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ARTICLE INFO ABSTRACT

Keywords: The deactivation of noble metal catalysts due to the loss of active surface area, remains a significant challenge,
Platinum especially under high-temperature oxidizing conditions. Such demanding conditions are often found in emission
Titania

control systems for clean air application and during catalyst regeneration targeting to prolong the lifetime of a
catalyst reducing the environmental costs associated to the process. The development of highly active catalysts
with enhanced stability demands the synthesis of novel catalyst structures. However, novel catalyst formulations
must rely on abundant additives to remain cost competitive and to find industrial application. Herein, we sys-
tematically explore the impact of doping support oxide surfaces (silica and titania) with AlOy and TiOy species on
the activity and stability of platinum catalysts during complete methane oxidation. Conventional supports were
compared with surface-modified silica supports with dispersed TiOx or AlOy species, prepared by facile wet
chemistry-based surface modification (Pt/Ti-doped SiO,, Pt/Al-doped SiO3). While Pt/TiO, demonstrated high
initial activity, it suffered severe deactivation due to platinum redispersion. Conversely, Pt/Ti-doped SiOy and
Pt/Al-doped SiO, showed less activity than Pt/TiO, but enhanced stability and higher long-term activity.
Consequently, AlOy-doping of the rate-promoting titania surface yielded both high activity and stability,
demonstrating that AlOy surface species prevent PtOy from migrating into the titania pocket sites that stabilize
mono-dispersed platinum species. Additionally, AlOx-doping prevented the partial anatase-rutile phase trans-
formation of the TiO2, which was observed for the unmodified Pt/TiO; catalyst. Combining the strong binding
properties of alumina with the catalytic advantages of reducible oxides is a novel strategy for designing robust,
high-temperature catalysts.

Methane oxidation
Stability
Doping

1. Introduction therefore, may also contribute to the loss of active surface species and

overall catalytic activity [4,6-8]. Thus, both sintering and disintegration

At high operation temperatures and under oxidizing conditions,
noble metal catalysts often lose their active surface area through the
formation of mobile oxidized metal species, which then anchor on larger
nanoparticles (NPs) at the expense of smaller ones (Ostwald ripening).
This leads to an overall decrease in the surface-to-volume ratio of the
particles. Alternatively, the mobile species — for example, PtO, [1] — may
anchor as mono-atomic metal species in surface pockets of reducible
oxides [2,3] and defect sites of irreducible oxides like alumina [4,5].
These species often exhibit significantly lower catalytic activity and,

into anchored single metal species might lead to a deactivated catalyst.

In the process of redispersion into mono-atomic surface species, the
activity is immediately lost when an entity is detached from the NP,
while for classical sintering the average particle size generally only in-
creases slowly and very often reaches a stable state. Therefore, the
former process results in a faster deactivation than classical Ostwald
ripening [7]. This is unfortunate since reducible oxide supports like
titania or ceria offer catalytic advantages in many oxidation reactions at
low temperatures, for example, by contributing lattice oxygen and
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thereby circumventing surface poisoning [9,10] or inducing electronic
metal-support interactions resulting in unprecedented activity [11-13].
At low Pt loadings, the penta-coordinated Al**sites in the surface of
y-alumina strongly bind platinum NPs [14-17]. However, alumina is
irreducible and, therefore, missing the above mentioned qualities
beneficial for catalysis.

The challenge to preserve the catalytic advantage of reducible sup-
ports, while preventing the detrimental dissipation mechanism, is un-
solved but highly relevant for the development of active and durable
catalysts. Existing strategies approaches either focus on forming steric
diffusion barriers [18-21] or on the formation of strong bonds between
the metal NPs and their support [5,22]. The second strategy involves
employing support engineering to stabilize the metal, while simulta-
neously maintaining or enhancing catalytic performance through
metal-support interactions [13]. Here, we followed the question: Can we
combine the strong anchoring properties of y-alumina with the activity
promotion from a reducible oxide (TiO3) by Al-doping?

We use complete methane oxidation as a reporter reaction for ac-
tivity and stability [6] to discover that Al-doping of titania supports is an
overlooked and novel strategy to synthesize stable catalysts. First, by
comparing the influence of bulk oxide supports to silica supports
surface-doped with small amounts of TiOx or AlOy species, we could
identify that this doping strategy stabilizes platinum NPs at 873 K under
oxidizing conditions. Ultimately, this strategy was transferred to doping
titania with AlOy species resulting in a catalyst that outperforms all
others in long-term activity, while maintaining the redox properties of
titania.

