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ABSTRACT

The surface of supported heterogeneous catalysts often contains adsorbed water and hydroxyl groups even when
water is not directly added to the reaction stream. Nonetheless, the reactivity of adsorbed water and hydroxyl
groups is rarely considered. We demonstrate that water and hydroxyl groups can not only directly participate in
the catalytic oxidation processes but are also able to generate and stabilize the catalytically active metal-oxide
interface. We show that the reduction of Pt-Fe-supported catalysts with hydrogen in the presence of adsorbed
water or steam allows for achieving one of the highest preferential carbon monoxide oxidation activities at
ambient temperature. These conditions create active iron-associated hydroxyl groups next to platinum nano-
particles with enhanced reactivity towards carbon monoxide oxidation. Density functional theory calculations
suggest that hydroxylation of oxidic iron species stabilizes the FeOx(OH)y/Pt interface, via strong metal-support
interaction, which is confirmed by chemisorption measurements. Kinetic experiments, including those with #0-
labeled water, in combination with operando infrared spectroscopy, show that water and hydroxyl groups
directly participate in preferential carbon monoxide oxidation. A quantitative correlation between the catalytic
activity of Pt-FeOx(OH)y/y-Al>O3 catalysts and the Fe?* concentration, obtained using operando X-ray absorption
spectroscopy, shows that the number of active Fe?* sites and the carbon monoxide oxidation rate per active site
can be significantly increased by water-assisted pretreatment with hydrogen. This work provides a new example
of positive role of strong metal-support interaction for the design of more active catalysts.

1. Introduction

concentration of hydroxyl groups [3-5]. Relative humidity above 70 %
can lead to a formation of several layers of water together with the

Supported heterogeneous catalysts often operate in the presence of
water and hydroxyl groups on the surface. Water is commonly present in
the industrial gas streams and is also generated in situ, as a product, e.g.
during carbon monoxide and carbon dioxide hydrogenation including
Fischer-Tropsch synthesis and methanol production, etc. [1,2] Water
potentially affects the structure of oxidic supports and supported phases,
including metallic nanoparticles and highly dispersed oxides.

Relative humidity determines the coverage and the structure of
adsorbed water on the surfaces of oxidic supports, as well as the

complex network of hydroxyl groups, which forms on oxidic supports
even at a relative humidity below 10 % [6,7]. Non-reducible supports (e.
g. Aly03, SiOy, zeolites) form hydroxyl groups upon interaction with
water, which often plays a critical role in catalytic reactions [3-5].
Transition metal oxides (Fe;03,FeO, CeO,, ZnO, NiO) are known to form
stable surface hydroxyls, when treated with water, which was demon-
strated for single crystal surfaces using atomic force microscopy,
infrared spectroscopy, and other methods [8-13].

Water-assisted treatments at high temperatures can lead to the

Abbreviations: PROX, preferential carbon monoxide oxidation; XAS, X-ray absorption spectroscopy; MS, mass spectrometer; TPR, temperature-programmed
reduction; EXAFS, extended X-ray absorption fine structure; HAADF-STEM, high-angle annular dark-field scanning transmission electron microscopy; STEM,
scanning transmission electron microscopy; XANES, X-ray absorption near-edge structure; DRIFTS, diffuse reflectance infrared Fourier transform spectroscopy; vol.

%, volumetric percentage; TPD, temperature-programmed desorption.
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restructuring of supported metal nanoparticles [14,15,3,4]. Strong
metal-support interaction manifested as stabilization and encapsulation
of metal nanoparticles on reducible oxidic supports can also be influ-
enced by water [16-18]. In some cases, this metal-support interaction
leads to the nanoparticles growth or to changes in the size distribution,
as it was shown for Pt/CeO5 [19]. At the same time, another study
demonstrated that the blockage of surface oxygen vacancies on TiOy by
water hinders any restructuring of supported Pt nanoparticles even at
873 K [20]. The influence of water on the structure of metal-support
interfaces therefore depends significantly on the nature of the system
and is not properly studied.

