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Rutile and Fe-doped rutile were synthesized at low temperatures to support Au NPs. Selected samples were
characterized using XRD, SEM-EDS, HRTEM, STEM-HAADF, H,-TPR, XPS, FTIR and DRIFT spectroscopy of
adsorbed CO molecules. To enrich the interpretation, we performed DFT calculation on clusters of rutile, Fe-
doped rutile and metallic gold interacting with CO molecules. Catalysts were tested in the CO oxidation reac-
tion, focusing on the roles of activation-reaction time, Au loading, Fe-modification, and long-term aging on
performance. Au-based Fe-doped rutile exhibited superior activity compared to the unmodified rutile catalyst.

Long-term aging resulted in catalyst deactivation, but reactivation under hydrogen restored the high activity
levels. Fe incorporation into rutile promoted the stabilization of the Au NPs by increasing the number of oxygen
atoms on the surface, which act as pinning centers. This stabilization prevented the mobility and growth of the
Au NPs, improving their dispersion.

1. Introduction

Air pollution is one of the most serious threats, causing great harm to
human health and natural resources. Carbon monoxide (CO) is hazard-
ous to health, as it can lead to various problems, including respiratory
and cardiovascular disease, and significantly increases the risk of lung
cancer [1]. Even at very low concentrations, as small as 1 %, this gas can
kill a person by binding tightly to hemoglobin in blood cells, displacing
oxygen molecules [2]. As a result, global initiatives have been proposed
to reduce CO emissions [3]. However, these emissions have steadily
increased due to the growing number of cars with automatic trans-
missions, which are less efficient than those with manual transmissions
[4]. As a result, air pollution from CO will continue to be a significant
problem. This issue is exacerbated by the fact that the majority of CO
emissions occur during cold starts and short trips, when the internal
combustion engine is not fully warmed up [5].

Catalytic converter technologies based on more efficient catalysts
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that operate at lower temperatures or optimize their placement in the
exhaust system can significantly reduce CO emissions by promoting
more complete fuel combustion, especially during cold starts [5,6]. In
this regard, several catalysts have been developed for low-temperature
CO oxidation, particularly those based on supported noble metals such
as Pt [7,8], Pd [9,10], Ir [11], Rh [12], Ru [12,13], and Au [14-18].
Among these, since Haruta et al. [14] reported the high catalytic activity
of Au NPs, these catalysts have emerged as the most promising for this
application.

Au-based catalysts have demonstrated remarkable chemical stability
but are susceptible to long-term aggregation, primarily due to particle
migration, coalescence, and Ostwald ripening under varying tempera-
ture and other reaction conditions [19]. Since their reactivity is highly
dependent on particle size [20,21], many methods have been explored
to stabilize them, including colloidal methods [22], addition of a second
metal [23], peptide-mediated reduction and stabilization [24], and
formation of strong covalent metal-support interactions [25]. The most
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commonly used supports for stabilizing and dispersing Au NPs include
Aly03 [26], CeO4 [27,28], and the different polymorphs of TiOy [14,29,
30]. Among these, TiO; is one of the most promising, although its in-
dustrial applications remain limited [30].

The selection of TiO, polymorphs or their mixtures also appears to be
a crucial factor in the activity of Au/TiO; catalysts. Tada et al. [31]
demonstrated that the catalytic activities of Au/TiOq catalysts are
identical across different TiO5 crystal structures when the Au loadings
and average particle diameters are the same. However, Beck et al. [32]
reported that, despite having smaller Au NPs on brookite support, the
CO oxidation activity was unexpectedly higher compared to using
anatase as the support. This increase in activity is likely due to differ-
ences in the interfaces formed between the Au particles and the support.
On the other hand, Di et al. [33] found that the highest performance was
achieved with an Au/TiO; catalyst having an anatase-rutile ratio of 4:6.
This was attributed to the phase transformation mechanism and the
preferential deposition of Au NPs on rutile [33,34]. Additionally,
Bokhimi et al. [35] demonstrated a direct relationship between the size
of the Au particles and the rutile TiOy crystallite size, showing that
smaller support crystallites resulted in smaller Au NPs and more active
catalysts.

Au NPs supported on Fe-modified TiO; have demonstrated good
activity for CO oxidation. Luengnaruemitchai et al. [36] observed that
the Au/Fe03-TiO; catalyst exhibited higher preferential CO conversion
compared than Au/Fe;O3 and Au/TiO; analogues, which is consistent
with the findings of Parida et al. [37] and Shou et al. [38]. All these
studies reported a significant improvement in catalytic activity with a
high Fe oxide loading. However, in most cases, Fe was incorporated by
impregnation, which only allows for superficial Fe incorporation,
probably forming FeoO3 nanoparticles. As an alternative, the present
study used rutile-like Ti; xFexO» solid solutions, synthesized at low
temperatures, as Au-based catalyst support. These solid solutions sta-
bilized Au NPs for long-term aging up to 15-months. Furthermore, we
investigated the role of Au and Fe in the aging-reactivation processes,
the activity and stability of the catalyst during CO oxidation, as well as
the influence of the activation-reaction time.

