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Abstract: Au/TiO2 catalysts prepared by a deposition–precip-
itation process and used for CO oxidation without previous
calcination exhibited high, largely temperature-independent
conversions at low temperatures, with apparent activation
energies of about zero. Thermal treatments, such as He at
623 K, changed the conversion–temperature characteristics to
the well-known S-shape, with activation energies slightly below
30 kJ mol�1. Sample characterization by XAFS and electron
microscopy and a low-temperature IR study of CO adsorption
and oxidation showed that CO can be oxidized by gas-phase
O2 at 90 K already over the freeze-dried catalyst in the initial
state that contained Au exclusively in the + 3 oxidation state.
CO conversion after activation in the feed at 303 K is due to
AuIII-containing sites at low temperatures, while Au0 dominates
conversion at higher temperatures. After thermal treatments,
CO conversion in the whole investigated temperature range
results from sites containing exclusively Au0.

Despite two decades of research on catalysis with supported
gold catalysts, there has remained much disagreement with
respect to the origin of their remarkable reactivity. Even for
a reaction as simple as CO oxidation, the nature of the active
sites is still under debate. Regarding the oxidation state of
gold in them, most research groups favor the metallic state, in

particular Au0 atoms at the perimeter between metal cluster
and support surface.[1,2] Typical mechanisms involve the
reaction of CO adsorbed on Au0 sites or on slightly positively
charged clusters (Aun

d+) with oxygen activated on the redox
active support[2] or even with support oxygen.[3] Activation of
both reactants by exposed sites of the gold nanoparticles has
also been proposed.[4] It may explain high activities obtained
also with Au on irreducible oxides.[5–7]

The role of Au cations often coexisting with Au0 in the
most active catalyst states[8–10] is a matter of debate. In line
with earlier work of Schwartz et al. ,[9] we considered them as
spectators because upon their complete reduction, a model
catalyst containing Au/TiO2 nanoaggregates hosted in MCM-
48 lost only some of its activity.[10] Models have been proposed
in which Au ions at the perimeter between the Au particle and
support hold OH groups involved in the oxidation mecha-
nism.[11, 12] Opinions according to which Au3+ sites can catalyze
CO oxidation alone[13] or better than Au0[14] are rare, although
it has been shown in a theoretical study that Au trimers can
catalyze CO oxidation at high rates irrespective of their
charge.[15]

We now present evidence that Au3+ sites prepared on TiO2

by deposition–precipitation (DP) are active for CO oxidation.
At the same time, we give an explanation for temperature-
independent CO conversion ranges reported for CO oxida-
tion over Au catalysts quite early.[1] Catalytic CO oxidation by
Au3+ sites was detected at a temperature as low as 90 K in
static regime. In flow experiments, a surface exposing Au3+

along with a minority of Au0 sites catalyzed CO oxidation well
below room temperature with low, sometimes negative
apparent activation energies (Ea,app). Reduction of Au3+ to
Au0 by thermal treatment resulted in a completely different
temperature dependence of reaction rates.

4 wt % Au/TiO2 catalysts were prepared by DP: HAuCl4

pre-hydrolyzed with a NaOH quantity pre-determined in
initial optimization studies[16] to minimize well-known repro-
ducibility problems with this route[17, 18] was contacted with the
TiO2 surface (Evonik P-25; for details, see the Supporting
Information). After Au deposition, the solid was recovered by
filtration, washed, freeze-dried overnight, and used for
catalytic studies without calcination. If required, this precur-
sor was stored at 255 K in the dark, which did not introduce
changes of catalyst behavior beyond the range of scatter
experienced in repeated preparations for a duration of up to
three weeks.

The catalyst was activated by contact with the feed (1%
CO, 20 % O2, balance He) at 303 K. After cooling to 215 K in
He, a temperature-programmed reaction (TPRe) run was
performed (2 Kmin�1 to 303 K, “first run”). Repeated cooling
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in He and TPRe resulted in a “second run”, after which the
catalyst was subjected to a treatment in He at 623 K
(5 K min�1, 30 min isothermal) with subsequent TPRe test
as described. The series was completed by an analogous
treatment in synthetic air at 623 K followed by TPRe. For
catalysis, a space velocity of 315 000 mLg�1 s�1 was used,
fourfold that usually applied in literature. Stationary tests
were not performed within this study.