Most detailed analysis of the effect of water on the catalytically
active metal-oxide interface was done for the model Pt/FeOy interfaces
using atomic force microscopy, photoelectron spectroscopy and other
surface science methods at low pressures. Fundamental studies per-
formed with FeO(111) and Fe304(111) islands on the Pt(11 1) surface
showed that water readily adsorbs on iron sites located at the FeOy/Pt
(111) interface and spontaneously dissociates to form iron-bound hy-
droxyl groups, which can migrate across FeOy islands [8-10]. Hydrogen
can also hydroxylate surface FeOy species on Pt(111) through hydrogen
spillover [21]. The obtained FeOx(OH)y; model layers are able to react
with carbon monoxide adsorbed on Pt(111) already at 300 K [22].
However, there are no direct proofs of the involvement of water or hy-
droxyl groups in the reactivity of oxygen and carbon monoxide for the
classical supported Pt-Fe catalysts operating at ambient pressure.

At the same time, such classical Pt-Fe catalysts, containing platinum
nanoparticles and partially reduced FeOy surface species supported on
silica or alumina, demonstrate record activities in preferential carbon
monoxide oxidation (PROX) at ambient temperature [1,2]. This process
is considered a reasonable alternative to the inefficient methanation
reaction used for reducing the carbon monoxide content in industrial
hydrogen streams down to 100 ppm level. PROX is needed to prevent
poisoning of the catalytic materials used in fuel cells operating at
ambient temperatures and catalysts employed in ammonia synthesis
process [1,2].

As water supplied in PROX feed or generated in situ during hydrogen
oxidation does not evaporate below 373 K, it accumulates on the surface
of ambient-temperature-active Pt-FeOy catalysts and can affect carbon
monoxide conversion and selectivity [23,24]. There is no distinct way of
predicting if water is beneficial for Pt-FeOy catalysts, as it can potentially
affect both platinum and iron sites, and there is no clear consensus on its
mechanism of action. Previous studies showed that supported Pt/FeOy
catalysts have higher activity for carbon monoxide oxidation when
treated with water vapor [24,25]. At the same time, 20 % of added water
poisoned Pt-Fe/mordenite and Pt-Fe/CNT (carbon nanotubes) catalysts
[28,29]. As we have shown in our previous work, ambient temperature
active Pt-Fe catalysts under PROX conditions contain active oxidic Fe?*
sites in contact with metallic Pt nanoparticles, which represent less than
20 % of all iron species [26]. However, we have not analyzed the in-
fluence of water on these sites. Other infrared and X-ray absorption
spectroscopy studies also only analyzed how water affects the structure
of the majority of iron and platinum species but did not reveal how
water can affect the structure of the catalytically active sites [24-26].

In this work, we ventured to study how water affects not the entirety
of supported Pt-FeO,(OH)y catalysts but the actual active sites and the
strong metal-support interaction between metallic platinum nano-
particles and iron oxidic species [17]. In particular, we focused on two
questions: i) how does water affect the generation of active sites during
water-assisted pretreatments in hydrogen at high temperatures and ii)
how can water be involved in the reactivity of these sites during PROX
reaction at ambient temperatures. These questions were tackled by
operando X-ray absorption spectroscopy (XAS) complemented by
operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS), both following the state of the active species in real-time, as
well as conversion and selectivity in real-time. These methods, together
with ex situ scanning transmission electron microscopy (STEM),

Journal of Catalysis 429 (2024) 115263

chemisorption measurements, kinetic characterization, and isotope-
labeling experiments, showed how water treatment of supported Pt-
Fe/y-Aly03 catalysts during the initial reduction step enables to create
one of the most active PROX catalysts reported to date. In particular, we
demonstrated that water-assisted treatments could promote partial
encapsulation of platinum nanoparticles, generating and stabilizing
highly PROX-active Fe?* sites at the FeO4(OH),/Pt interface. Moreover,
we showed that hydroxyl groups on active FeOx(OH)y islands can
directly participate in carbon monoxide oxidation, promoting this
reaction.