2. Materials and methods
2.1. Materials

Tetraethylorthosilicate (TEOS, reagent grade) was purchased from
Sigma-Aldrich. Distillation of TEOS before use did not change the
quality of the synthesis. Absolute ethanol obtained from Fischer Scien-
tific and aqueous ammonium hydroxide solution (w = 25 %, titrated
before use: ¢ = 14 M) from VWR were used without further purification.
Titanium(IV) butoxide from Acros, titanium(IV) isopropoxide from
Fluka, aluminum tert-butoxide from Sigma were used as received. For
the oxide surface-doping, anhydrous ethanol from Acros was used and
handled under dry conditions. As conventional support materials, silica
gel from Fluka, titanium(IV) oxide from Acros (AeroxideTM P25) and
v-Al,03 from Condea were used. The solids were finely mortared before
use. The gases (99.999 % purity) for catalytic testing were obtained from
PanGas. Helium, a dilute mixture of 10 % methane in helium, oxygen
and hydrogen were used as received.

2.2. Synthesis of monodisperse silica nanoparticles

Typically, 15.8 mL of ammonium hydroxide solution (w = 25 %)
were combined with 198 mL of ethanol absolute (to yield a 1 M solution
of NH3) in a 500 mL round-bottom flask equipped with a reflux
condenser. The mixture was heated while stirring to 40 °C and 10 mL
tetraethylorthosilicate (TEOS) was added at once. The reaction mixture
was left to stir overnight at 40 °C. The crude nanoparticles were sepa-
rated from the liquid by centrifugation and then washed with ethanol
and deionized water. The solid was dried overnight at 60 °C under
vacuum.

Prior to the surface-doping synthesis, the dried silica nanoparticles
(ca. 2.5 g) were dispersed in 25 mL of ammonium hydroxide solution (w
= 25 %) and the suspension was vigorously stirred for at least 1 hour.
The solid was recovered by centrifugation and washed twice with
deionized water. The solid was dried overnight at 40 °C under vacuum
and ground to a fine powder before use.
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2.3. TiOy-doped silica nanoparticles

The synthesis protocol is schematically depicted in Supporting
Figure S1. Silica nanoparticles treated with ammonium hydroxide (1 g)
were added to a dry three-neck flask equipped with a dropping funnel
and a reflux condenser. To avoid water in the reaction vessel, the system
was evacuated and purged with nitrogen. 3 mL of dry ethanol were
added with a syringe and the suspension was heated to 90 °C under
vigorous stirring. To this mixture, a 0.1 M solution of titanium(IV)
butoxide in ethanol (214 mg of Ti(O-Bu)4 in 6.3 mL of dry ethanol) was
added slowly with the dropping funnel. The mixture was left to stir at 90
°C under nitrogen for 5 hours. Subsequently, the reaction mixture was
transferred to a 15 mL centrifuge tube using ethanol absolute (10 mL)
and the suspension was shaken thoroughly. After sedimentation of the
solid in the centrifuge, the powder was dried.

2.4. AlO,-doped silica and titania nanoparticles

The synthesis protocol is schematically depicted in Supporting
Figure S1. AlOx-doped silica nanoparticles were obtained in an analo-
gous procedure. Ammonia-treated silica (1 g) was suspended in dry
ethanol (3 mL) in oven-dried glassware under nitrogen atmosphere. The
suspension was heated to 90 °C before a 0.1 M solution of aluminum
tert-butoxide in dry ethanol (155 mg of Al(O-tBu)s in 6.3 mL dry
ethanol, dissolved using ultrasonication) was slowly added using a
dropping funnel. The mixture was left to stir at 90 °C for 5 hours and was
then transferred to a 15 mL centrifuge tube using ethanol absolute
(10 mL). The suspension was shaken and the solid was recovered by
centrifugation before being dried.

2.5. Pt deposition

Each catalyst was loaded with Pt at different weight loadings. The
loading was adjusted to maintain the same metal loading to surface area
ratio (noble metal-surface concentration, NMSC). The target NMSC was
2.70 x 10~* mmolp; m 2 (See Supporting Table S1). The weight loadings
were adjusted to the measured BET surface area. After weighing the
respective calcined support, the total volume of solution was calculated
to obtain a surface loading (SL, total support surface area per volume of
solution) of SL = 5000 m? L~!. For low amounts of the tetraammine-
platinum(II) nitrate ((NH3)4Pt(I[)(NO3),) precursor (<10 mg), a diluted
precursor solution in deionized water was used. For impregnating high
surface area supports (conventional SiO, and y-Al;0O3), the required
amount of platinum precursor was weighed directly into the reaction
vessel. The volume of ammonium hydroxide (w = 25 %) was measured
to obtain 29 vol% of ammonium hydroxide. The amount of deionized
water was calculated from the difference of the total volume and the
volumes of the ammonia and platinum precursor solution. After
combining ammonium hydroxide and deionized water in an evaporating
dish equipped with a stir bar, the initial pH-value was estimated using
pH-indicator paper. The platinum precursor was added, and the support
was added at once under vigorous stirring. The evaporating dish was
covered with a watch glass. The pH-value of the suspension was
measured twice (within the first 5 min and after 60 min) to assure that
the support did not change the solution pH drastically. The suspension
was left to stir overnight before the watch glass was removed to allow
slow evaporation of the liquid. The resulting solid was slowly dried
under vacuum at 30 °C followed by calcination of the crude catalyst at
300 °C (5 °C min~! heating rate) for 4 hours under static air.