2. Experimental
2.1. Reagents

Hydrochloric acid (HCl, 36.5-38.0 %) and urea (CO(NH3)2, 99.1 %)
were supplied by Baker Analyzed®. Titanium (IV) butoxide (Ti[O
(CH3)3CHsl4, reagent grade 97 %), iron (III) chloride hexahydrate
(FeCl3-6 Hy0, ACS reagent, 98.0-102 %), and tetrachloroauric (III) acid
trihydrate (HAuCly-3 H20, >99.9 %) were purchased from Sigma-
Aldrich. All chemicals were used as received, without further purifica-
tion, and all solutions were prepared with deionized water having a
resistivity of at least 18.2 MQ cm ™.

2.2. Synthesis of rutile and Fe-modified rutile supports

A reference sample of pure rutile powder was prepared at low tem-
peratures using a methodology previously reported by Bokhimi’s group
[29,39,40]. However, certain synthesis parameters were modified to
dope rutile with Fe atoms, forming a rutile-like Ti; xFexO» solid solution.
As previously described [41], approximately 11.32 mL of concentrated
HCl solution was added to a three-necked flask reactor containing 23 mL
of deionized water at room temperature under constant magnetic stir-
ring. Ti[O(CH2)3CH3]l4 was then added dropwise to the solution, fol-
lowed by the addition of FeCl3-6 Hy0, with the solution stirred for
30 min to ensure a proper homogenization. The concentration of Ti- and
Fe-precursors were adjusted to 0.0231 and 0.0010 mol, respectively, to
obtain a Ti;.xFexO2 solid solution with x = 0.04, corresponding to 4 %
mol Fe. The solution was heated to 90 °C and maintained at this tem-
perature for 14 h. A yellow precipitate was formed, which was recovered
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by complete evaporation at the same temperature. The solid was sub-
sequently washed with deionized water and centrifuged until a pH of
approximately 7 was achieved. The color of the rutile powder without Fe
doping was white.

2.3. Preparation of supported Au-based catalysts

The deposition-precipitation with urea (DPU) method was used to
support metal nanoparticles [29,42,43], targeting nominal loadings
ranging from 1 to 5 wt% Au on both unmodified and Fe-modified sup-
ports. This method has been demonstrated to be an effective approach
for achieving high deposition efficiency and small particle sizes [42]. In
a typical experiment, 500 mg of each support, previously dried at 200 °C
overnight, was carefully added to the appropriate amounts of
HAuCly-3 H,0 dissolved in 25 mL of a 4.2 x 1073 M CO(NHy), solution,
which had been protected from light to prevent the decomposition of the
Au-precursor [15,42]. The temperature gradually increased to 80 °C
using an integrated water heating system within a jacketed reactor and
maintained at this temperature for 14 h during the DPU process. It is
important to highlight that the DPU time was determined from a time
study ranging from 2 to 14 h for a specific Au-based catalyst. Subse-
quently, the solid was separated by centrifugation, washed with deion-
ized water to remove unreacted ions, and finally dried under vacuum at
90 °C for 2 h.

2.4. Samples nomenclature

The Ti and FeTi symbols represent the rutile TiOy and Ti; xFexOo
supports, respectively. The xAuTi and xAuFeTi symbols refer to the Ti-
and FeTi-supported Au catalysts, with x representing an Au loading in
the range of 1-5 wt%.

2.5. Physicochemical characterizations

2.5.1. X-ray powder diffraction

XRPD patterns were collected using a BRUKER D8 Advance diffrac-
tometer, operating in Bragg-Brentano geometry (6-0 configuration) with
Cu Ko radiation, a Ni filter, and a detector equipped with 192 silica strips
(BRUKER, LynxEye). Diffraction intensities were recorded as a function
of the diffraction angle, 20, ranging from 20° to 120°, with a 20 step of
0.0195° and a measurement time of 211 seconds per point. The crys-
talline structures were refined using the Rietveld method with TOPAS
software version 7 [44].

2.5.2. Elemental analysis

The metal concentration and elemental mapping were obtained
using an OXFORD-ISIS microanalyzer coupled to a JEOL JSM-5600 LV
SEM microscope. Prior to analysis, the Al-based holders containing each
sample were carbon-coated.

2.5.3. Transmission electron microscopy

Two selected catalysts were characterized using HRTEM and STEM-
HAADF with a JEOL JEM-2010F FASTEM microscope operated at an
accelerating voltage of 200 kV. The particle size distributions were ob-
tained by counting more than 500 particles.