2. Results and discussion
2.1. Water-assisted pretreatment strategies

Synthesis of supported Pt-Fe catalysts and monometallic (Pt or Fe)
reference samples was carried out by incipient wetness impregnation of
corresponding porous y-AlpO3 and SiOp supports. The impregnated
supports were dried and then sequentially calcined in air for 2 h at 473 K
and 2 h at 673 K. The samples obtained in this way were used in all
subsequent experiments. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) determined the composition of the bimetallic
samples to be 2.1 wt% Pt — 3.6 wt% Fe / y-Al;03 and 2.0 wt% Pt — 1.4
wt% Fe / SiO5. Compositions of monometallic references were deter-
mined to be 2.0 wt% Pt / SiO3, 2.0 wt% Pt / y-Al03, and 3.4 wt% Fe /
y-Aly03.

Reduction of such calcined samples under a hydrogen atmosphere is
necessary to create active preferential carbon monoxide oxidation cat-
alysts containing metallic platinum nanoparticles decorated with active
oxidic Fe?* species. As we found in our previous work, hydrogen pres-
sure during reduction, as well as temperature, affect the degree of iron
reduction [26,27]. Low reduction temperatures of 373-473 K are
necessary to keep adsorbed water or hydroxyl groups on the surface and
to avoid the formation of inactive metallic iron; which forms above 473
K [24-26]. Based on this, we have chosen pretreatment temperatures in
the range of 373-473 K.

Four different pretreatment strategies were chosen to study the effect
of water on the activity and the structure of the catalysts, as shown in
Fig. 1a and Table S1. The first set of samples was reduced under pure
hydrogen without added water. These materials are labelled as
Pty 1Fe3 6-Al;03-473-100 and Pty gFe; 4-Si02-473-100, where ‘Aleg’
and ‘SiO- indicate the support, ‘473’ reflects the reduction temperature
in K, ‘100" means that 100 % hydrogen flow was used during reduction.
Subscript numbers indicate the weight percentage of each metal.

Temperature-programmed desorption of water from initial y-Al,O3
and SiO5 supports showed that they contain ca. 4 and 3 HyO molecules
per nm?, respectively (Figure S1, Table S2); pretreatment at 473 K
leaves only 1-2 H,0 molecules per nm?. As dehydration of SiO5 at 673 K
under inert gas leaves only about 0.3 H,O molecules per nm? we
decided to additionally test how this dehydration procedure performed
right after the reduction impacts the catalytic activity of the SiO»-sup-
ported catalyst (PtyoFe; 4-Si02-473-100-deh). The Pty oFe;j 4-AloO3-
473-100-deh underwent self-reduction of iron during the dehydration
process at 673 K (Figure S9b) and was consequently excluded from the
current study.

The third set of samples (Fig. 1a) was prepared by adding water
before or during the reduction pretreatment. Pt;;Fes¢-AloOs-wet-
473-100 and Pty Fes-Al;03-wet-373-100 were impregnated with
deionized water before the reduction (Table S3). The water volume was
kept equal to the pore volume of the support. By dividing the volume of
liquid water by the surface area of the support, we estimated that
roughly 3400 H,0 molecules can be present for each nm? of the support
surface, which clearly points to the existence of liquid water in the pores
before reduction.

For the last set of samples (Fig. 1a), we tested how only adsorbed
water affects the activity, Pty jFes¢-Aly03-473-98-steam and Pty -
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Fig. 1. Schematic representation of the preparation of specific catalysts explaining different pretreatment protocols (a). PROX activities of the catalysts under study
after 20 min under PROX mixture (b). Time-on-stream PROX activities of SiO»- (c) and y-Al,O3-supported (d) catalysts under study. Reaction feed: 40 % Ha, 5 % CO,
2 % O,, and helium balance. Reaction temperature 313 K. Sample names specify the samples compositions and the pre-treatment conditions typically involving
reduction in concentrated hydrogen and several optional conditions, such as the impregnation of the samples with water (wet), the addition of water (2 %) into
hydrogen flow during the reduction (steam) or an additional dehydration step in an inert gas at 673 K (deh).