2.6. Transmission electron microscopy

TEM (transmission electron microscopy) and STEM (scanning
transmission electron microscopy) analyses were carried out on a JEOL
JEM-ARM300F Grand ARM double Cs-corrected 300 kV device. Further
STEM characterizations were performed on a Hitachi HD 2700 Cs-
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corrected 200 kV microscope. The samples were deposited onto copper
grids in powder form or as suspensions in alcohol mixtures. Before
loading the sample into the microscope, the grid was plasma-cleaned.
Different imaging modes were used during TEM analysis, including
bright field (BF), dark field (DF) and high-resolution transmission
electron microscopy (HRTEM). STEM analysis included the bright field
(BF), dark field (DF) and high-angle annular dark field (HAADF-STEM)
imaging modes. In addition, secondary electron (SE) images and energy
dispersive X-ray (EDX) analysis was used to obtain spatial resolution of
the elemental composition. The images were analyzed using Fiji
(ImageJ) and Digital Micrograph (Gatan Inc.).

2.7. Powder X-ray diffraction

Powder XRD was performed on a lab-based XRD X’Pert Pro device
from Malvern Analytical equipped with a copper X-ray source (A=
1.54 A). The 20 scans covered the range 5-70 ° with slow incremental
steps (overall duration of one experiment: 3-4 h).

2.8. Nitrogen physisorption

Nitrogen Physisorption was carried out using a Micrometrics TriStar
II 3020 instrument running the TriStar I 3020 version 3.02 software.

2.9. ?7Al solid-state nuclear magnetic resonance (ssNMR)

Solid-state magic angle spinning nuclear magnetic resonance (ssMAS
NMR) spectroscopic studies were performed at a resonance frequency of
79.5 MHz for aluminum (*’Al) nucleus using a Bruker AVANCE III HD
spectrometer and Bruker 400 MHz Ultra-Shield magnet. Before experi-
ments, 20-50 mg of samples were packed into 4 mm zirconia rotors at
room temperature. The 2Al MAS NMR spectra were recorded by spin-
ning the packed rotors at a rate of 10 kHz for 3000 scans. The /Al
chemical shift was referenced to AINH4(SO4)2-12 H0. Spectral analysis
was performed using the Topspin 4.0.9 software package (provided by
Bruker).

2.10. Catalytic testing

The catalytic measurements were carried out on a microreactor setup
(CATLAB, Hiden Analytical) with a residual gas analyzer (RGA) for
quantification of the exhaust gas composition (Hiden Analytical). The
Faraday cup detector of the quadrupole mass spectrometer was used,
and the filament was operated at an electron-energy of 70.0 V with an
emission current of 250 pA. The ion currents of interest were tracked
over time using the multiple ion detection (MID) mode.

Prior to grounding, the as-synthesized catalysts were diluted with
conventional SiO5 to obtain an overall metal content of 0.2 wt% for all
samples. 100 mg of the respective (diluted) catalyst sample (125-250
pm sieve fraction) were mixed with 100 mg of silicon carbide (SiC) to
avoid mass and heat transport limitations. The solid was then loaded
into a quartz reactor (inner diameter = 3 mm) where the catalyst bed
was held in place with thin layers of quartz wool. The gas composition
was controlled by individual mass flow controllers for every component
and the stream was pre-heated before entering the reactor. For the
hydrogen pretreatment, the 10 % Hj (balance He) gas mixture was fed
into the system with a total flow rate of Fity) = 100 mL min~". Prior to
measurement, the catalysts were reduced at 200 °C for 60 min (fresh
catalysts). After the reduction treatment, the catalytic experiments were
carried out at a total flow rate of Fipy = 50 mL min~' with a gas
composition of 1 % CH4 and 4 % O, (balance He). Before starting the
first light-off temperature ramp, the system was left under the reaction
mixture at ambient temperature for 400 min until the detected ion
currents remained stable. During rate order experiments, the CH4 and Og
concentrations were changed individually while keeping the total flow
rate constant.
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3. Results and discussion
3.1. Activity and deactivation of platinum-based catalysts

Pt/SiO,y, Pt/Aly,03, and Pt/TiO, were synthesized using wetness
impregnation. Further, samples were synthesized to evaluate whether
the presence of dispersed surface species (AlOy or TiOy) have a different
influence on the catalytic performance compared to their binary bulk
oxides (Aly03 or TiOg): SiO, spheres of 100 nm were synthesized and
subsequently doped with either TiOy or AlOy through the deposition of
atomically dispersed layers of Al and Ti alkoxide precursors. In this
synthesis approach, excess Al or Ti precursor is washed off the surface,
therefore, the layer growth is self-limiting. The effect of washing is
depicted in Supporting Figure S2 showing Ti-doped SiO, samples with
and without washing. Based on ICP and BET, we calculated the coverage
for Ti-doped SiO» to be 103 % monolayers, and for Al-doped SiO3 187 %
monolayers (Table 1).