Figure 1 shows the typical temperature dependence of CO
conversion (XCO). During activation, the catalyst immediately
achieved full conversion. In the first run, XCO started with

more than 40% at 215 K and increased with temperature
slowly: between 225 and 265 K, Ea,app was estimated as
6 kJmol�1 assuming a rate law that is first-order in CO.
Conversion started at about 55 % in the second run, but led
into a pronounced plateau between 230 and 265 K (Ea,app = 0),
before it carried on increasing to 100 %. Heat treatment
resulted in a total change of conversion curves: after
activation in He, CO conversion started with less than 30%
at 215 K but increased rapidly with temperature. The result-
ing activation energy of 26 kJ mol�1 between 230 K and 265 K
is well within the range reported in Ref. [2]. Subsequent air
treatment had an adverse effect, though full conversion was
still nearly reached at room temperature and there was no
significant change in the activation energy (28 kJmol�1,
255 K<T< 280 K).

These patterns were repeated in a number of prepara-
tions, although the exact course of the conversion curves was
not well reproduced: In a total of seven “first runs”, XCO at
220 K was between 28 and 65% and Ea,app for 220 K<T<
(260� 10) K ranged between 6 and 12.5 kJ mol�1, with one
exception (Ea,app = 0). In a total of six “second runs”, XCO at
220 K was somewhat higher on average (30 %<XCO< 75 %),
but developed pronounced plateaus between 220 and (260�
10) K. As long as the catalyst was not exposed to high
temperatures, there were always ranges of very low, zero, or
even negative Ea,app, while the usual S-shape was obtained
after heat treatments. This was even more obvious in an early
optimization series[16] with variation of the NaOH quantity for
HAuCl4 hydrolysis (2 wt% Au, example: inset of Figure 1;

full series: Figure S1). At excess alkalinity, the catalyst
deactivated already during activation in the feed. At the
same time, the conversion plateaus of subsequent runs
became more pronounced or even turned into conversion
decay (Figure 1, inset). Such observations suggest that before
thermal treatment, CO conversions in different temperature
ranges may originate from different sites. Thermal treatments
might convert sites operating at low temperatures into
different species, which changes the type of the conversion
curve.

At different points of the procedure exemplified in
Figure 1, the state of the catalyst was investigated by XAFS,
TEM, and IR spectroscopy of adsorbed CO: after prepara-
tion, namely freeze drying, after the second run, 303 K being
the highest temperature in sample history, and after thermal
treatments in He and in synthetic air.

The XAFS results confirm the expectation that Au is
completely in the + 3 oxidation state initially (Figure 2). In
EXAFS, there is no indication for either the presence of Au0

produced by autoreduction[10] or for higher shells typical of
Au oxide or hydroxide phases (Figure 2 b). This may indicate
ideal atomic dispersion of the gold or the presence of very
disordered aggregates. Use of this material in CO oxidation at
T� 303 K caused only a slight reduction of gold (Figure 2a):
the XANES of this state was reproduced by linear combina-
tion using spectra of the initial state (“I”, 87 %) and after He,
623 K (“II”, 13%, Figure S2a). In EXAFS, the Au–O
scattering intensity was somewhat decreased (Figure 2b).
Intensity in the range of Au–Au0 scattering remained low, but
could be well reproduced by combining the EXAFS of states I
and II in the same 0.87/0.13 ratio (Figure S2 b,c). The low
reduction degree seems surprising, but is an experimental
fact: The sample was taken from a batch showing all reactivity
features reported in Figure 1, and possible artifacts during
sample preparation for XAFS, storage, and measurement
could increase, but never decrease the Au reduction degree.

Figure 1. Conversions XCO in CO oxidation over Au/TiO2 catalyst after
different activations. 1% CO, 20% O2 in He, 315000 mLg�1 s�1. Inset:
CO conversions over catalyst prepared in more alkaline medium (see
the Supporting Information), 2 wt% Au, measured at 80000 mLg�1 s�1

