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Graphical abstract

Carbon monoxide

Nickel

Abstract

Nickel-doped-TiQ catalysts were prepared by the sol-gel methodsarnidce modified with
gold nanoparticles (AuNPs) by the urea-depositimeipitation technique. The as-
synthesized catalysts were characterized by X-raffradtion, Raman and XPS
spectroscopies, N physisorption, STEM-HAADF microscopy and TPR hygkao

consumption. The Au/Ti@Ni catalysts were evaluated -catalytically perfargii CO
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oxidation reactions. The catalyst with nickel conitef 1 wt. % (Au/TiQ-Ni 1) showed the
highest CO conversion with respect to the high-glidontent or bare/commercial Ti@t 0
°C. In situ DRIFTS showed a strong participation of both nictee to the presence of
surface-nickel-metallic nanoparticles formed durthg CO adsorption process at reaction
temperatures above 200 °C, and surface-bridgedh€® species. A minor deactivation
rate was observed for the Au/T#®i 1 catalyst in comparison with the Au/Ti@ne. The
oxygen vacancies that were created on the solgmdd TiQ improved the catalytic
behavior during the performance of CO oxidationcteas, and inhibited the AuNP

sintering.

Keywords

CO oxidation, Gold nanopatrticles, Nickel-doped FiDRIFTS, Low temperature oxidation.

Highlights

* Nickel-doped TiQ catalysts (1 wt. %) drive the CO oxidation at lmmperature.
* DRIFTS reveals the participation of nickel duritg tCO oxidation.

* Ni(CO), bridged species are detected by DRIFTS.

* Au/TiO.-Ni 1 is the most active and stable catalyst wétspect to undoped TiO
« Ti* species corroborate Ni doped Fiénd surface oxygen vacancies.

1. Introduction

Historically, bulk gold had been considered astinatil the end of the 80°s when Harah
al. discovered that nanometric gold (2 — 3 nm) suigaboon metallic oxides shows a high
catalytic activity for CO oxidation either at rooor lower temperatures [1]. From this
discovery, gold nanoparticles (AuNPs) have beerpeued on different metal oxides to
perform different catalytic environmental reactiaugh as propylene epoxidation [2], water
— gas shift [3], water splitting [4], etc. The higffinity of AUNPs for carbon monoxide is due
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to the mixing of gold d-orbitals within the carboronoxide HOMO level, which is different
from bulk gold, where there is a large gap betwi#end-band center and Fermi level that
leads to large Pauli repulsions [5]. The most widgldied catalyst for CO oxidation is gold
supported on Ti@because it is one of the most active catalystgdiorying out this reaction
at low temperature [6]. Tighas been selected for its reducible propertiesetisas FeOs or
NiO which usually exhibit appreciably better catalyperformances than non-reducible
oxides such as MgO, AD; or SiQ. Reducible supports are beneficial to this reactio
because they facilitate the, @ctivation [7]. Other factors that affect the peniance of the
CO oxidation reaction are the size and preparatethod of the AuNPs; as for the first
factor, larger particles promote the creation osfihidislocations and the surface lattice
constant will approach the bulk metal value [8]d &ime second factor affects dispersion [9].
In this work, the use of Ni doped TiGs proposed due to the reducible properties ofi bot
TiO, and nickel, and similar ionic radii of nickel atithnium atoms. Nickel oxide has been
reported as a catalyst for hydrogenation reactidfdff-Kishner and Clemmensen reduction,
Fisher Tropsch methanation, among other reactid®s 1], and also for the photocatalytic
hydrogen production from methanol either using Ni@pported on Ti® [12] or nickel
titanate nanotubes [13]. For the CO oxidation lieactnickel has been used as nanosized
nickel ferrite powders (NiF€,), where lower crystal sizes (~8.5 nm) enhancedGke
adsorption and consequently its oxidation [14]f@snonstoichiometric nickel-manganese
spinel oxides, they have shown to be highly reactior CO oxidation, even at room
temperature [15]; in the case of NiO and CuO-NiPpsuted on ceria-alumina mixed oxides,
they have exhibited a good catalytic activity dgrthe CO oxidation at subzero temperature,
where this high activity is attributed to the fortima of well-dispersed and highly reducible
metal oxide CuO-NiO species over the mixed oxidgpsut [16]. Comsugt al.[17] claimed