After calcination at 873 K, these supports were loaded with platinum
(Pt/Ti-doped SiO, and Pt/Al-doped SiO3) [23]. Further, a Pt/SiOq
catalyst was prepared using the SiO; spheres as support (labeled Pt/SiO4
spheres). Scanning transmission electron microscopy (STEM) and en-
ergy dispersive X-ray spectroscopy (EDX) maps (Supporting Figure S3)
of the as-prepared samples showed a thin layer of the doped element
surrounding the SiO, spheres. We cannot precisely identify the nature of
the doped species, however, Attenuated Total Reflectance (ATR)
Infrared (IR) spectroscopy of the supports after calcination at 873 K did
not show any residues of the alkoxide precursor (Supporting Figure S4).
Also, X-ray diffraction (XRD) did not show additional features associated
with crystalline domains of Al;O3 or TiOy (Supporting Figure S5).
Therefore, we suggest that the sample preparation resulted in highly
dispersed oxidic AlOy (1.9 ML) and TiOy (1.0 ML) species.

The metal loading of each catalyst was adjusted to maintain the same
ratio of platinum to support surface area — the noble metal surface
concentration (NMSC) [8]. It is important to keep this parameter con-
stant as the initial formation of metallic NPs and deactivation phe-
nomena strongly depend on the available support surface area [8,24].
An overview of the used samples with the respective surface area, and
metal loading can be found in Table 1. STEM of all catalysts after a
reductive pretreatment showed a homogeneous and comparable size
distribution of 2-3 nm (Table 1). The similarly sized platinum NPs on
the different supports, therefore, allow for studying the effect of the
support on the intrinsic activity and stability of platinum during
methane total oxidation.

During the catalytic tests (1 % CHy, 4 % O, bal. He), the amount of
catalyst was adjusted to keep the total amount of platinum in the reactor
constant. In this way, the CH4 conversion data of the catalytic tests can
be directly compared. It is important to highlight here that the catalytic
testing conditions chosen serve the purpose of model conditions to
evaluate oxidation activity at high temperatures. CH4 oxidation condi-
tions with more relevance to real-life applications in exhaust gas catal-
ysis usually require the presence of HO. We deferred from adding H>O
to the feed to reduce the complexity and to evaluate the effectiveness of
the catalysts to activate CHy.

Light-off (transient heating) and light-out (transient cooling) exper-
iments were performed up to 873 K. Fig. 1a depicts the 1st light-off curve
for each catalyst. All light-off/out curves for all samples can be found in
Supporting Figure S6. Since all catalysts reach full conversion, the rate in
the light-off curve plateaus around 0.38 molcy4 molp s~ Comparing
the three pure support catalysts, Pt/SiO and Pt/AlyO3 showed the same
activity, while Pt/TiO, outperformed the other two, lowering the tem-
perature of 50 % conversion (Tso) by 70 K. This activity boost is
potentially due to the reducible nature of titania which enables new
reaction pathways. We further note that both Pt/SiO5 (using commercial
SiO5 and the synthesized SiO; spheres) yield almost identical catalytic
performance, validating the approach of constant Pt surface loading and
the constant amount of Pt in the reactor (Supporting Figure S7). For the
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Table 1
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Catalyst overview. An extended version of this table can be found as Supporting Table S1. 'The noble metal surface concentration refers to the amount of impregnated
platinum per surface area of the support. Calculated based on the BET surface area. To calculate the monolayer coverage of Al or Ti based on BET and the ICP results, an

OH-density of $iO, of 4.6 OH nm ™2 and for TiO, of 6 OH/nm? were assumed [25].