Figure 2. Au LIII XAFS spectra: a) near-edge structure (XANES),
b) extended X-ray absorption fine structure (EXAFS)) of Au/TiO2

catalyst. A: Au foil, B: initial state (freeze dried), C: after catalysis at
T�303 K, D, D’: after thermal treatment in He at 623 K, E: after
thermal treatment in synthetic air at 623 K. A–D were measured at
77 K, and D’, E at room temperature.
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After thermal treatments, both XANES and EXAFS
confirm that gold is completely reduced to the metallic state.
In EXAFS (Figure 2b), there is no intensity beyond noise
level at distances indicative of O neighbors. The first shell was
fitted with an Au–Au distance of 2.82 � (Table S1, Figure S3;
bulk Au �2.87 �), which indicates the presence of very small
Au particles. From the resulting coordination number of 8,
a (spherical) particle size of 12–13 � was estimated using
a method described in Ref. [19] This is an illustration rather
than an assessment as particles of such size will be hardly
spherical. The spectra after treatment in air were identical
within experimental accuracy, indicating the presence of
exclusively Au0.

Microscopic images of the Au/TiO2 catalyst in different
states are presented in Figure 3 and Figure S4. Figure 3a
shows the Au atoms in very small disordered patches, and
often isolated. Although the patches seem to be two-dimen-

sional, the contrast at TiO2 particle edges indicates that many
of them are in fact three-dimensional. After catalysis at T�
303 K, the picture is very similar, but additionally some large
particles of very different sizes can be found (Figure 3b,
Figure S4). Thermal treatment in He seems to produce
a similar picture (Figure 3c), but high magnification shows
the patches to be ordered and more dense (Figure 3c inset;
Figure S4). TEM shows a multitude of particles of about 2 nm
size (Figure S4), but there are still particles of less than 2 nm
and even single atoms (Figure S4). After air treatment,
particles had a more bulky appearance, sometimes with less
obvious contact to the TiO2 surface (Figure S4).

Transmission IR spectra of CO adsorbed onto the initial
catalyst at 90 K are shown in Figure 4 a. The weak signals are
dominated by a band at 2179 cm�1(CO/Ti4+),[20–22] which
completely vanishes at very low temperatures (110 K) in
accordance with previous work.[23] There is a shoulder at
2162 cm�1. The related signal, which can be assigned to CO on
Au3+ sites,[24] remained after heating to 110 K. Figure 4b
shows the response of these signals to the presence of only O2

in the gas phase. The 2179 cm�1 band decreased and a signal
of adsorbed CO2 at 2341 cm�1, together with carbonate-
related bands (not shown) appeared. At the same time, two
signals evolved at 2235 and 2256 cm�1 which have not been
reported in literature to the best of our knowledge. Obviously,
the catalyst was able to catalyze CO oxidation at 90 K already
in the initial state. The absence of CO2 while dosing CO alone

for 20 min (Figure 4b, first spectrum) excludes the catalyst as
the oxygen source.

To clean the sample from adsorbates, such as possible
water remaining after freeze drying, it was heated to 500 K in
vacuum. After CO adsorption at 90 K, an intense signal for
CO/Au3+ was now found at 2158 cm�1, coexisting with CO/
Ti4+ (2179 cm�1) and CO/Au0 (2108 cm�1, cf. Ref. [20,21];
Figure S5). At higher temperatures, the former shifted to
2162 cm�1 but was present up to 250 K. From Au0, CO
desorbed around 150 K,[15, 20,22, 24–26] giving sight to another Au-
related signal at about 2125 cm�1 (Aun

d+, cf. Ref. [22]), which
was a shoulder of the 2158 cm�1 signal at lower temperatures
and persisted until about 200 K.

In Figure 5, the site distribution as reflected by CO
adsorption is compared for the remaining catalyst states.
After catalysis at T� 303 K, a strong signal for CO/Au0

dominates the spectrum, but a shoulder at 2127 cm�1

(Aun
d+) and the support signal at 2177 cm�1 can be also

discerned. Only partial removal of these bands by thermal
desorption allowed observing the signal of CO/Au3+ at
2158 cm�1, which persisted until 230 K. While this confirms
coexistence of Au3+ with Au0 sites, site abundances cannot be
compared, which is due to a lack of knowledge of extinction
coefficients. After He, 623 K (Figure 5b), very strong bands at
2109 cm�1 and 2127 cm�1 (CO on Au0 and Aun

d+) coexisted
with the support signal. Now, the region around 2160 cm�1

remained flat even after desorption of CO from the more
reduced Au sites: no Au3+ was left after the treatment. This
holds also for the air-treated sample (Figure 5 c), where the
shoulder at 2127 cm�1 indicative of Aun

d+ had almost dis-
appeared as well.

