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Insight into the transient inactivation effect
on Au/TiO2 catalyst by in-situ DRIFT and
UV–vis spectroscopy

Xianwei Wang 1 , Arnulf Rosspeintner1, Abolfazl Ziarati1, Jiangtao Zhao1 &
Thomas Bürgi 1

Au catalysts have drawnbroad attention for catalytic COoxidation. However, a
molecular-level understanding of the reaction mechanism on a fast time-
resolved scale is still lacking. Herein, we apply in situ DRIFTS and UV-Vis
spectroscopy tomonitor the rapid dynamic changes during COoxidation over
Au/TiO2. A pronounced transient inactivation effect likely due to a structural
change of Au/TiO2 induced by the reactants (CO and O2) is observed at the
beginning of the reaction. The transient inactivation effect is affected by the
ratio of CO and O2 concentrations. More importantly, during the unstable
state, the electronic properties of the Au particles change, as indicated by the
shift of the CO stretching vibration. UV-Vis spectroscopy corroborates the
structure change of Au/TiO2 surface induced by the reactants, which leads to a
weakening of the Au catalyst’s ability to be oxidized (less O2 adsorption),
resulting in the transient inactivation effect.

Catalysis, especially heterogeneous catalysis, is of vital importance to
global development, as it plays a prominent role in the current che-
mical industry and for the development of sustainable technologies in
areas like the production of fine chemicals, oil refining, environmental
issues, and clean fuels1,2. Heterogeneous catalysts proceed by
adsorption of reactant molecules to increase the reactant concentra-
tion on the surface3 and by guiding the reacting molecules toward
alternative reaction pathways. Heterogeneous catalysts have huge
advantages compared to homogeneous ones concerning the separa-
tion of the catalyst from the products2. Among the heterogeneous
catalysts, supported finely dispersed metal particles or single atoms
are the most widespread form1. The high catalytic activity of Au, a
precious metal, was initially reported by Haruta and Hutchings4–7. It
was then soon realized that highly dispersed Au nanoparticles (NPs)
exhibit exceptional catalytic activity for many reactions, including CO
oxidation.

The CO oxidation reaction is one of the most widely studied
processes in the area of Au catalysis. It is also vital to our under-
standing of a range of related reactions, such as the preferential oxi-
dation of CO in the presence of H2 (PROX) and the water–gas shift
(WGS) reaction8. Since the discovery that Au NPs with diameters of

3–5 nm exhibited surprisingly high catalytic activity for CO oxidation
at low temperature, tremendous efforts using various kinds of
sophisticated techniques have been made to understand the reaction
mechanism of supported gold catalysts for CO oxidation9–14. From
these studies it emerges that the important factors for COoxidation on
Au catalysts include: (i) the type of support, (ii) the structure of the
contact area between the Au particles and the support, (iii) the size of
Au particles, and (iv) the presence of moisture14. For the identification
and tracking of surface intermediates, operando and in situ methods
are of central importance15–20. However, most of these studies focused
on a time scale of minutes to hours. Only a few studies focus on the
mechanism and processes taking place on a fast time-scale of CO
oxidation over gold catalysts, whereas changes in the catalyst and
composition of the adsorbate layer can occur very fast. In fact, some
intermediates can be generated or dynamic processes can happen at
the time-scale of nanoseconds to seconds19–22. There is no doubt that
some interesting short-lived intermediates or fast processes may be
obscured by low time-resolution experiments. Also, during the initial
stage of the reaction, before reaching a steady state, important phe-
nomena may take place the unraveling of which may contribute to a
better understanding of the catalyst. Therefore, obtainingmore details
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of the reaction kinetics through high time-resolution methods can
further enrich the knowledge about the reaction mechanism.

Infrared spectroscopy, especially Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS), is one of the most impor-
tant techniques for in situ studies of catalytic solids under reaction
conditions23. The development of DRIFTS combined with modulation
excitation spectroscopy (MES) has important advantages for studies of
the transient period following the (periodic) switching of one or sev-
eral reaction parameters (such as reactant concentration). The inter-
actions at catalytic solid–gas interfaces can be detected with much
higher sensitivity compared to conventional DRIFT spectroscopy due
to the phase-sensitive detection (PSD) of periodically varying signals
and the high selectivity for species, which are affected by the
stimulation24.