2.5.4. Temperature-programmed reduction

The H-TPR profiles were obtained using a MICROMERITICS
AUTOCHEM II 2920 automatic analyzer. The reduction process was
carried out with a gas flow of 50 mL/min of an Ar/H, mixture (90/
10 mol/mol), and data were recorded as the temperature increased at a
rate of 10 °C/min from room temperature to 800 °C.

2.5.5. X-ray photoelectron spectroscopy
The XPS spectra were acquired using a JEOL JPS-9200 instrument
equipped with an Al Ka X-ray source operating at 1486.6 eV. The
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spectrometer was set to a pass energy of 20 eV and an X-ray power of
300 W. Charge correction was applied using the C1s signal at 284.8 eV,
and curve fitting was performed with the XPS Peak 4.1 software,
employing a variable-proportion Gaussian/Lorentzian function after
baseline correction using the Shirley method.

2.5.6. In situ DRIFT spectroscopy of adsorbed CO molecules and
conventional FTIR studies

The interaction between CO and the surface of selected catalysts was
studied using a THERMO SCIENTIFIC NICOLET iS50 spectrophotometer
equipped with a PIKE DiffusIR DRIFTS cell. The samples were directly
introduced into the reaction chamber and subjected to in situ pretreat-
ment under the same reduction conditions used during catalytic tests.
After reduction, the samples were purged with a He flow while cooling
to 25 °C, and then exposed to a 5 % CO/He mixture until saturation. The
reaction chamber was purged again, and the spectra were recorded at a
resolution of 4 cm™'. Additionally, conventional FTIR spectra were
recorded using the same equipment to study the hydroxyl groups while
increasing the temperature to 300 °C in the absence of a reactive at-
mosphere, and to investigate the formation of carbonate species in
selected activated, aged, and reactivated catalysts.

2.6. Catalytic tests

The Au NPs are initially present in the Aut state [45]. However, it is
known that Au® state enhances the catalyst’s ability to convert CO to
CO4 [35,45]. Therefore, the obtained catalysts were reduced in a
fixed-bed-U-reactor under a Hs flow to a rate of 200 mL/min. The
temperature was increased from room temperature to 300 °C at a rate of
1.5 °C/min and maintained at this temperature for 2 h. The subsequent
cooling process was carried out under the same atmosphere.

The CO oxidation reactions were studied in a fixed-bed reactor at
atmospheric pressure using approximately 100 mg of the activated
catalyst. The O3-CO-He gas mixture was fed into the reactor at a
downflow rate of 100 mL/min, consisting of 50 mL (5 % O3) and 50 mL
(5 % CO), both balanced with He. These oxygen-rich conditions facili-
tated higher CO, formation rates and enabled the evaluation of any
potential catalytic activity in a controlled and accelerated environment.
The reactor was heated at a constant rate of 5 °C/min, and the CO and
CO4 concentrations were determined as the temperature increased, with
aliquots taken at random.

The gas mixtures were analyzed at the inlet of the reactor to deter-
mine the reference concentration and at the outlet of the reactor to
determine the product concentrations at different temperatures. A
GOW-MAC gas chromatograph equipped with a CarboSphere 80/100
column (Alltech), a thermal conductivity detector, and Clarity software
version 2.6.6.574 (DataApex Ltd) were employed to obtain and process
the data.

2.7. Theoretical calculations

A rutile cluster, named ru203, containing 31 titanium atoms, 100
oxygen atoms, and 72 hydrogen atoms was constructed. Due to the small
size of the cluster, its stabilization required the hydroxylation of its
surface with OH groups and water molecules, in accordance with the
experimental conditions used for synthesizing the supports, which were
rich in hydroxyl groups and water. Furthermore, an atomic cluster
named ru203-3Fe was constructed by replacing three of the Ti atoms
with Fe atoms in different atomic surface environments. It was also
constructed a gold cluster with 55 Au atoms that was named Au55.

Cluster geometries were optimized to their minimum energy using
Density Functional Theory (DFT), with the B3LYP functional and the
6-31 g basis set, implemented in the TeraChem code [46]. This func-
tional and basis set were also used to perform molecular dynamics (MD)
calculations with spherical boundary conditions on the optimized ru203
and ru203-3Fe clusters, at temperatures of 300 K, 500 K, and 1000 K,
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each for 5 ps with a time step of 1 fs, using the Bussi-Parrinello ther-
mostat [47].

A new cluster, named ru203-3Fe-8Au, was built and optimized by
adding 8 Au atoms to the ru203-3Fe cluster. To this optimized cluster,
19 CO molecules were added randomly, distributed at a distance of
0.5 nm, and MD simulations were performed at 300 K for 5 ps with a
time step of 1 fs. Similarly, 19 CO molecules were added, randomly
distributed at 0.5 nm, to the Au55 cluster, and MD simulations were
performed at 300 K for 5 ps with a time step of 1 fs. From these last MD
calculations, after a time of 1 ps, three different frames differing by 2 fs
from each other were taken to calculate their infrared spectra using DFT
technique with the B3LYP functional and the 6-31 g basis set imple-
mented in the Gaussian 16 code [48]. Similar calculations were per-
formed on a CO molecule. The calculations for the ru203-3Fe-8Au
cluster interacting with 19 CO molecules were also attempted, but our
server did not have enough resources for doing it. All calculations were
carried out on a server equipped with two Xeon Gold 5220 R CPUs, four
Tesla A100 GPUs, and 790 GB of RAM.