that the Ti* presence on the larger crystallite size JT&Pabilizes the small Ni particles
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during the impregnation, calcination, and reductgieps via stronger metal — support
interactions, having higher CO oxidation activitiesd lower light-off temperatures.
Therefore, based on the good catalytic propertiesoel, this metal was used in the present
research work as a doping agent to improve thetstral and surface properties of BiO

The novelty of this work resides in the first-timee of nickel doped Tifas a support of
gold nanoparticles to catalyze the CO oxidatiorctiea. The doping of Ti@with elements
whose oxidation state is lower than 4+ promotesctigation of surface oxygen vacancies
(SOVs); therefore, these SOVs could act as fixiagters for the AuNPs, stabilizing their
size to avoid their evolution. On the other hai@ tedox properties of nickel enhance the
oxygen activation during the CO oxidation reactiémally, in the same context, surface
nickel can adsorb CO and enhance its oxidationtigggabtaining high CO conversion rates

at low temperatures with respect to bare ;[i3].

2. Experimental section

2.1. Sol — gel nickel doped Ti®ynthesis

Sol-gel-Ni-TiG, catalysts were prepared by a controlled sol-getgss using titanium (IV)
isopropoxide (Sigma-Aldrich, 97%) as titanium pnescur and nickel nitrate hexahydrate ()
(Sigma-Aldrich, 97%) as doping agent precursoraetth (Le Cap Group, 96%) and distilled
water were used as solvents. According to a prelyaeported sol-gel synthesis [19], first, an
appropriate amount of nitrate salt was dissolvedarer to obtain Ni loadings between 0.5 and
5.0 wt. %. The Ni-TiQ catalyst was prepared by adding dropwise 75.6 mltitahium
isopropoxide and 22.9 mL of ethanol-18 mL of watbBe nickel solution was added to a 22.9
mL ethanol-18 mL water solution contained in a 4kw®und bottom flask (1 L) equipped with
magnetic stirrer and thermometer. The alkoxidefathievater molar ratio was 1/3/8. Later on,

the solution was vigorously stirred at 50°C durthg addition of the reagents. Subsequently,
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the solution was gradually heated up to 70 °C. géléed product was aged for 48 h at 70°C.
The solvents and unreacted precursors were remave8D °C and dried overnight under
vacuum at 100 °C. Finally, the materials were tradlyrireated at 500 °C for 4 h at a rate of 2
°C min™. The materials were identified as B X, where X indicates the nickel loading (wt.

%)

2.2. Synthesis of AuNPs by the urea depositionjptatton method

Supported AuNPs (2 wt. %) were prepared in theradesef light since it is known that light
decomposes and reduces the gold precursors [2@. pfaparation of the AuNPs was
performed by the urea deposition-precipitation rodttfDPU) [20]. The gold precursor,
HAUCI4 (4.2 10° M), and urea (0.42 M) were dissolved in 49.29 nilldistilled water; the
initial pH of the solution was 2.4. Then, two graaighe support were added to this solution
under constant stirring; thereafter, the suspen@mperature was increased up to 80 °C and
kept constant for 16 h. The urea decompositiortdeal gradual rise in pH from 2.4 to 7 [20].
The amount of gold in the solution corresponded taaximum gold loading of 2 wt. % on
the supported catalyst.

