as observed before by STM in similar reaction conditions.23

The presence of Au clusters on top of TiO2(110) has
resulted in one main difference in the probed electronic state
of Ti 2p after reaction. A gradual disappearance of the reduced
states (Ti3+ cations) as a function of Au coverage occurred. By
about 0.50 at. % of Au, almost all reduced states have
disappeared. The main spectra are presented in Figure 3 a and
b together with Table 1. A gradual decrease of the, after
reaction Ti3+ cations, is noticed with increasing Au coverage. It
is important to mention that each experiment was conducted
separately where the Au atoms were removed from the surface
of TiO2(110) by successive Ar+-sputtering and annealing.
Once an oxidized clean surface is obtained Au cations were
dosed again at a given coverage (Figure 2). The corresponding
XPS C 1s spectra are presented in Figure S3. All spectra
contain the signature of ethoxide species at about 285 and

286.5 eV, as observed in Figure 1C. There is a minor signal
developing at 289−289 eV which is that of − COO- group
with increasing gold coverage. The presence of an oxidized
route may appear contradictory to the role of Au in acquiring
the electronic charges from Ti3+, yet it is explained considering
the complete photoreaction steps on Au/TiO2. The ejection of
a CH3 radical during the reaction leads to a slight buildup of
formates, as has been seen previously.40,41,38

Although Figure S4 shows the presence of d-electrons due to
the creation of these reduced states, at about 1 eV below EF,
the very weak signal-to-noise prevented quantitative analysis.
The fraction of Ti surface atoms in the Ti3+ oxidation state
after the photocatalytic reaction as measured using the Ti 2p
lines and as a function of Au coverage is shown in Figure 4a,b.
Figure 4a shows the as computed peak areas of Ti3+ (the
individual spectra with the difference being highlighted are
shown in Figure S2). A monotonic decrease of the % of Ti3+
cations with increasing Au at. % is seen. At about 0.5 at. % of
Au, the Ti3+ peak area is virtually zero. Figure 4b presents the

Figure 3. XPS Ti 2p of the fresh as prepared Au/TiO2 (110) rutile surface and the same after photocatalytic reaction with ethanol/water at room
temperature. Ethanol/water (m/z 18/m/z 31 = 0.35) at a total pressure inside the chamber = 5 × 10−7 Torr under UV−vis excitation (320−630
nm) and a flux of 690 mW cm−2.

Table 1. At. % and Number of Au Atoms on a TiO2(110)
Rutile Single Crystal, Together with the Fraction of Ti3+
Cations Formed and Reacted upon the Photocatalytic
Reaction of Ethanola

Au
at. %

No. of gold
atoms/cm2

fraction
of Ti3+

fraction of Ti3+
that has reacted

No. of atoms of Ti3+
that has reacted/cm2

0 0 0.1 0 0
0.11 1.1 × 1012 0.089 0.011 5.5 × 1011

0.17 1.7 × 1012 0.094 0.006 3.0 × 1011

0.22 2.2 × 1012 0.09 0.01 5.0 × 1011

0.40 4.0 × 1012 0.084 0.016 8.0 × 1011

0.43 4.3 × 1012 0.066 0.034 1.7 × 1011

0.49 4.9 × 1012 0.042 0.058 2.9 × 1011

aThe raw data are presented in Figures 2, 3, and S2.
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same data plotted taking into consideration the total number of
atoms of Au in the different experiments and the number of
Ti3+ cations that have reacted. In other words, it is a
relationship between the number of Au atoms that have
“possibly” trapped electrons during the photoreaction and the
number of Ti3+ that have disappeared. The shape of the
dependence has some logarithmic part (although it is best
fitted with an inverse cubic function) where at high enough
numbers saturation has occurred. As can be seen, the
asymptote is reached at about 1 Au atom per electron
consumed and there is little incentive to further increase their
amount, this is equivalent to about 0.50 Au at. %. This is in line
with almost all studies in photoreaction of alcohols using noble
metals on top of TiO2 powder and probably most other oxide
semiconductors; where the optimal catalyst compositions is
often composed of less than 2 wt % of the deposited noble
metal42−50 (1.5 wt % of Au on TiO2 is about 0.6 at. % Au).
Form the derivative of the fitting function of the data, the
maximum number of Au atoms needed to trap one electron at
very low coverage can be obtained and it is found to be about
3. That is probably best explained statistically, at very low
coverage electrons have less chance to travel far enough to
reach gold atoms and are therefore tapped in their path
(wavefucntion) and stay there for a period of time.

Returning back to the initial question, do these Ti3+ cations
disappear because one electron per Ti cation is transferred to
Au clusters which in turn reduce H+ cations to atomic
hydrogen, or do H+ cations are reduced to atomic hydrogen on
the semiconductor surface and the presence of Au atoms is for
their catalytic recombination to molecular hydrogen only?
Probably putting the facts first would help addressing the
question.

1. Reduced Ti3+ cations are formed within TiO2 upon
photocatalytic reactions of a hole trapping, reactant such
as ethanol in this work.

2. A metal is needed to make the reaction, in the absence
of a metal the rate is 1−2 orders of magnitude slower

and this seems to be independent from the nature of the
semiconductor in powder form, TiO2, SrTiO3, ZnO,
CdS, and g-C3N4 to name a few.

3. The presence of Au (as in this work) suppresses the
formation of Ti3+ cations.

4. A small surface coverage of a metal is needed (typically a
few %) increasing the coverage does not increase the
reaction rate (in some cases a mild decrease occurs).

5. Hydrogen ions reduction is orders of magnitude slower
than the electron transfer from rate from TiO2 to Au (or
from a semiconductor to a noble metal in general).

If the presence of Au clusters is only linked to the hydrogen
atom recombination reaction one would not have expected
reaching such a fast asymptote as shown in Figure 4b. In a
previous work, we have observed on Au/TiO2 powder, a
gradual quenching of the PL that started to saturate at a much
higher loading then the one observed here (about 10×
higher).51 Others have also observed an almost total quenching
pf the PL signal at 0.15 ML Au/TiO2 powder.52 If one may
consider the quenching of TiO2 photoluminescence (PL) as an
indication of electron transfer from the semiconductor (TiO2)
to the noble metal (Au) then the results reported in this work
are dissimilar to PL results that were conducted in noncatalytic
conditions. The fast-reaching saturation (in terms of metal%)
both for removing Ti3+ cations and for making hydrogen
molecules seems to be linked to the “limited potential” of these
clusters to acquire excited electrons from the semiconductor
and the “limited potential” of TiO2 to make Ti3+ cations. Since
the hydrogen ion reduction is orders of magnitude slower than
the electron transfer to Au clusters, the rate is thus limited by
the former step. In other words, there is no need for more
metal atoms to be deposited on the surface. This, and the time-
discrepancy between both (the fast (and limited) electron
transfer to gold atoms and the slow electron transfer to H+)
appear to be the two most important reasons for affecting the
overall reaction rate.

Figure 4. Decrease in the Ti3+ peak area as a function of Au atomic% on TiO2(110) and (b) the number of Au atoms on rutile TiO2(110) as a
function of number of Ti3+ cations that has disappeared (with respect to the pristine surface) after the photocatalytic reaction with ethanol/water at
room temperature. Ethanol/water (m/z 18/m/z 31 = 0.35) at a total pressure inside the chamber = 5 × 10−7 Torr under UV−vis excitation (320−
630 nm) and a total light flux of 690 mW cm−2.
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