3. Results and discussion
3.1. Phase identification

Figs. 1 and 2 show the XRPD patterns of the 4AuFeTi catalyst as a
function of DPU time and the xAuFeTi catalysts as a function of Au
loading (%), respectively. The diffractogram of the FeTi support is also
included in Fig. 2. All diffractograms exhibit well-resolved peaks at 26
= 27.48°, 36.08°, 39.13°, 41.34°, 44.04°, 54.35°, 56.62°, 62.75°,
64.23°, 69.59°, and other less intense signals that closely match those in
ICDD file 01-071-0650 [49]. These diffraction peaks correspond to the
crystallographic planes (110), (101), (200), (111), (210), (211), (220),
(002), (310), and (112) of a rutile-like phase. The absence of any
Fe-based oxides or metallic phases, or any other TiO, polymorphs such
as anatase or brookite, indicates the formation of a rutile-like Ti;_xFexOo
solid solution [41]. Furthermore, as shown in Fig. 1, a signal emerges at
20 = 38.7° for DPU times greater than 6 h, gradually increasing up to
14 h. This signal corresponds to the (111) crystallographic plane of
metallic Au nanoparticles. Since this signal is more clearly observed at
longer DPU times, a time of 12 h was selected as the catalyst preparation
time for the different Au loadings (see Fig. 2).
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Fig. 1. X-ray powder diffraction patterns of the 4AuFeTi catalyst prepared with
different DPU times. The figure also highlights the diffraction region where
metallic Au exhibits the strongest diffraction.
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Fig. 2. X-ray powder diffraction patterns of the xAuFeTi catalysts prepared
with a DPU time of 14 h and different Au loading. The figure also highlights the
diffraction region where metallic Au exhibits the strongest diffraction.

3.2. Quantitative analysis using the Rietveld refinement method

Fig. 3 illustrates the refined patterns of the 4AuFeTi catalyst and its
support before the impregnation. The Rietveld refinements for the other
Au concentrations are shown in Figure S1 of the Electronic Supporting
Information (ESI). The experimental (red lines) and modeled (black
lines) diffraction patterns show minimal differences (gray lines).

The refinement shows that the unmodified support has a hexagonal
crystalline structure, described by the space group P4,/mnm, with lat-
tice parameters a = b = 4.6058(3) Z\, ¢ = 2.9637(2) A, anda=p =y
=90°, with the crystal size of the support increasing from 12.3 to
14.9 nm upon Fe incorporation, while the lattice appears to remain
unchanged after the Au incorporation [41]. As shown in Table 1, the Au
concentrations determined from the refinements were 1.23(4), 2.38(8),
3.56(9), 4.30(9), and 5.53(9) wt% for the xAuFeTi catalysts with x = 1,
2, 3, 4, and 5, which are close to those obtained from the SEM-EDS
analysis and consistent with the nominal values. The elemental map-
ping images also indicated their high dispersion over the support (ESI,
Figure S2).

3.3. Nanostructural characteristics

The annular dark-field STEM-HAADF and HRTEM images of two
selected catalysts are shown in Fig. 4. All Au NPs appear as bright spots
highly dispersed in both supports. Fe incorporation into the rutile
structure does not appear to be significantly influence either the Au NPs
form or distribution; the NPs had an average particle size of 2.3
+ 0.3 nm (Table 1). Additionally, a detailed HRTEM analysis identified
the atomic structures with a high degree of crystallinity, as evidenced by
the clearly defined Au NPs, which exhibit an interlayer spacing of
0.213 nm corresponding to the Au(111) plane, supported on the main
(110) plane of the rutile structure, with an interlayer spacing of
0.371 nm.

3.4. Reducibility characteristics

The reducibility profiles obtained by the Hyp-TPR technique for un-
modified and Fe-modified rutile, as well as their respective Au-based
catalysts, are shown in Fig. 5. The pure rutile exhibited a single broad
and low-intensity signal centered at 568.5 °C, which shifted to 469.9 °C
for the Fe-modified rutile support. This signal suggests the reduction of
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Fig. 3. Rietveld refinement of Fe-modified support (a) and selected Au-based
catalyst (b).

Table 1
Au crystallite size, lattice parameter, and elemental composition of selected
support and catalysts.