After the DPU procedure, all the samples were deged, washed with water at 50 °C and
then centrifuged four times and dried under vacim2 h at 100 °C. The thermal treatments
for catalyst characterization were performed in aeblctor with a fritted plate of 1.5 cm of
diameter; the thermal treatment under hydrogen iorflew (1 mL-min‘lmgsammél) was
performed at 300 °C for 2 h. All the samples weogexsl at room temperature under vacuum

in a desiccator away from light in order to preveny alteration [21].
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2.3. CO oxidation test

The CO oxidation reaction was studied in a flowctea at atmospheric pressure and
increasing the temperature from -5 to 400 °C (ligffitest). 50 mg of dried catalyst were first
activatedin situin either a flow of 40 mL-mih of hydrogen or air with a heating rate of 2
°C/min up to the final chosen temperature, betwd@® and 400 °C, followed by a 2-h
temperature plateau. After this treatment, the $am@as cooled down to -5 °C under the
same gas. The reactant gas mixture (1 vol. % COlawal. % Q balanced with B) was
introduced with a total flow rate of 100 mL/min,caa heating rate of 2 °C-niin

The reactor output gases were analyzed with aneAgilTechnologies 6890N online gas
chromatograph equipped with a FID detector, a nmetea and a HP Plot Q column.

The stability of the catalysts vs. time on streaaswxamined at 10 °C for a 24-h run, using
50 mg of catalyst activated situin air at the same heating rate and temperatutealeas

described above.

2.4. Characterization techniques

The thermally treated samples were characterizeX-bgy diffraction in order to identify
crystalline phases using a Bruker Advance 8 Ditfsateter with Culé radiation (1.5404 A):
the crystalline phases were corroborated with Raspattroscopy, using a Micro-Raman
Renishaw spectrometer equipped with an argon (&4€rnm).

After ex situthermal treatment under the same conditions astHercarbon monoxide
oxidation (300 °C/H) reaction, the samples were examined by transomssgilectron
microscopy in a Tecnai FEI 300 transmission electmacroscope (TEM) operated at 300
kV. The samples were suspended in isopropanol faexl $onicated for 5 min. Finally, the
samples were mounted on a Cu TEM grid. The parsiide distribution histograms for the

catalysts were obtained from the measurements aité200 particles. The average particle
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diameter (¢ was calculated using the following formulas =£ndi/Zn;, where nis the
number of particles of diametey d

The specific surface area was calculated by then&rer—Emmett-Teller method (BET
method) on a Quantachrome Autosorb 1. The hydrogemperature programmed reduction
(H2-TPR) study of the dried materials was performed RIG-150 unit under a flow of 10 %
Ho/Ar gas mixture (30 mL mif) with a heating rate of 10 °C mirfrom room temperature to
200 °C. HO produced during the reduction process was trappémte the TCD detector.

The XPS experiments were performed for the samgblesnally treatedex situat 300 °C
under B atmosphere in a K-Alpha spectrometer by Thermer8ific using monocromatic
radiation ko of Al at 1486.68 eV.

CO adsorption was followed by FTIR spectroscopygliaracterize the metallic surface. The
experiments were carried out in a Nicolet 670FTsjectrophotometer equipped with a
Praying Mantis for DRIFT spectroscopy and a lowthigmperature reaction chamber by
Harrick. In each experiment, approximately 25 mgrié¢d sample were packed in the sample
holder and pretreated situunder H flow (30 mL-mir, heating rate of 2 °C-nifj) up to the
chosen temperature followed by a 1-h plateau. Afierthermal treatment, the sample was
cooled down to room temperature under the samdl@asand then purged with Noefore
the introduction of 5 % of CO in N30 mL-min’). A spectrum recorded undep Was used
as a reference, and then several spectra weredeztamder the CO flow until the band
intensity was stable; afterwards, the temperatuas imcreased under CO, and the spectra
were recorded at increasing temperatures. AfterHDRBI experiments, the samples were

recovered and analyzed by TEM microscopy.

3. Results and discussion

3.1. Physicochemical properties of Au/FHRi catalysts
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In Figure 1, X-ray diffractograms for nickel dopadd undoped Ti@are shown. All the
catalysts show the formation of anatase as maistaliyne phase (JCPDS 04-002-2678); as
for commercial Evonik P25, it additionally showsetrutile crystalline phase (JCPDS 70-
7347; 80 % anatase and 20 % rutile) and for thgyebhickel-doped Ti@ at contents higher
than 1 wt. %, the formation of a rhombohedral nidianate (NiTiQ) crystalline phase
(JCPDS 04-012-0745) by segregation is observech dtagonal anatase and nickel titanate
could coexist [22]. Additional peaks related toastlrystalline phases of Ni and Ti were not
detected.