In thiswork,we study thedynamic processof COoxidation onAu/
TiO2 surface at a fast time-resolved scale in a small-volume DRIFT and
UV-vis microreactor. The design of the cell allows rapid exchange of
the reactant mixture and detecting IR signals originating from diffuse
reflectance at the catalyst surface thus enabling us to study the
dynamic processes on the catalyst surface taking place during a very
short period at the beginning of the reaction. With the help of this
advanced cell, a transient inactivation period is discovered during the
CO oxidation on the Au/TiO2 surface. During this period the electronic
properties of the catalyst particles change rapidly, as indicated by the
frequency of the CO stretching vibration. Optical spectroscopy in the
UV-vis-NIR region indicates a reversible structure change of the
catalyst.

Results and discussion
FTIR study of CO adsorption and CO oxidation
CO adsorption on Au/TiO2 catalyst was carried out first. As shown in
Fig. 1a, c and Supplementary Fig. 1, after introducing CO gas, a sharp
peak at around 2100 cm−1 due to the CO adsorption on Au rapidly
increased initially (in about 6 s) followed by a much slower growth of
the CO signal until the gas changed to He. Then the adsorbed CO

gradually desorbed from the catalyst surface. In addition to this band,
a broadband infrared (BB-IR) signal between 1500 and 3000 cm−1 was
also observed. A similar BB-IR signalwas observed before and assigned
to a decrease in transmission through the powder sample when CO is
adsorbed on Au/TiO2 catalyst25. It is related to the reversible, partial
reduction of the TiO2 at the Au-TiO2 interface25. At higher tempera-
tures, such as 150 °C (Supplementary Fig. 2), the intensity of this
broadband was enhanced. Note that there is no band visible in the
spectradue to COgas and the absorbance of CO adsorbed onAu could
reachup to0.02 a.u. Thehigh intensity of the adsorbed species and the
absent (or low) gas-phase signal demonstrates the potential of the
used low-volume cell for in situ studies of heterogeneous catalytic
reactions. In addition, independent of the temperature, the intensity of
adsorbed CO peak was smooth and stable, indicating that the system
has a high stability for the rapid gas exchange of reactants. Quick and
complete exchange of the reactant in the cell is important to restart
the reaction over the catalyst surface in modulation experiments.
Modulation experiments using CO2 as a test gas (30mLmin–1) showed
that the gas in the cell could be completely exchanged within less than
1 s (Supplementary Fig. 3).

Next, we performed CO oxidation experiments on the Au/TiO2

catalyst by admitting a mixture of carbon monoxide and oxygen. To
our surprise, the observed signals of adsorbed CO and gas-phase CO2

did not show a smooth transition to a steady state. In fact, a transient
deactivation of the CO oxidation was observed as indicated by a
decrease of the CO2 signal. As shown in Fig. 1b, c, after introducing CO
and O2 gas, a new band at 2343 cm−1 assigned to the product (CO2)
emerged showing that CO oxidation occurred26,27. Also, some bands
between 1700and 1200 cm−1 assigned to carbonate species emerged in
the spectra (Supplementary Figs. 4a and 5). In the initial stage of the
reaction, the intensity of the CO and CO2 bands both increased and
developed towardanapparently stable stationary state. However, after
about 10 s, the catalytic system suddenly changed drastically, before
coming back to a steady state after an additional 26.7 s. At 25 °C the
short-term unstable state of the Au/TiO2 catalytic system is
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Fig. 1 | FTIR spectra of CO adsorption and CO oxidation on Au/TiO2 at 25 °C.
a CO adsorption; b CO oxidation. Plots of CO and CO2 band intensity against time
(c) and plot of the CO stretchingbandmaximumagainst time (d) for an experiment
at 25 °C. Experimental conditions: Flow rate is 30mLmin−1; modulation period
is 100 s; number of spectra in one cycle is 60. For CO adsorption, during the first

half-cycle 1% CO in He was flowed through the cell, then the feed gas was switched
to He for the second half-cycle. For CO oxidation, during the first half-cycle 1% CO
and 1% O2 in He was flowed through the cell, then the feed gas was switched to He
for the second half-cycle.
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characterized by a sudden increase of the CO signal, a decrease of the
CO2 signals, and a jump of the CO vibrational band to a lower fre-
quency (Fig. 1b–d). After that, all these values gradually return to their
original values. For CO adsorption the CO vibrational band shifted to
lower wavenumbers as the CO coverage increased in line with other
studies of CO adsorption on Au/TiO2