Samples Crystallite  Lattice (A)  Elemental composition
size (nm) AU ®  Fe wt)®  Au (wton)®

FeTi 3.74

1AuFeTi 2.50(9) 4.080(1) 1.23(4) 3.75 1.12
2AuFeTi 2.54(9) 4.101(2) 2.38(8) 3.24 2.54
3AuFeTi 2.36(8) 4.093(2) 3.56(9) 3.25 3.45
4AuFeTi 2.58(7) 4.084(1) 4.3009) 2.54 5.25
5AuFeTi 2.43(5) 4.080(1) 5.53(9) 3.14 6.14

4AuTi 2.08(7) 4.084(2) 3.57(9) 3.84

Elemental compositions were obtained by Rietveld refinement ® and SEM-EDS

analysis ®.

the titanium atoms near the surface from Ti*" to Ti®" species in both
supports [50]. The shifting of the reduction temperature indicates that
this transformation is promoted by the presence of the Fe atoms on the
surface, which is also observed in our DFT calculations. It is important to
mention that when Fe NPs are supported on TiOy, two signals should
appear, corresponding to the successive transformation Fe;O3 — FeO —
Fe [51]. However, in the present case, only one peak is observed, likely
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Fig. 5. Reduction profiles of unmodified and Fe-modified supports and Au-
based catalysts under a diluted hydrogen flow.

corresponding to the first reduction step from Fe®' species to Fe?".

The pure rutile-supported Au catalyst exhibited two additional peaks
at approximately 112.8 and 265.8 °C, which are associated with the
reduction of Au®" species with different degree of aggregation, from the
HAuCly-3 Hy0 precursor to metallic Au® species [52]. These reduction
temperatures shift to lower values, namely 107.6 and 265.4 °C,
respectively, with Fe incorporation. These results indicate that the
incorporation of Fe promotes the interaction of the atoms on support
surface with Au atoms, leading to an increase in their long-term stability
of the AuNPs.

3.5. Surface species and electronic characteristics

The surface features of both fresh and reduced Au-based catalysts,
derived from the deconvolution of high-resolution Ti2p, O1s, Fe2p, and
Au4f XPS spectra, are shown in Fig. 6. In the core-level spectra of the
Ti2p region, AuTi and AuFeTi catalysts exhibited Ti2ps,2-2p1 /2 signals
at approximately 458.9 eV and 464.6 eV, which are characteristic of the
Ti**-0 bond in rutile TiOz nanostructures. A notable doublet at 457.0 eV
(Ti2ps,2) and 462.7 eV (Ti2p; /2), indicative of reduced states (Ti5+), was
also observed. The binding energy values for the Ti®*3ds 5 signals shift
from 457.4 to 454.9 eV (AuTi catalyst) and from 457.2 to 456.1 eV
(AuFeTi catalyst) upon reduction. These results indicate that the Ti
atoms on the rutile surface of our Au-based catalysts are partially
reduced, even before the activation process, suggesting a local
arrangement of Ti atoms with a low coordination degree in the sub-
surface, which is in agreement with the Hy-TPR observations. Addi-
tionally, in the core-level spectra of the O1ls region, the spectra were
resolved into three distinct oxygen environments, with average binding
energies of 528.3, 531.8, and 533.3 eV. The first two peaks correspond
to the surface (Ti§+—0) and lattice (Ti4+—0) oxygen species in the rutile
TiO5 nanostructure, while the third signal is attributed to surface -OH
groups.

The high-resolution XPS spectra of the Au4f region revealed a single
doublet, attributed to the spin-orbit coupling between the Au4f;,» and
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Fig. 6. High-resolution XPS spectra in the Ti2p, Ols, Fe2p, and Au4f regions of unmodified and Fe-modified Au-based catalysts in their fresh and reduced states.

Au4fs,y signals, with an energy separation of approximately 3.7 eV.
These signals are associated with reduced Au NPs. A change in the
binding energy values was also observed, with shifts from 84.4 to
85.5 eV (Au4f;,3) and from 88.1 to 89.2 eV (Au4fs,,) after Fe incorpo-
ration into the Au-based catalysts. Hinojosa-Reyes et al. [52] suggested
that this shift implies a change in the interaction between the Au NPs
due to Fe doping in the TiO; lattice. Although the XPS results in the Fe2p
region do not show any signal, we recently reported, using the more
sensitive Mossbauer technique, that Fe atoms co-exist as Fe3* both in the
lattice and on the surface [41].

3.6. CO adsorption sites

The adsorption sites on representative in situ-reduced Au-based cat-
alysts were studied both under CO flow and after a purging treatment
with N flow, ensuring conditions like those of catalytic tests. As shown
in Fig. 7a, two signals at approximately 2170 and 2120 cm™! were
detected for both samples. Bak and Clausen [53] previously attributed
these signals to specific types of rotational transitions within the CO
molecule in the gas phase, known as the R and P branches. It is worth
noting that the observed peaks disappeared after purging for both
Au-based catalysts. Additionally, a pronounced peak at 2110 cm ™' was
observed, commonly associated with linear carbonyl species adsorbed
on low-coordinated sites of Au NPs.