Using the FWHM of the crystallographic plane (1@f)anatase and Scherrer equation, the
crystallite size was determined, see Table 1. Tiystallite size shows a decrease as the
nickel content increases due to the fact that hiekards the anatase crystallite growth [23],
and nickel starts to segregate through the, Bi®face forming the NiTi@phase.

The surface area values of the catalysts are pexb@m Table 1. The sol-gel catalysts show
surface area values above 78gnbeing the Au/Ti@Ni the one that shows the highest value
with almost 80 rfYg, while Au/P25 features a surface area of 5igm

Raman spectroscopy was carried out to corrobohnaterystalline phases. Figure 2 shows the
vibrational modes corresponding to the anatasdalliy® phase: F— 144 cnf, E;— 197 cm

! By — 400 cnif, Ay + Big— 515 crif and E — 640 cnit [24], in addition, two vibrational
modes of NiTiQ are tagged in Figure 2b [25].

By analyzing the main Eg vibrational mode (Figue,2he doping of the catalysts can be
inferred since the spectrum of bare Ti€hows a FWHM peak located at 143.9 'crwhile

the spectra of Ti@loaded with 1 and 5 wt. % show a peak displacert@mard 145.2 and
146.1 cnt, respectively. This shift is meaningful becauss tibrational mode is associated

with O-Ti-O bending vibrations in the TiGrame, which suggests a shortening or rigidity of
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this chemical bond, which is mainly due to the @age in surface oxygen vacancies
attributed to the incorporation of Ni into the Li€tructure, which reduces the O/Ti rate [26].
TPR profiles are shown in Figure 3. This technigques used to elucidate the reduction
temperature of gold and the effect of the nick&:Tsupport on these temperatures. As it is
well known, after the DPU process (before the ttameatment), the oxidation state of gold
nanoparticles is Ill, which directly comes from tHAuCl, precursor [27]. Figure 3 shows
the reduction peaks located between 90 and 180ifi€ maxima located at 141.9, 144.9,
114.2 and 158.5 °C for Au/P25, Au/TiOAU/TiOx~Ni 1 and Au/TiQ-Ni 5, respectively.
These reduction peaks have been attributed toetthection of Au(lll) to AQ species; the
TiO, P25 thermogram was also carried out, but no réalugteak was detected within this
temperature interval [28]. As gold reduction depemh the support, the low reduction
temperature for a nickel content of 1 wt. % couddrelated to the increase in the number of
TiO, surface defects. It has been previously shown tledéctive structures caused by
dopants with oxidation states below (+4) introdugeaxides create vacancies that lead to
higher lattice oxygen mobility which enhances tbduction processes [18]. In addition, due
to redox nickel oxide properties, this element dodbnate electrons to enhance the gold
reduction. On the other hand, the high reductiomperature for a nickel content of 5 wt. %
at 158.1 °C indicates a strong interaction betwdengold nanoparticles and the support
which probably stems from the interaction betwe@enN®s and nickel and / or nickel titanate
crystals.

The catalysts thermally treated at 300 °C, undeirden atmosphere, were analyzed by
transmission electron microscopy in the STEM-HAABBde. Images are shown in Figure
4, where the AuNPs correspond to brilliant and whilots. In the three catalysts, a
homogenous dispersion of AuNPs is observed in BatNP sizes and space distributions,

and the average gold particle size is locatedatrat 2 to 3 nm in all cases.
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In order to analyze the surface chemical compaositd the as-prepared catalysts, XPS
experiments were carried out. Figure 5 shows tmepesison of Au/TiG-Ni 1 and Au/TiQ
samples, which were thermally treated at 300 °Geufill atmosphere.