28,29.
The sudden increase of the CO signal after apparently reaching a

stable state is intriguing. Such an increase could be due to a sudden
increase in CO adsorption rate caused by a structural change of the
catalyst. However, in this case, one would rather expect the CO2 for-
mation rate to increase. The opposite is the case: the reaction rate
actually decreases when the CO signal increases. This indicates that
during this period (unstable state) the coverage of oxygen, the second
reactant, not directly observable in our experiment, is decreased. This
is supported by the frequency of the CO stretching vibration, which
shifts to lower wavenumbers during the transient deactivation period.
Lower wavenumbers of this vibrational band indicate more back-
donationof electrondensity from thegoldparticles to the antibonding
CO orbitals, which in turn indicates lower oxygen coverage. The
duration of this unstable state is about 19 s at 25 °C. As shown in
Supplementary Fig. 4, the phenomenon was also observed at a higher
temperature. It should be noted that this effect was observed formany
cycles when switching back and forth between the two gases.

FTIR study of CO oxidation with different concentrations of
reactants
To study the influenceofO2 on the transient inactivation effect, theCO
oxidation on Au/TiO2 was studied for various concentrations of CO
(0.1–1%) andO2 (1–10%). The results of these experiments are shown in
Fig. 2. Figure 2a–f shows the intensity of the CO and CO2 bands as a
function of time for experiments performed at different CO and O2

concentrations at 150 °C. When fixing the O2 concentration the dura-
tion and the intensity of the effect (variation of CO and CO2 signals)
were affected by the CO concentration. As the proportion of CO in the
reactant mixture decreased, the magnitude of the effect, as measured
by the variation of the CO and CO2 signals during the unstable state,
was reduced, but it could be observed in the entire range of CO con-
centrations studied. When fixing the CO concentration and increasing
the O2 concentration the system showed similar behavior in that the
transient “catastrophic” event was suppressed in both duration and
intensity. The results in Fig. 2a, b, d, e furthermore show that the CO2

and CO signals were highly inversely correlated in time. Also, the
wavenumber of theCObandmaximum is correlatedwith theCO2band
intensity. Note that the latter can be regarded as the reaction rate in
our flow-through system.

Understanding the role of the gold NP for CO oxidation is
important to develop a complete picture of the catalytic behavior of
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Fig. 2 | Variation of the IR intensity andwavenumber of CO-Au and CO2 against
time during CO oxidation in different concentrations of CO and O2. a, d Var-
iation of the IR intensity of CO-Au against time; b, e Variation of the IR intensity
of CO2 against time; c, f plots of the maximum intensity of CO against time in
different concentrations of CO and O2. The signals were corrected by

subtracting the broad background signal. Experimental condition: Experi-
mental temperature is 150 °C; flow rate is 30mLmin−1; modulation period is
100 s, number of spectra in one cycle is 60; during the first half-cycle CO and O2

in He was flowed through the cell, then the feed gas was switched to He for the
second half-cycle.
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gold particles30. For the gold NP, many factors have been suggested to
be important for the catalytic activity such as AuNP size, the charge on
the Au, the contribution of low-coordinate Au active sites, and the
electronic interaction of the Au with the support4,8,14. Both negatively
charged andpositively chargedgold are cited tobe themost active site
for CO oxidation8,13,14,30–33. The diametrically opposite assertion com-
plicates the understanding of the mechanism of CO oxidation on Au.
Therefore, what is the charge state of Au in the unstable state and in
the steady state of CO catalytic oxidation? It would be helpful to
understand the transient inactivation effect in the catalytic CO oxida-
tion over Au catalysts.