Label Description Loading  BET surface area Noble metal surface concentration’ Particle size of pre-reduced ~ Monolayer coverage
(Wt%) (m*g™) (NMSC) (mmolp, m~2) catalyst (nm)® of dopant?
Pt/TiOy Pt-impregnated TiO, (P25) Pt: 0.24 48 2.56 x 1074 1.9+ 0.5
Pt/SiO, Pt-impregnated SiO, (Fluka) ~ Pt: 2.10 419 2.57 x 1074 27 +1.1
Pt/SiO, Pt-impregnated SiO, spheres ~ Pt: 0.2 38 2.70 x 107* 2.7 +1.3
spheres
Pt/Al;03 Pt-impregnated y-Al,O3 Pt: 1.35 201 3.44 x 107* 1.8+ 0.6
(Condea®)
Pt/Ti-doped Pt-impregnated TiOx-doped Pt: 0.19 38 2.70 x 107* 3.0+28 103 %
SiO, SiO, spheres Ti: 1.46
Pt/Al-doped Pt-impregnated AlOy-doped Pt: 0.2 38 2.70 x 107* 2.5+0.6 187 %
SiO, SiO, spheres Al: 1.49
Pt/Al-doped Pt-impregnated AlOx-doped Pt: 0.24 48 2.56 x 1074 4.0 £ 0.5 92 %
TiO, TiO, (P25) Al: 1.21
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Fig. 1. Complete methane oxidation activity and deactivation. (a) 1st Light-off (heating) methane complete oxidation activity of the tested Pt-based catalysts with
the same Pt surface concentrations. At maximum temperature of 873 K, the temperature was held for 60 min. Reaction conditions are 1 % CH4/4 % O bal. Ar. (b)
Consecutive light-out (cooling) of this catalyst. (c) Rate at 780 K for all catalysts of three subsequent light-offs. (d) Arrhenius plot of the catalysts after two
consecutive light-offs to 873 K. (e) Apparent activation energies determined from the Arrhenius plot in panel (d).

further discussion, Pt supported on the commercial, high surface area
SiO4 will serve as the Pt/SiO; reference. Before cooling, the catalyst was
held at the maximum temperature for 60 min. The dwelling sequence at
873 K, which is at full conversion, exposes a large fraction of the catalyst
bed to purely oxidizing conditions, potentially resulting in accelerated
aging of the catalyst or at least part of the catalyst bed. The higher ac-
tivity of the Pt/TiO5 catalyst was not preserved at high temperature
(Fig. 1a, right panel): During the dwelling sequence, the CH4 conversion
over the Pt/TiO; significantly decreased over the course of time, while
all other catalysts maintained the full conversion level.

Maintaining full conversion at high temperatures is no indication
that a catalyst is not deactivating, since deactivation can only be judged
at lower conversion levels. The light-out data in Fig. 1b showed that all
catalysts deactivated, however, Pt/TiO2 deactivated to the largest
extent, resulting in the lowest activity among the three materials during
this run. The two surface-doped catalysts, Pt/Ti-doped SiO2 and Pt/Al-
doped SiOy, showed an activity comparable to the Pt/SiO, sample
during light-off (Fig. 1a). However, during light-out, both catalysts had
deactivated less, and therefore, the light-out activity for both samples is
slightly higher than that of the reference Pt/SiOs.
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The difference in initial activity and the effect of exposure to high
temperatures can be further explored by considering the rates at 780 K
of three consecutive light-off experiments, reported in Fig. 1c. In the first
light-off, Pt/TiO, exhibits close to double the rate (0.31 molcp4 molﬁtl
s~ 1 of all other tested catalysts. However, this rate reduced to almost
zero in the consecutive light-off runs, showing complete deactivation of
the catalyst. The other catalysts showed rates of 0.1-0.18 molcp4 molpd
s~L. The consecutive light-off showed that Pt/SiOy and Pt/Al;03 deac-
tivate by ~40 % while the deactivation is not pronounced for Pt/Al-
doped SiO, and the Pt/Ti-doped SiO, catalyst even showed a slight
promotion. This catalytic characterization reveals notable differences
among the tested samples. Platinum supported on titania (Pt/TiO2)
produces a highly active but unstable catalyst. Notably, the TiO,-
induced promotion of the initial catalytic activity is not achieved by
surface modification of silica (Pt/Ti-doped SiO5). Surface modifications
with both TiOx and AlOy resulted in stable catalysts that, consequently,
outperformed Pt/SiO,, Pt/Al;03, and Pt/TiO, after their initial deacti-
vation (light-off runs 2 and 3).

Performing isothermal measurements at different temperatures after
the light-off experiments reveals in the corresponding Arrhenius plot
(Fig. 1d,e) that the strongly decreased activity of Pt/TiO, goes in hand
with an increased apparent activation barrier 141 kJ mol ™}, compared
to lower values of E,p, for the more stable catalysts (91-111 kJ mol’l).
Additionally, we performed isothermal measurements for the Pt/TiO,

as prepared
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catalyst without heating to 843 K but only to 713 K, preventing the
deactivation in part. Comparing the two tests for Pt/TiO; show the
significance of the deactivation at high temperatures with E,,, being
substantially lower after the light-off to 713 K (88 kJ mol’l).