In Figure 5a, the titanium spectra for Au/gi®how the characteristic binding energies
located at 464.5 and 458.7 eV, which corresportidghotoelectronic splitting of 2pand
2ps2 orbitals [29]. The Au/Ti@Ni 1 spectrum shows a shift to higher binding gres,
464.8 and 459.1 eV. This shift toward higher eresxgmplies that the local chemical state is
slightly influenced by Ni" incorporation into the Ti@lattice [30]. Figure 5a-b shows the Ti
deconvoluted XPS spectra. As for Au/Bi®@nly the contribution of Tf is detected while for
the doped Au/Ti@Ni 1 sample, the contribution of iand Tf" are detected. This
information corroborates the presence of nickel edbfliQ, because Ti is directly
associated with surface oxygen vacancies causedtkg! incorporation into the Tig{lattice
[31].

The photoelectronic splitting of gold in the Au/Ri®ample shows binding energies located
at 87.1 and 83.4 eV related to;4fand 44/, orbitals, respectively (Figure 5d) while for the
Au/TiO,-Ni 1 sample, the same photoelectronic splittingoisserved at higher binding
energies, 87.6 and 84.0 eV. The binding energiesshifted about 0.5 eV with respect to
AU/TiO,, indicating a charge transfer from the Ti€urface to gold [32]. The deconvolution
of both spectra originated four sub-bands, two wefined related to Aland two shoulders
related to Ad*. According to the area of the deconvolution pefaksach species, a rate of
AUu**/AU° of 0.19 was found for Au/Tig) which corresponds to 16.1 % of KuFor the case
of Au/TiOx-Ni 1, a AC*/Au® rate of 0.17, corresponding to 14.8 % of*Awas found. A
small fraction of Ad* species may be present in the interface betweemiNPs and Ni-
TiO, support [33]. However, it is important to note titatas also been reported [21] that for

Au/TiO, samples, the oxidation state of gold can be altereen they are analyzed by XPS
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because of the ultrahigh vacuum and photon beais. fabt could explain the differences
observed in the results obtained by XPS and TPR.

The nickel XPS spectra show a characteristig, 2ppbital with a binding energy of 856.3 eV
and another sub-band at 862.1 eV (Figure 5g); mddily, at 873.9 eV, a 2p orbital band
with a sub-band at 881.2 eV is observed. The séparaf 17.65 eV among these orbitals
reveals the presence ofNiwhich corresponds to the oxidation state of N the nickel

titanate framework [34].

3.2. Catalytic activity in the CO oxidation reaatio

Initially, the effect of thein situ thermal treatment conditions on the CO oxidatieaction
was studied using the Au/T§Ni 1 catalyst (Figure 6). According to the light test curves,

at 0°C, a CO conversion of 75 % was observed aftérermal treatment of 300 °C under
hydrogen while with the same thermal treatment, botler air atmosphere, the CO
conversion was 25 % while it was 35 % for the sampérmally treated at 400 °C under air.
Therefore, ann situ thermal treatment at 300 °C under hydrogen seemsrdduce the
highest CO conversion. These differences in catabttivity displayed by the Au/TiO
catalysts when activated in hydrogen or in air ajph@re are due to differences in particle
size, morphology, chloride content and interactwith the support as a function of the
activating gas [21, 35]; on the other hand, whe/TKD, catalysts are treated in air, the gold
particles are larger than when they are treateldydrogen; moreover, a thermal treatment
with H, can remove chlorides from the support surfacdsydeochloric acid [21].