Figure 2c, f and Supplementary Fig. 6 compare the position of CO
stretching band maximum in different concentrations of reactant.
During the deactivation period, the CO signal increased and the CO
band shifted to the red, e.g., from 2129 to 2116 cm−1 (Supplementary
Fig. 6b). When the reaction gradually returned to the stable state, the
CO band shifted back to the high wavenumber (2129 cm−1). For the
stable state, changing the CO concentration from0.25 to 1%, the CO-Au
band of the stable state shifted from 2131 to 2124 cm−1 gradually (Sup-
plementary Fig. 6a–c). While maintaining the CO concentration and
increasing the O2 concentration from 1 to 5%, the CO-Au band shifted
from 2124 back to 2129 cm−1 (Supplementary Fig. 6d–f). The bands with
lowwavenumber (e.g., 2113 cm−1) and highwavenumber (e.g., 2131 cm−1)
are assigned to CO adsorption on metallic Au0 and CO adsorption on
positively polarized gold species (Auδ+), respectively34. In addition, for
the CO adsorption experiment, the CO-Au band is located at 2098 cm−1,
indicating the gold NPs are electron rich under these conditions
(Fig. 1a)35. Taking these results into account, we propose that the blue
shift ofCOband to ahighwavenumber is due to the co-adsorptionofO2

during the CO oxidation process. It has been reported that the state of
Au changed continuously during the CO oxidation process. Au was
positively charged under oxidizing conditions and negatively charged
under reducing conditions. CO adsorbed on Auδ+ and reduced it to Au0.
At the same time, CO was oxidized to CO2. The reduced Au0 could be
oxidized to Auδ+ by adsorbed O2. Through rapid reduction and oxida-
tion of the Au atoms, CO oxidation was completed36. Therefore, during
the unstable state, the electron density or the structure of the Au par-
ticle has somehow changed, which influenced the adsorption rate of
oxygen and the reaction rate on the surface. Note that the experimental
conditions that change the structure of themetal NPs have been widely
studied37–44. It was found that hydrogen adsorption could affect the
electronic structure of Au NPs and lead to the rearrangement of the
electronic subsystem of NPs37,43,44. The face-centered cubic crystal
structure of Au is lost when exposing the gold sample to the hydrogen
conditions38. Also, platinum particles could be influenced by the redox
chemical environment to form twin planes39. Furthermore, for the Au/
TiO2 catalyst in the COoxidation reaction, the reconstruction of AuNPs
with the major (111) and (100) facets of the gold NPs exposed by the
reactants has been reported42. Considering the importance of the sur-
face structure of the Au/TiO2 catalyst for CO oxidation, we speculate
that Au/TiO2may be reconstructed by the reactants at the beginning of
the reaction, leading to a weakening of its ability to be oxidized by
oxygen and the observed transient inactivation effects.

It should be mentioned that the accumulation of carbonate spe-
cies can be excluded as the reason for the observed transient inacti-
vation state. Supplementary Fig. 5 shows the intensity of carbonate
bands at 1674, 1409, and 1247 cm−1 as a function of time in comparison
to the band of CO2 at 2342 cm

−1 45. The intensity of carbonate species
and CO2 increase or decrease synchronously, indicating that the car-
bonates are formed from the adsorption of CO2. Before the unstable
state, the bands of carbonate species do not show any sudden increase
that would indicate an accumulation of carbonates. For the low CO
concentration experiment (Supplementary Fig. 5), the accumulation of
carbonate species is very small; however, the transient unstable state is
still noticeable.

FTIR study of CO oxidation at different temperatures
Figure 3 shows the results of the CO oxidation at different tempera-
tures (20–150 °C). Unlike concentration changes, the temperature did
not affectmuch the duration of the transient inactivation period, but it
affected the intensity of CO and CO2 signals, the frequency of CO
stretching vibration, and the magnitude of the changes observed
during this instability period. At low temperature, the CO signal in the
stable steady state was higher than at high temperature, but the
change in CO signal in the unstable state was much stronger at high
compared to low temperature.