To explore the origin of the different extents of catalyst deactivation,
XRD data of the post-catalysis samples were investigated (Supporting
Figure S5, S8, S9). For Pt/Al;03 and Pt/SiOg, small reflections of Pt fcc
were visible, a strong indication for sintering. The Pt/TiO, sample did
not show any Pt fcc reflections after catalysis. However, the composition
ratio of the TiO5 anatase to rutile changed, showing significantly higher
rutile content. This phase transformation can occur due to the thermo-
dynamic instability of the anatase phase [26]. While this phase trans-
formation is undesired for catalyst longevity, the rutile supported
platinum catalysts are reported to have better oxidation performance
[27] and, therefore, this phase transformation most likely is not the root
cause for this deactivation. Therefore, to further understand the struc-
tural transformations of the catalysts, TEM images of Pt/SiO,, Pt/TiO,,
and Pt/Al,O3 after the three light-off cycles (post-catalysis) were
analyzed. The platinum NP size distributions substantially changed
(Fig. 2).

For the Pt/SiO,, the size distribution broadened and shifted to
significantly larger particles of 4.2(2.9) nm - an indication of classical
sintering. The loss of active platinum surface area can be seen as the
cause of activity loss for this sample. The alumina supported sample

post catalysis

300
Pt/SiO,
as prepared
200 - d= 27(5) nm
- post catalysis
< d=42(2.9) nm
o
© 100
0 (] I I l |
150
Pt/Al,O,
as prepared
1004 d=1.8(7) nm
O post catalysis
‘g d=9.57(12) nm
8
50 4
04
30
Pt/TiO,
as prepared
204 d=1.9(6) nm
€
3
8
10 ~
0 I 1 ; .
0 20 30

dparticle (nm)

Fig. 2. Nanoparticle size change post-catalysis. Scanning TEM images of the (a) Pt/SiO,, (b) Pt/Al;03, and (c) Pt/TiO, catalysts and corresponding particle size
distribution of the as prepared and post-catalysis samples. The Pt/TiO, post-catalysis sample did not show any observable Pt particles. Scale bar in all STEM mi-

crographs corresponds to 20 nm.
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showed also signs of sintering, however, the particle size distribution is
bimodal - a fraction of the particles remained in their original size. This
shows that alumina has an improved anchoring capacity for small
platinum nanoparticles in comparison to silica. However, the fraction of
the large particles had a larger average diameter 9.47(12) nm than the
sintered platinum particles on SiOs. It appears that this caused both
catalysts to show the same activity after deactivation during the light-off
runs. In contrast, the TEM analysis of the post-catalysis Pt/TiO sample
did not show any NPs. ICP measurements of the spent catalyst showed
no change in metal loading compared to the as-prepared sample, sug-
gesting that the Pt was not removed from the TiO5 surface. The absence
of visible NPs indicates that the platinum is highly dispersed. Highly
dispersed or mono-atomically anchored species (also referred to as
single atom catalysts) are known to form on reducible oxides like ceria
and titania under high temperatures and oxidizing conditions[7,28,29].

XANES was performed on the as-prepared Pt/TiO, as well as the Pt/
SiO4, Pt/TiO,, Pt/Al;03, and Pt/Al-doped SiO; a to examine the dif-
ference in catalyst structure after catalysis (Fig. 3a). A high oxidation
degree of platinum is evident from a substantial intensity increase of the
white line feature of the Pt Lg-edge. After the catalytic cycles (exposure
to reaction at 873 K), the white line of the Pt/TiO; is very intense. To
highlight the difference, the as-prepared Pt/TiO, sample (calcined at
573 K) was also probed by XAS, showing a less intense white line. Linear
combination analysis (LCA) leads to a nominal oxidation state of + 4 for
platinum in the post-catalysis Pt/TiO2 (Supporting Table S1 and Sup-
porting Figure S10). Pt/SiO, showed reduced platinum with a nominal
oxidation number of + 0.4. These results are well in line with the
observed metallic platinum NPs for Pt/SiO2 and Pt/Al,O3 by XRD and
TEM. An oxidation state of + 4 is typical for mono-atomically anchored
species [29,30]. Further, Supporting Figure S10 shows that the white
line is more intense and shifted to higher energies than the bulk PtOy
reference (Supporting Figure S11) — a phenomenon described and
theoretically calculated for mono-atomic Pt** species [31].

Mono-atomically anchored species are often associated with poor
catalytic activity [24,32]. Consequently, the root cause for the complete
deactivation of the Pt/TiO; catalyst may be found in the full redispersion
of platinum species [19]. This suggests that platinum did not redisperse
on the Ti-doped SiO; and Al-doped SiO; supports. However, comparing
the initial activity of Pt/TiO5 to Pt/ Ti-doped SiO, demonstrates that a
bulk TiO, support behaves differently to highly dispersed TiOx surface
species, highlighting those beneficial electronic effects and potential
participation of lattice oxygen only arise from extended TiO5 structures.
Most importantly to have lattice oxygen participating the catalytic re-
action, it must be easily removable from the lattice. In case of dispersed
TiOy species, O is always bound to Ti and Si, with strong Si-O bonds. This
results in suppressed oxygen release.