The DFT quantum mechanical calculations showed that the observed

IR spectrum does not correspond to the vibrations of two distinct in-
teractions, but rather to an average of the vibrations of CO molecules
interacting with Au atoms. These conclusions were obtained after
analyzing the molecular dynamics calculations performed at 300 K for
the ru203-3Fe-8Au cluster interacting with 19 CO molecules, as well as
the corresponding MD of the Au55 cluster also interacting also with 19
CO molecules. In both cases, it is observed that, over time, the CO
molecules interact with Au atoms, with bond lengths oscillating around
0.2 nm. Fig. 7b-d show the IR spectra for the Au55 cluster interacting
with 19 CO molecules, for three different atomic distributions from the
MD calculations, which differ in 2 fs from each other. The IR peak po-
sitions change slightly with the atomic distribution and are distributed
around the vibration energy of the free CO molecule, which, according
to our quantum mechanics calculations, is 2065.56 em L. From Table 2
we observe that the CO molecules that do not interact directly with an
Au atom have vibration frequencies between 1917.06 and
2279.71 cm™L. This table also shows that the Mulliken charges associ-
ated to the Au atoms that directly interact with CO molecules varing
from -0.561 to 0.168, dominating the negative values. These values
reflect the strength of the interaction between the CO molecules and the
Au atoms on the surface.

3.7. CO oxidation tests

To understand how activation-reaction time, Au loading, and long-
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Fig. 7. Experimental in situ DRIFT spectra of adsorbed CO molecules on two selected 4AuTi and 4AuFeTi catalysts (a), and theoretical IR spectra of the Au55 cluster
interacting with 19 CO molecules after 1 ps for three different atomic distributions (b, ¢, d), extracted from a Molecular Dynamics Calculation at 300 K. The time

between each frame is 2 fs.

term aging affect catalytic performance, CO oxidation was used as a
probe reaction to evaluate the xAuFeTi catalyst series. Additional tests
were performed with the unmodified xAuTi reference catalyst. The re-
sults are expressed as CO conversion as a function of reaction
temperature.

3.7.1. Effect of the activation-reaction time and Au loading

To study the effect of activation-reaction time on CO oxidation per-
formance, the 1AuFeTi catalyst was selected (Fig. 8a). The sample tested
immediately after activation showed higher activity than the test 1-day
after activation. Taking this observation into account, all activity tests
were performed immediately after the activation of the catalyst.

Fig. 8b shows CO conversion as a function of reaction temperature
for selected Au-based catalysts with different Au loadings, including the
unmodified 4AuTi reference catalyst; the Au-based catalysts not shown
in Fig. 8b are summarized in the ESI file (Figure S3). The 1AuFeTi
catalyst achieves a conversion of about 87 % at 23.4 °C and completes
conversion at 30.2 °C. This may be due to the low Au concentration in
the 1AuFeTi catalyst. Excepting the 1AuFeTi catalyst, a 100 % CO
conversion is observed at room temperature for catalysts containing
2 wt% or more Au. Furthermore, all the prepared catalysts, even those
with lower Au concentration, exhibited better conversion compared to
the reference Fe-free AuTi catalyst (Fig. 8b), which shows a sharp in-
crease in CO conversion in the temperature range from 22.9 to 61.7 °C,
followed by a period of total conversion maintained throughout the
experiment. These results demonstrate that Fe doping enhances the CO
conversion capability of xAuFeTi catalysts even at relatively low Au
loading, suggesting that Fe doping may create pinning sites on the rutile
support, which act as stabilization centers for the Au NPs.

The DFT calculations on the rutile cluster (left, Fig. 9) and the Fe-
doped rutile cluster (right, Fig. 9) show that Au atoms interact with

the clusters through oxygen atoms. The number of available oxygen
atoms on the surface is larger for the Fe-doped cluster. These calcula-
tions suggest that Au particles supported on Fe-doped rutile interact
with more oxygen atoms, leading to their stabilization. The DFT calcu-
lations also show that, before annealing, the surface of the clusters is rich
in hydroxyls, some of which are released as water molecules during
annealing. This transformation decreases the number of oxygen atoms
on the surface, reducing the valence of surface cations (Ti or Fe).
However, the partial transformation of hydroxyls into water molecules
also increases the number of oxygen atoms on the surface, enriching the
number of pinning centers for Au atoms. The decrease in hydroxyl
groups, which was more pronounced in Fe-doped rutile than in undoped
rutile, was experimentally confirmed by measuring the Ti—OH stretching
vibration at 1630 cm™ using FTIR spectroscopy at different tempera-
tures (Fig. 10).

The DFT MD calculations at 1000 K for 10 fs also show that the
presence of Fe atoms in the rutile accelerates the disorder on the cluster
surface (Fig. 11). This disorder promotes the reduction of the valence of
surface cations (Ti, Fe) and consequently increases the number of oxy-
gen atoms on the surface, which serve as pinning centers for the AuNPs.