Basedon these results,we conclude that the transient inactivation
effect is affected by the concentration of reactants and temperature,
especially by the ratio of CO andO2. Due to the fast reaction of CO and
O2 on the catalyst surface in the first stabilization stage, the rapid
consumption of adsorbed O2 and the slow supply of new oxygen
causes a transient “catastrophic” event on the Au/TiO2 surface. In an
unstable state, the structure of Au catalyst may change.

UV-vis study of CO adsorption and CO oxidation
To shed light on the influence of the reactants on the structure of the
catalyst, UV-vis reflectance spectroscopy of the catalyst under reaction
conditions was applied. UV-vis spectroscopy is a powerful method for
electronic structure studies as it can probe, for example, the electronic
d–d transitions for transition metals present in the catalysts13. The
optical properties of the Au NPs are significantly affected by their
structure, e.g., size, shape, etc.46–49. For example, both size and
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Fig. 3 | Variation of the IR intensity andwavenumber of CO-Au and CO2 against
time during CO oxidation at different temperatures. a Variation of the IR
intensity of CO-Au against time; b variation of the IR intensity of CO2 against time;
c plots of the position of CO band against time at different temperatures. The
signals were corrected by subtracting the broad background signal. Experimental
conditions: reaction gas composition is 1%COand 1%O2balancedwithHe;flow rate
is 30mLmin−1; modulation period is 100 s; number of spectra in one cycle is 60;
during the first half-cycle 1% CO and 1% O2 in He was flowed through the cell, then
the feed gas was switched to He for the second half-cycle.
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concentration of gold NPs could be directly determined by UV-vis
spectroscopy46. The surface plasmon resonance (SPR) was modified
and shifted to a high wavelength when the particles deviated from
spherical geometry49,50. These examples demonstrate that UV-vis
spectroscopy is a powerful tool for monitoring the change in Au NP
structure. The comparison between the UV-vis spectra of the catalyst
andTiO2 support (Fig. 4b) shows that theAuparticles lead to increased
absorption extending till about 1000nm with a broad peak at about
600 nm. The latter can be attributed to the SPR of the gold particles.
For the Au/TiO2, a broad absorption centered at 600nm is typically
assigned to the PR in theAuNPs51,52. Thepeak is not verypronounced in
our case in agreement with the small size of the particles, see trans-
mission electron microscopy (TEM) image in Fig. 4c and Supplemen-
tary Fig. 7. The particles with a mean diameter of 2.9 nm are well
separated. XPS spectra of Au 4f and Ti 2p indicatemetallic Au0 and Ti4+

(Supplementary Fig. 8)53. X-ray diffraction (XRD) spectra show a dif-
fraction peak at 44.0°, which can be indexed as gold (200) reflection
(Supplementary Fig. 9)54. Note that we did not find any indication of
strong metal-support interaction in our system (Supplementary
Figs. 11–13).

When exposing the Au/TiO2 catalyst to the reactant (CO alone or a
CO+O2 mixture), the absorption spectrum showed a change in a
broad range between 600 and 1000 nm. This broad signal has been
assigned to the SPR of the gold NPs55, indicating the electronic prop-
erties of the Au have changed.

To explore the influence of reactants on the Au particle structure,
the integrated reflectance between 750 and 950nmwas used to follow
the spectral changes as a function of time during the modulation
experiment (Fig. 4a). The reason that we use the reflectance signal
between 750 and 950nm is that the UV-vis spectra change in intensity
obviously in this frequency range but did not change much in the
range between 500 and 600 nm (Supplementary Fig. 10). Considering
that the peak centered at 600nm is very broad, we believe that this
peak consists of multiple small peaks. The reflectance at low wave-
length did not change with the reactants, indicating that only part of
the NPs was affected rather than all. The integrated reflectance
between 750 and 950 nm is similar to the region between 500 and
950 nm (Supplementary Fig. 10). Note that these experiments were
performed in the same small-volume cell as the DRIFT experiments.
The change of gas from He to CO and O2 at 100 °C had a small but
significant effect on the optical properties of the catalyst (red line in
Fig. 4a). The increase in reflectance was reversible and disappeared
once the cell was loaded with He again. For the flow of CO+O2, after
about 10 s, a sharply declining and then rising signal was detected,
which was consistent with the transient inactivation effect in the IR

spectrum. This phenomenon suggests that the structure of the Au
particles was changed during the unstable state. Interestingly, the
optical properties already change immediately when introducing the
CO/O2 mixture. They change again in the deactivation period. When
changing the gas back to He the optical properties of the catalyst
changed again, returning to the initial values. This return to the initial
value has a fast (seconds) but also a slow (tens of seconds) component.