Based on the previous experiments, we proceededaioate the rest of the catalysts using a
thermal treatment at 300 °C under hydrogen atmasptiégure 7, reveals the behavior of
these catalysts. Au/TiENI 1 shows the highest CO conversion (75 % at )) &@d the rest

of the catalysts show a similar behavior, reactifigte of CO conversion at about 35 °C,
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even for the Au/TiQ (P25) reference. Therefore, the optimal nicketlloas 1 wt. %. It is
important to mention that the TiNi bare support did not show CO conversion under
identical reaction conditions [3]. Thus, the catiahactivity of Au/TiO,-Ni 1 is remarkably
high in comparison with the rest of the synthesizathlysts, which is likely due to a weak
interaction between gold and nickel that leadsith lelectron combinations which enable
oxidation reactions; in addition, this behavior lcbbe due to the creation of surface oxygen
vacancies that stabilize the gold nanoparticleg. [TBis means that in Au/Ti&Ni 1, the
interaction between the nickel doped support an®PPaidrives the CO oxidation at low
temperature. The less active catalyst was Aw-NO5 whose behavior was probably due to
the nickel titanate formation whose non reducibiepprties and strong interaction between
nickel titanate and gold cause a decrement in #talytic activity during the CO oxidation
reaction. The highest activity of the Au/TiMi 1 catalyst can be due to the fact that gold
shows the lowest temperature reduction (114.2 °iil) vespect to the rest of the catalysts
(142 to 159 °C), indicating that the reaction takémsce at lower temperatures due to its
oxidation-reduction properties, and the increastaénnumber of Ti@surface defects, which

determine the behavior in the CO oxidation reaction

The CO conversion of the most active catalyst (AD4INi 1, thermally treated at 300 °C
under hydrogen atmosphere) was studied as a funefithe reaction time at 10 °C to know
its temporal stability, see Figure 8. The Au/FHRi 1 catalyst shows a slight deactivation of
19 %, where this deactivation is lower than the aheve 50 % observed for the Au/BiO
catalyst previously reported by us, evaluated atstime reaction temperature and under the
same reaction conditions [36]; in this sense anddmparative purposes, Figure 8 shows the
stability of our sample (Au/Ti@Ni) and that of the one previously reported (AWJ)i [36].

In another study, an Au/TiP25) catalyst evaluated at 15 °C lost about 60f #sanitial

12
Page 12 of 32



activity after 24 h under the same reaction cood#i[37]. Therefore, nickel doped O

enhances the stability due to the fact that thiasaroxygen vacancies stabilize the AuNPs.

Surface characterization by in situ DRIFTS

In order to understand the surface chemistry of dhlysts, DRIFTS experiments were
carried out during the CO adsorption — desorpti@mt@sses using the Au/Tii 1 catalyst
thermally treated at 300 °C under hydrogen atmasphegure 9a shows that the adsorption
equilibrium at room temperature was reached aftemiutes. For this spectrum series, a
band at 2107 cihy which is displaced to 2116 ¢hmas a function of time, is observed; this
band is associated with molecular CO adsorbed ¢moTi surface of Ti@ [38]. An
important increase in the band at 2067 dfipetween 0 and 30 minutes) is also observed due
to the constant reduction of Atio AU and to the fact that the CO absorption has higher
affinity for Au® than for A [39].

The CO desorption by temperature increase is shiowRigure 9b. The decrease in the
intensity bands and their shift toward lower wavebers due to physical desorption
phenomena are observed. The shift of th&-&0 band is due to the decrease in the dipole-
dipole interaction which occurs because the goldase CO coverage decreases when
temperature increases [40]. At 300 °C, a new bawdtéd at 2013 ci attributed to the
lineal adsorption of CO on metallic nickel, appept$], suggesting that there are nickel
crystals that grow on the TiOsurface at high reaction temperatures (300 °C)otier
significant change occurs with the formation ofamd at 1896 chat temperatures between
50 and 200 °C; this band is associated with bridgadbonyls on cationic sites, namely
Ni(CO), [42]. Nevertheless, at temperatures up to 250tA@, band disappears due to a
physical desorption process (Figure 9b) while i &u/TiO, reference, this band does not

occur due to the absence of nickel.
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Additionally, the Au/TiQ-Ni 1 catalyst was analyzed by transmission el@ctrocroscopy,
after the DRIFTS experiment, to corroborate thelwian of the AuNP sizes due to the
temperature changes and also to the CO adsorptisorotion process (Figure 10). The gold
particle size increased from 2.3 to 2.7 nm, whixplans in part the deactivation observed in
Figure 8.