Lastly, we tested whether milder reaction conditions, i.e. lower
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temperatures, would stabilize the Pt/TiO; and enable low-temperature
applications. The same light-off experiments as described in Fig. la
where repeated, however, with different maximum temperatures at
which the reactor dwelled. Fig. 3b shows the results of light-off exper-
iments to 713 K and 673 K. Lower temperatures indeed decrease the
extent of deactivation. Nevertheless, the deactivation is still severe, and
it appears that stabilizing the active Pt/TiO; is extremely difficult.

3.2. Development of a stable Pt/Al-doped TiO_ catalysts

This observation led to the question whether doping the TiO, surface
with AlOy species would result in changed aging behavior, potentially
suppressing platinum redispersion. Therefore, we prepared a second-
generation catalyst, by first doping the surface of titania with AlOy
species and subsequently depositing platinum (denoted as Pt/Al-doped
TiO). The STEM characterization of the catalyst can be found in
Fig. 4. This catalyst was compared to the AlOx-free Pt/TiO,. The first
light-off curves (Fig. 5a) revealed the same CH4 oxidation activity for
both catalysts. The surface modification did not reduce the TiOs-boosted
activity. However, the light-out curves (Fig. 5b) revealed stark differ-
ences: the Pt/Al-doped TiO, remained much more active and showed
substantially improved stability during the consecutive light-off runs to
873 K. Pt/Al-doped TiO, deactivated like the other catalysts, however,
the deactivation extend was substantially lower than for all other cata-
lysts and especially in comparison to Pt/TiO;. Consequently, this new
catalyst, therefore, resulted in the most active and stable catalyst of all
tested catalysts (Fig. 5¢) outperforming Pt/SiO,, Pt/TiO5, and Pt/Al;0s3.

The analysis of the XRD pattern after catalysis showed that the
original P25 structure (comprising the anatase and rutile polymorphs)
remained intact (Supporting Figure S9). This indicates that, like the
known effect of WO3-doping of P25, AlOy-modification retards the onset
of anatase-rutile transformation [33,34]. Further, post-catalysis XANES
(Fig. 5d) showed that platinum is metallic in spent Pt/Al-doped TiO,
(the average Pt oxidation state was +0.7 according to LCA of the XANES
region, Table S1, Supporting Figure S10). Therefore, the sample
behaved like the Pt/Al-doped SiO; and Pt/Ti-doped SiO, catalysts and,
in addition, demonstrated stabilization of metallic NPs under high
temperatures and oxidizing conditions. To test whether the surface
modification with AlOy altered the reducibility of the sample, we per-
formed Hy temperature-programmed reduction (Hy-TPR) experiments
of pre-reduced catalysts. The Hy-TPR curves in Fig. Se show, firstly, a
release of Hy at ~310 K, which is attributed to Hy desorption from the
catalyst surface. At higher temperatures, Hy is consumed, mainly due to
the removal of lattice oxygen from titania [26,35]. Both samples have
similar major Hy uptake temperatures and quantities. Around 380 K, the
Pt/Al-doped TiO, sample shows an additional reduction peak, which
may arise from enhanced reducibility due to the surface modification.

0.4
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0.2 4 Pt/TiO, (LO to 713 K) lQS.K‘-'
673 K
0.0 PYTIO, (LO to 673 K)
T T T T T
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T T
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Fig. 3. XANES analysis and deactivation of Pt/TiO,. (a) Pt L3-edge XANES of selected catalysts as prepared (ap) and after the three light-offs (post-catalysis, pc). The

oxidation state determined by LCF is given in the bracket behind the label.
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Pt/Al-doped TiO,
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Fig. 4. Combining AlOy doping with: Pt/Al-doped TiO,; STEM characterization of the catalyst (a) reduced, and (b) post-catalysis. (c) and (d) show the elemental
maps of Ti and Al respectively. Scale bar in (b) corresponds to 10 nm. Scale bars in (c) and (d) correspond to 100 nm.
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Consequently, the surface modification by Al-doping did introduce
modification that require further research. Most importantly, the
Ho-TPRs show that the surface coverage with AlOy did not suppress the
support reducibility. An important quality when this catalyst formula-
tion is employed for reaction relying on the provision of lattice oxygen to
the reaction.

The presence of penta-coordinated Al**-sites in the Pt/Al-doped

TiOy could be the Al-species responsible for the enhanced stability
[14-17]. Penta-coordinated Al3*-sites give rise to a spectroscopic
feature at 38 ppm in 2 Al solid-state nuclear magnetic resonance
(ssNMR) [36]. Consequently, we measured 2’Al ssNMR of the
as-prepared aluminum-containing catalysts (Fig. 5f). All samples show
resonances at 5 and 70 ppm, associated to octahedral (AlO4 at 2-8 ppm)
and tetrahedral (AlOg at 68-70 ppm) sites common to alumina [14,37].
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However, in comparison to AlyOs, the Al-doped samples (Pt/Al-doped
Si0,, Pt/Al-doped SiO; and platinum-free Al-doped TiO3) all show the
additional feature at 38 ppm, suggesting the presence of
penta-coordinated Al®*-sites. These sites could be responsible for
anchoring platinum nanoparticles, thus stabilizing them against
dispersion.