To clarify which reactant causes the change in optical properties
(the reconstruction of Au particles), CO and O2 were separately
introduced to the catalyst surface. The O2 had no influence on the
change of UV-vis spectrum but the CO caused the Au signal to
decrease. About 10 s after changing theflow toCO, the appearanceof a
rapid drop in intensity for the Au signal indicates that the transient
inactivation effect is due to the reconstruction of the catalyst by CO. At
room temperature, the Au signal of both CO adsorption and CO oxi-
dation showed a similar trend to the CO adsorption at 100 °C. The
different intensity of Au signals indicates structural change is more
pronounced at high temperature. The different absorption spectra of
CO+O2 and CO at high temperatures suggest that O2 could also affect
the Au structure when CO is present in the reactant. CO may also play
the role of activating gold sites. The observation that oxygen alone had
no influence on the optical properties of the catalyst indicates that the
changes are not only due to modifications of the electronic properties
of the metal particles but also supports the hypothesis that the chan-
ges are caused by structural changes induced by adsorbed CO.

To confirm the role of O2 in the Au/TiO2 reconstruction, the WGS
reaction was studied in the same cell. As shown in Supplementary
Fig. 14, the Au/TiO2 was very active in the WGS reaction. The conver-
sion of CO is over 90% at 260 °C. But the unstable state is absent in the
spectra of CO+H2O reaction at various temperatures (Supplementary
Fig. 15). These results suggest that O2 is crucial for the reconstruction
of the Au NPs.

Taking the results of the IR and UV-vis spectra into account, we
propose that (i) the reconstruction of the Au particles leads to a
transient inactivation effect of CO oxidation on the Au/TiO2 surface.
(ii) The reconstruction is mainly caused by CO, but does not affect the
pure CO adsorption on Au (seen in Fig. 1). (iii) In the presence of COO2

also participates in the reconstruction of Au.
In conclusion,we studiedCOoxidationonAu/TiO2 on a short time

scale after admitting the reactants. The spectroscopic results indicate
a transient inactivation effect due to the Au reconstruction by the
reactants at the beginning of the reaction. The transient inactivation
effect reflects the state change of Au particles during CO oxidation.
The effect is fully reversible, i.e. it is observed in subsequent cycles of
admitting and removing the reactant mixture. More importantly, due
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spectra of TiO2 and Au/TiO2, and TEM image of Au/TiO2. a UV-vis signal (inte-
grated reflectance between 750 and 950nm) as a function of time during CO oxi-
dation, CO adsorption, and O2 adsorption at 20 and 100 °C. Experimental

condition: 30mLmin−1 of 1% CO and/or 1% O2 in He were flowed through the cell
during the first half-cycle; the modulation period was 200 s; 8 cycles were mea-
sured and averaged to enhance the signal. b Diffuse reflectance UV-vis spectra of
TiO2 and Au/TiO2. c TEM image of Au/TiO2.

Article https://doi.org/10.1038/s41467-022-33187-y

Nature Communications |         (2022) 13:5458 5



to the structural change, the adsorption of oxygen on Au/TiO2 is hin-
dered, meanwhile leading to lower CO oxidation activity before
returning to a steady state characterized by better catalytic activity.

Methods
Catalyst preparation
The Au/TiO2 catalyst (1% Au) was prepared by a deposition-
precipitation method56,57. Typically, a certain amount of HAuCl4 was
dissolved in 100mL of water. Then the pH of HAuCl4 solution was
adjusted to 8 by adding NaOH solution (1mol L−1). After that, 1 g TiO2

(P25) support was added under vigorous stirring. The mixture was
heated to 70 °C and kept for 3 h during which the pH value was
maintained at 8. Finally, the resulting precipitate was filtered, washed
with deionized water, then dried at 80 °C overnight and calcined at
300 °C for 1 h.