3.7.2. Effect of long-term aging

Many metal catalysts generally suffer a natural aging process that
leads to deactivation over time. This deterioration can occur during the
reactions through various mechanisms, such as poisoning by strongly
adsorbed species, particle sintering, and leaching of metal and support.
Alternatively, catalyst deactivation can also occur during storage due to
sintering caused by particle migration. As mentioned earlier, these cat-
alysts are susceptible to aggregation of Au particles over time, mainly
due to migration, coalescence, and Ostwald ripening [19]. Although the
2AuFeTi catalyst achieved 100 % CO conversion at room temperature
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Table 2

Vibration frequencies (cm™') of the CO molecules generated using atomic dis-
tributions from MD calculations at 300 K for the times 1001, 1003 and 1005 fs.
The reported Mulliken charges (e units) correspond to the respective Au atom.
The number after the Au symbol corresponds to the Au atom in the Au cluster of
55 atoms. They were used to make the reported results clearer.

Atom £-1001 £-1003 £-1005
Mulliken  Freq. Mulliken  Freq. Mulliken  Freq.
charge (em™ b charge (em™) charge (em™
Au36-CO —0.304 1546.67 -0.317 1362.36 —0.345 1393.36
Aul-CO 0.093 1821.50 0.095 1862.00 0.093 1962.94
1984.28
Au22-CO  —0.260 1854.25 —0.261 1906.92  —0.269 2014.36
1911.83 2016.05
Au39-CO  -0.561 1854.25  —0.551 1772.94  —0.542 1777.51
Au9-CO —0.276 1863.60  —0.291 1906.92 1862.94
1911.83 1984.28
Au24-CO  -0.121 1887.98  —0.123 1850.15  —0.125 1871.66
Aul3-CO 0.0690  1903.83 0.059 1875.62 0.046 1886.49
Au32-CO —0.032 1924.32 —0.033 2009.36 —0.034 2086.17
2026.96
Au37-CO 0.101 1964.75 0.102 1996.78 0.101 2005.34
Au34-CO 0.132 1989.75 0.151 1920.99 0.168 1879.28
Aul7-CO  -0.346 2006.42  —0.344 1964.86  —0.341 1930.50
Au41-CO  —-0.453 2054.21  —0.456 2009.36  —0.458 1937.90
2026.96
Au7-CO 0.044 2085.13 0.036 2169.18 0.044 2139.66
Au20-CO  -0.364 2191.66  —0.358 2237.02  —0.341 2142.55
Quasi- 2003.14 1917.06 1872.72
free-CO
Quasi- 2003.14 2075.31 2105.20
free-CO
Quasi- 2095.46 2038.95 1986.50
free-CO
Quasi- 2103.06 2090.97 2014.31
free-CO 2016.06
Quasi- 2279.71 2153.47 1919.17
free-CO 2105.34

(ESI, Figure S3), the 4AuFeTi catalyst was selected for the long-term
stability study due to its extraordinary dispersion and the higher pos-
sibility of aggregation at increased loading. As described in the previous
section, the selected catalyst (magenta solid symbols, Figs. 8b and
12a-b) tested immediately after activation showed nearly 100 % CO
conversion at room temperature. However, after aging the catalyst for
2-months (green solid symbols, Fig. 12a), its activity decreased to
67.9 % at room temperature, requiring at least 50 °C to achieve com-
plete CO conversion. After reactivation of the catalyst at 300 °C (green
empty symbols, Fig. 12a), it again achieved 100 % CO at room
temperature.

A longer aging process (15 months) was also performed on the same
catalyst. The 4AuFeTi catalyst experienced greater deactivation, with
CO conversion at room temperature decreasing from 100 % for the
catalyst tested immediately after activation (magenta solid symbols,
Figs. 12b) to 57.8 % for the catalyst tested after 15-months aging (green
solid symbols, Fig. 12b). The CO conversion gradually increases with
temperature until it reaches 100 % at a reaction temperature of 129.4
°C. Conversely, this aged catalyst recovers its high reactivity after
reactivation, achieving 91.5 % conversion at room temperature (green
empty symbols, Fig. 12b) and 100 % conversion at 30.2 °C, which is
maintained throughout the experiment.

A notable characteristic of the Fe-modified catalyst is their improved
resistance to deactivation. Fig. 13 shows the catalytic performance of the
4AuTi catalyst aged for 4 months and the 4AuFeTi catalyst aged for 15-
months. At room temperature, the 4AuFeTi catalyst preserves CO con-
version close to 57.8 % after 15-months aging (magenta solid symbols,
Fig. 13), which is significantly higher than the 14.1 % conversion
observed for the 4AuTi catalyst after only 4-months aging (black solid
symbols, Fig. 13). Both the 4AuFeTi and 4AuTi catalysts exhibited CO
conversion rates close to 100 % at reaction temperatures of
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Fig. 8. CO conversion as a function of reaction temperature: Effect of
activation-reaction time using the 1AuFeTi catalyst (a), and conversion curves
of selected Au-based catalysts with different Au loadings (b).

approximately 102.6 and 129.4°C, respectively.