Demonstrating that doping the surface of titania with AlOy allows for
stabilizing the platinum NPs under harsh conditions raises the question
of the mechanism by which this stabilization occurs. An initial hy-
pothesis could be that AlOy is occupying the sites on the titania surface,
which otherwise, would host platinum during the redispersion process.
However, the Hy-TPR showed that the reducibility did not change upon
surface modification. This is an important feature of the material since
the redox properties of titania remain exploitable for catalysis. Further,
the stabilization effect was not unique to titania but was observed on
silica with both AlOx and TiOy surface doping. We therefore suggest that
the surface modification is acting against the first stage of the deacti-
vation process; the formation of mobile or volatile platinum species. As
the deposited aluminum or titanium atoms do not form TiO, or Al,O3
crystals, they are reactive and, therefore, may form strong bonds with
the deposited platinum NPs, allowing them to be strongly anchored to
the surface. Another possibility may be that TiOx or AlOy species on the
surface of the support form a chemical barrier for mobile surface species
and, thus, result in a higher stability against redispersion [38].

Based on our experimental data, Fig. 6 summarizes the different
postulated behavior of catalyst aging depending on the composition of
the support. On non-reducible supports (silica and alumina), platinum
forms mobile species at high temperatures and oxidizing conditions.
These species anchor on larger platinum NPs, resulting in the growth of
large NPs at the expense of smaller ones (Ostwald ripening) [39]. On
titania supported platinum catalysts, the mobile species form as well,
however, anchoring on titania surface pockets is energetically favorable,
resulting in redispersion and formation of inactive oxidized
mono-atomic Pt** species.

Applied Catalysis B: Environment and Energy 373 (2025) 125323

Overall, the AlOy doping stabilizes platinum NPs against disinte-
gration, resulting in a significantly more stable catalyst that conserves
the catalytic benefit of a reducible support (vs. non-reducible alumina or
silica). The findings pose several questions that remain to be answered:
(i) What is the structure of the support-dopant-metal interface, which
leads to stabilization? (ii) The similar behavior of Pt/Ti-doped SiOy and
Pt/Al-doped SiO; suggests that the stabilizing properties are not
uniquely associated with AlOy. Are the results generalizable over a range
of dopants and anchored metals? (iii) What mechanism prevents or re-
tards the anatase-rutile phase transformation after Al-doping — the for-
mation of a Al-TiO, surface solid solution? (iv) Which parameters
influence the enhanced stability (temperature, reductive pretreatments,
presence of steam, other catalytic reactions)? These urging questions
require joint efforts of surface science, applied catalysis, theoretical
chemistry, and synthetic chemistry to fully understand this approach for
anchored catalysts.

Covering non-reducible supports like alumina with reducible metal
oxides (such as ceria or titania) is a known strategy to confine noble
metals like platinum or palladium, either as particles or as atomically
dispersed species, on these reducible oxide patches [38,40]. However,
using AlOy surface modification of reducible supports was overlooked
due to the non-reducible nature of bulk alumina. This work shows the
important and promising functionality of AlOx doping of reactive and
reducible surfaces, combining strong binding of metal NPs to the reac-
tive participation of bulk supports. This strategy opens a substantial and
new area of material design space for stable catalysts at high
temperatures.

4. Conclusion

In summary, this study elucidates the distinct deactivation pathways
of platinum catalysts supported on various oxides and highlights the
potential of surface doping with AlOy to enhance catalyst stability. While
conventional Pt/TiO catalysts exhibit high initial activity for the total
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oxidation of CHy, their rapid deactivation is attributed to platinum
redispersion into mono-atomic species under oxidizing conditions at
high temperature. This is opposed to the classical sintering of Pt sup-
ported on SiO; and Al,O3, where a decreasing active metal surface is the
origin for activity loss. In contrast, Pt/Ti-doped SiO, and Pt/Al-doped
SiO4 catalysts maintain long-term activity by preventing redispersion,
demonstrating the effectiveness of dispersed oxide species in stabilizing
platinum NPs. Notably, Pt/Al-doped TiO» combines the catalytic bene-
fits of titania with the strong anchoring properties of alumina, resulting
in the most stable and active catalyst tested. These findings underscore
the importance of support engineering in catalyst design, revealing that
the surface doping with AlOyx can significantly enhance the durability
and performance of noble metal catalysts under harsh conditions. This
strategy opens new avenues for developing stable, high-temperature
catalysts, addressing a critical need in industrial catalytic processes.
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