Characterizations
DRIFT spectra were measured on a Bruker Equinox 55 FTIR spectro-
meter equipped with a liquid-nitrogen-cooled MCT detector at 8 cm–1

resolution. Catalyst powder was placed in a home-built cell
(volume = 67.4μL). The inlet of the cell was connected to an auto-
mated 4-way valve (VICI Valco). Before catalytic reaction, the sample
was pretreated in situ by flowing He at 80 °C for 1 h. MES experiments
were carried out by periodically switching between two different gas
atmospheres according to the following sequences: (i) for CO
adsorption, 1% of CO inHe and pureHe; and (ii) for CO oxidation, 1% of
CO and 1% of O2 in He and He. The flow rate was 30mLmin−1. For each
MESmeasurement, two dummy cycles (without data acquisition) were
executed before averaging six cycles to enhance the S/N ratio58,59. The
modulation period is 100 s and the number of spectra in one cycle is
60. Thirty-two scans were averaged per spectrum in each cycle. The
flowing rate is 30mLmin−1. For the CO oxidation, during the first half-
cycle CO and O2 in He was flowed through the cell, then the feed gas
was switched to He for the second half-cycle. For the CO adsorption,
during the first half-cycle 1%CO inHewasflowed through the cell, then
the feed gas was switched to He for the second half-cycle. It should be
noted that we did not perform a PSD in this study. The phase domain
data do not easily provide information about the rapidly changing
signals observed here during the unstable state. For theWGS reaction,
during the first half-cycle CO and H2O in He was flowed through the
cell, then the feed gas was switched to He for the second half-cycle.

UV-vis spectroscopy (AVASPEC-ULS2048CL-EVO-RS with a
Balanced Deuterium-Halogen light source) was used to in situ record
the structural change of Au/TiO2. A fiber optic reflection probe bundle
(Thorlabs RP28) was used for reflectivity measurements and was
placed close to the sample. The light from the source is guided to the
catalyst, and the reflected light is collected and sent through the fiber
to the spectrometer. The gas flow is the same as in the DRIFT experi-
ments described above. The UV-vis reflectance data were obtained by
taking the mean of the spectra in the wavelength range from 750 to
950 nm (other wavelength ranges did not show temporal changes
other than baseline drifts). A temporal baseline drift in the spectra was
corrected by fitting and subtracting a polynomial (2nd order) to this
time-dependence. In continuation, the mean of the multiple repeti-
tions of the experiment (4 or 8) was taken and the first value was
subtracted, in order to show changes with respect to the state before
switching.

Diffuse reflectance UV-vis of samples was obtained using a Jasco
V-670 spectrometer. TEM pictures were obtained on TEM-Tecnai G2
and Philips CM30 with an accelerating voltage of 150kV. Powder XRD
was carried out on a Philips diffractometer of X’pert Company with
mono-chromatized Cu Kα radiation (λ = 1.5406Å). XPS measurements
were performed using a Physical Electronics Versa Probe III system
with a hemispherical analyzer and monochromatic Al Kα source. The
energy scale linearity was calibrated with Au 4f7/2 at 83.97 eV and Cu

2p3/2 932.60 eV (±0.1 eV). All data weremeasured at room temperature
with a pass energy of 55 eV, at a take-off angle of 45°, and an angular
acceptance angle of ±20°. The samples were pressed into a double-
sided tape and were electrically isolated during measurement. A low-
energy dual beam charge compensation system, using an argon ion
gun and electron flood gun, was used to mitigate the effects of char-
ging. The X-ray beam size on the sample was ~100 µm.

Data availability
The data that support the findings of this study are available within the
paper and its Supplementary information, and all data are available
from the authors upon request. The spectroscopic data generated in
this study have been deposited in the Zenodo repository under
accession code (Zenodo) (https://doi.org/10.5281/zenodo.7024765).
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