Figure S6 shows that all three samples catalyzed CO
oxidation at 90 K. The 2235/2256 cm�1 doublet (Figure 4b) no

Figure 3. HAADF-STEM images of Au/TiO2 catalyst a) in the initial
state, b) after catalysis at T�303 K, and c) after thermal treatment in
He at 623 K. Some individual atoms are encircled.

Figure 4. UHV–FTIR spectra of CO adsorbed on Au/TiO2 in the as-
prepared (freeze-dried) state, a) A: clean surface; Adsorption of CO at
90 K and 5 � 10�6 mbar (B), 1 � 10�5 mbar (C), 1 � 10�4 mbar (D);
subsequent evacuation at 90 K (E), at 100 K (F), at 110 K (G).
b) Interaction between adsorbed CO and gas-phase O2 at 90 K (A),
after adsorption of 4 � 10�4 mbar CO for 21 min; B–G: evacuation and
subsequent dosing of 4 � 10�4 mbar O2 for 7 min (B), 14 min (C),
21 min (D), 28 min (E), 35 min (F), 42 min (G).
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longer appeared. The capability of Au0-containing catalysts to
oxidize CO under these conditions is not a surprise, but
Figure 4b shows that the same occurs also on a surface where
the analysis technique itself rejects the accessibility of Au0, on
top of the XAFS evidence (Figure 2). The signals at 2235 and
2256 cm�1, which are clearly related to CO2, were unique for
the initial sample. We tentatively assign them to CO2 subject
to H-bond interactions by water remaining adsorbed after
freeze drying, which was removed by exposure of the catalyst
to higher temperatures. More work will be required to settle
this point.

Together with the IR and XAFS evidence, the catalytic
data confirm the capability of Au0 to catalyze CO oxidation
without assistance of Au ions, which do not survive the
thermal treatments (Figure 1, Figure 2, Figure 5b, c). Air
treatment caused loss of activity (Figure 1), of Aun

d+ clusters,
and a looser contact between Au and support (Figure S4).
Recent theoretical and experimental studies on methanol
oxidation over a Au/TiO2(110) model catalyst[27] suggest that
these changes may be correlated. After mere activation in the
feed, CO conversion at T< 260 K is obviously dominated by
sites including Au3+ ions, which are able to adsorb CO at these
temperatures (Figure 5, Figure S5). The very low apparent
activation energies can be explained by an established CO
adsorption equilibrium. When Au3+ no longer holds CO at
higher temperatures, sites on coexisting Aun

d+ clusters take
over. Depending on their abundance, the CO conversion
plateau is more or less extended. The poor reproducibility of
conversion levels in this range is apparently due to poor
control on the deposition processes used for preparation.

Unfortunately, we cannot decide from our data whether
CO conversion in the plateau region arises exclusively from
Au ions or from their cooperation with coexisting Au0 sites.
The static reactivity data from the IR experiment cannot
easily be extrapolated into this temperature range. When the
initial catalyst was contacted with the feed without activation,
CO conversion was low, but clearly significant (1.0–1.3%)
between 170 and 225 K before leaping to 67% at 250 K and>
95% at 280 K. It has remained unclear so far if this increase is
due to Au0 formation[10] or to removal of remnants from
preparation (which caused the low IR intensities from Au
sites in the initial state, Figure 4a).

In an recent study with Au deposited on TiO2 clusters
encaged in MCM-48, we failed to observe low-temperature
CO oxidation at low or zero activation energies: any activity
was created by reduction of AuIII.[10] Obviously, there are
more prerequisites for AuIII sites to catalyze CO oxidation
than only the oxidation state. Strongly negative apparent
activation energies of CO oxidation in limited temperature
ranges have been reported by Jia et al. for Au/MgO cata-
lysts.[5] Their origin must be different, because the presence of
Au ions in these catalysts is unlikely to be due to the
preparation route employed.[5]

In summary, our data show that TiO2-supported Au3+ ions
can catalyze CO oxidation at very low temperatures. Sites
consisting of or including Au3+ provide CO oxidation rates
well comparable with those obtained with Au0 clusters, but at
very low apparent activation energies (ca. 0 kJmol�1), prob-
ably resulting from the cancellation of the true activation
energy and the adsorption enthalpy of CO on Au3+ sites.
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