Fig. 8 indicates that the xAuFeTi catalysts are more active than un-
modified xAuTi counterparts. These findings suggest that the Fe atoms
act as both promoters and stabilizers of the Au NPs. Furthermore, Fig. 12
shows that the xAuFeTi catalysts experience deactivation over long-term
aging. Nevertheless, the data also indicate that these catalysts can be
easily reactivated, restoring their high activity levels. After 2-months
aging, the reactivated catalyst achieves 100 % CO conversion at room
temperature, while the reactivated catalyst aged for 15-months has
91.5 % CO conversion at room temperature. Schumacher et al. [54]
previously demonstrated that Au NPs on Au/TiO; catalysts are stable
during the CO oxidation reaction. However, their activity decreases due
to the accumulation of by-products on the surface of the catalysts.
Konova et al. [55] identified these by-products as a monolayer of car-
bonates, which they attributed to a spontaneous oxidation process. The
results of the aging and reactivation process suggest that the reactivation
procedure is effective in eliminating the deposited compounds that
initially reduced the catalyst’s effectiveness, as evidenced by the
decrease in signals in the interaction zone between the carbonates and
the catalyst surface (Fig. 14).

The 4AuTi and 4AuFeTi catalysts exhibited no significant micro-
structural changes throughout their respective aging processes. Never-
theless, Table 3 shows that the Au particle size, as determined by
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Fig. 9. Atomic cluster ru203-8Au(left) and atomic cluster ru203-3Fe-8Au (right). Because the number of Au atoms in contact with the cluster depends on the
number of oxygen atoms in the neighborhood, three Au atoms are attached to the cluster ru203, while five atoms are attached to the cluster ru203-3Fe.
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Fig. 10. FTIR spectra of rutile (a) and Fe-doped rutile (b) at different temperatures.

Fig. 11. Atomic clusters after MD at 1000 K for 10 ns: ru203 cluster (left) and ru203-3Fe cluster (right). The figure highlights the effect of Fe in disordering the Ti-O
and Fe-O polyhedral on the surface.
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Fig. 13. Effect of Fe-doping on CO conversion after different aging times.

Rietveld refinement, increases during this process. The crystal size of the
4AuFeTi catalyst showed a slight increase from 2.6 to 3.8 nm, repre-
senting a 1.46-fold increase after 15 months of aging. However, in the
unmodified 4AuTi catalyst, the aggregation became more significant
after a shorter period of 2 months, with the particle size increasing from
2.1 to 5.3 nm, representing approximately a 2.52-fold aggregation. The
observed differences in the growth rate of Au NPs also identified by
Konova et al. [55], are factors contributing to the observed decrease in
catalytic activity. These factors significantly impact the stability of the
catalyst. In any case, this finding indicates that Fe-incorporation into a
rutile-like TiO3 solid solution stabilizes the Au NPs over-term, creating
pinning centers that prevent both mobility and growth of Au crystallites,
thereby improving the dispersion and stability of the Au NPs.

4. Conclusions

This study reports how Fe incorporation into the crystalline structure
of rutile stabilizes Au NPs during long-term aging. Fe-modified Au cat-
alysts exhibit better CO oxidation activity and stability over-time
compared to their unmodified counterparts. Furthermore, although
long-term aging leads to the inevitable deactivation of the catalysts, the
study also demonstrates that the catalysts can be easily reactivated,
restoring high levels of CO conversion. The Au crystallite size increases
during the aging process but this effect is more pronounced in the case of
the catalyst without iron in the support. The positive effects of Fe-doped
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Fig. 14. FTIR spectra of an activated, aged, and reactivated 4AuFeTi catalyst.

Table 3
Crystallite size of Au NPs in unmodified and Fe-modified catalysts before and
after long-term aging.

Catalysts Crystallite size (nm)
4AuTi Tested immediately upon activation 2.1

Tested after 2-months aging 5.3
4AuFeTi Tested immediately upon activation 2.6

Tested after 15-months aging 3.8

catalysts were associated with the creation of pinning centers for the Au
NPs, preventing their mobility and growth, and improving their long-
term stability. This proposal is supported by quantum mechanical cal-
culations on unmodified and Fe-doped rutile clusters, which shows that
the incorporation of iron into rutile promotes the reduction of the cat-
ion’s valence and the enrichment of oxygen atoms on the surface, which
act as the pinning for the Au atoms. Therefore, preparing Fe-based rutile
solid solutions as a novel strategy to prepare catalysts for CO oxidation
processes mitigates the adverse effects of aging, ensuring a prolonged
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activity of the catalysts.
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