Figure 11 shows a schematic representation of t&i@,-Ni catalysts under the reaction
conditions. The TiQlattice is represented by black (oxygen) and ¢tisgnium) spheres; the
doping Ni is represented by intercalated green rgshenickel nanoparticles are represented
by green cumulus, and gold nanoparticles are repted by yellow icosahedral clusters of
gold atoms. The adsorption of CO mainly occurs @w Icoordinated sites of gold
nanoparticles and on the surface nickel oxide aty$brming bridged species, while oxygen

could be adsorbed and activated at the periphdwyees the AUNPs and Ni-Ti3upport.

4. Conclusions

Raman spectroscopy corroborated the;Tii@kel doping due to a Raman shift in the main
vibrational mode (Eg) of anatase, suggesting threndtion of surface oxygen vacancies
which diminish the O/Ti rate. Nickel doping was alsonfirmed by the presence of*Ti
detected by XPS. These surface and structural esaimgdoped Ti@ allowed the AuNP
stabilization, promoting the CO oxidation reactairD °C with CO conversion of 82% for the
AU/TiO2-Ni 1 catalyst. Additionally, nickel plays a majoole during the CO oxidation
reaction due to the formation of Ni(Cridged species and also to the formation of nicke
metallic particles at reaction temperatures abd®@ €. It is important to mention that the
presence of nickel in the Au/THNi 1 catalyst also enhanced the stability durimg teaction

with respect to the undoped Au/Ti@Quring the deactivation test.
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Figure captions

Figure 1. Indexed X-ray diffractograms of the ZiRi catalysts.

Figure 2. Raman spectra of: a) Eg shift vibrationade, and b) the rest of vibrational modes
of TiO,-Ni catalysts.

Figure 3. Temperature programmed reduction of A04INi catalysts.

Figure 4. TEM images in STEM-HAADF mode of Au/T#i catalysts and their
corresponding frequency histograms.

Figure 5. XPS analysis of a) comparison of the Jio2bital of Au/TiGQ and Au/TiQ-Ni 1
catalysts. Deconvoluted spectra of Ti 2p orbitalbdf Au/TiO, and c) Au/TiQ-Ni 1; d)
comparison of the Au 4f orbital of Au/TigOand Au/TiQ-Ni 1 catalysts. Deconvoluted
spectra of Au 4f orbital of ) Au/Ti&and f) Au/TiG-Ni 1; g) deconvoluted spectra of Ni 2p
orbital of the Au/TiQ-Ni 1 catalyst.

Figure 6.In situ thermal treatment effect during the CO oxidati@aation using the
Au/TiO2-Ni 1 catalyst.

Figure 7. Au/TiQ-Ni catalystsin situ thermally treated at 300 °C undep tmosphere
during the CO oxidation reaction.

Figure 8. Deactivation test during the CO oxidatieaction carried out at 10 °C and wiith
situ thermal treatment at 300 °C undeg Btmosphere. Au/Ti© (PW) corresponds to a
previously reported sample.

Figure 9. DRIFTS spectra during the a) CO adsompés a function of time, and b)
desorption by increasing temperature from 50 to 3C0of the Au/TiQ-Ni 1 catalyst
thermally treated at 300 °C under hydrogen atmagphe

Figure 10. STEM-HAADF image and frequency histograithe AuTiQ-Ni catalyst after
the DRIFTS experiment.

Figure 11. Schematic representation of the CO dxidaeaction on the Au/Ti@Ni catalyst.

The green dots correspond to nickel atoms.

Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 10
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Figure 11

Table 1. Physicochemical properties of the studegdlysts.

Carbon monoxide

Crystallite size

Surface area AuNP size

(nm) (m*g™) (nm)

Au/P25 19.7 51.3 ND*
AU/TIO , 16.3 72.7 3.1
AU/TiO 2-Ni 1 13.9 79.0 2.3
AU/TiO -Ni 5 10.9 76.3 2.7

*Not available data

Nickel
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