Aly03-473-98-steam were reduced under the gas mixture of 98 vol% Hy
and 2 vol% HyO (Figure S2). The total amount of water added by the
aforementioned steam treatment was estimated by the temperature
programmed desorption to be around 4 H,O molecules per nm?
(Figure S1) for the pure y-Al,03 support, in addition to 1.2 H,O mole-
cules per nm? already present on the support surface at ambient tem-
perature (Figure S1, Table S1). For all the experiments, water levels in
the gas phase were measured by mass spectrometer using the signal of
water (18 amu) normalized by the signal of helium (4 amu)
(Figure S18).

For each experiment, a fresh portion of the previously calcined
catalyst from the same batch was placed in an operando reactor cell
dedicated either to XAS or DRIFTS experiments. XAS experiments made
use of the operando cell connected to our setup for preferential carbon
monoxide oxidation shown in Figure S2 [26,28]. The same setup was
used for operando DRIFTS measurements with the dedicated DRIFTS
cell instead [28]. Each catalytic experiment started with the water-
assisted or dry reduction, after which the catalyst was cooled to 313 K
under helium or argon atmosphere and exposed to 40 vol% Hy + 5 vol%
CO for 10 min. Significant catalytic activity appeared after the addition
of 2 vol% O into the reaction mixture, as shown in Fig. 1¢,d. During
these experiments, selectivity to carbon monoxide oxidation for all
catalysts at 313 K was above 99 %; only for Ptj ;Feg ¢-Al;03-473-98-
steam, it was above 97 %. During all operando experiments, carbon
monoxide conversion was kept below 20 % to preserve a kinetically
controlled regime of carbon monoxide oxidation.

As evident from Fig. 1b-c, the Pty iFes¢-Al03-473-98-steam out-
performs all other catalysts in this study. In fact, it shows one of the
highest reported preferential carbon monoxide oxidation activities
among Pt-Fe catalysts on inert supports reported in literature
(Table S3). The activity of Pty 1Fes ¢-Alp03-473-98-steam after 20 min
on stream (6.93 molCO gPt*h ™!, Fig. 1b) is slightly higher than that of
the state-of-the-art catalysts comprised of iron hydroxides supported on
platinum nanoparticles by atomic layer deposition (5.61 molCO gPt’
h~1, Fig. 1b) [29]. Notably, only more complex catalytic materials,
such as Pt/FeNi(OH),/TiO; and gold-based compositions in the presence
of water vapor demonstrated higher activities per mass of noble metal

(Table S3) [30]. An additional stability test performed under a simu-
lated reformate feed: 5 vol% CO + 40 vol% Hy + 10 vol% O3 + 2 vol%
H,0 / He confirms that Pt; ;Fes g-Al;03-473-98-steam (15.5 molCO gPt’
'h~!, Figure S3) outperforms the most active bimetallic Pt-Fe catalysts
reported to date, obtained by Lou et al. with a solution deposition
method (Table S3) [33]. Selectivity to carbon monoxide oxidation for
Pty 1Fes 6-Alp03-473-98-steam reaches only 65 % at 10 vol% O and can
be improved by decreasing the oxygen concentration.

Impregnation of bimetallic catalysts with water before the reduction
step also has a significant promotion effect on the catalytic activity, but
only if the reduction step is carried out at 373 K (Fig. 1b,d). The PROX
reaction rate of Pty jFes3 -Al;03-wet-373-100 after 20 min under PROX
is 2.03 molCO gPt'lh’l, which is higher than for Pt;iFe3¢-AloO3-
473-100 (1.60 molCO gPt'h™!) and Pt,;Fes¢-Al,03-wet-473-100
(1.45 molCO gPt'h™1). Interestingly, the reduction at 373 K without
added water results in Pty 1Fes¢-Alp03-373-100 with a significantly
smaller PROX reaction rate of 0.7 molCO gPt’lh_1 (Fig. 1b,d). Addition
of water during the reduction step evidently improves the PROX activity
without compromising the carbon monoxide selectivity under the ki-
netic reaction regime. Catalyst dehydration significantly decreases the
catalytic activity, for instance, Pty gFej 4-Si02-473-100 loses its activity
after dehydration at 673 K under an inert atmosphere, as shown in
Fig. 1b,c. After 20 min of the reaction, Pty gFe; 4-Si02-473-100 shows a
PROX reaction rate of 3.3 molCO gPt'h~!; the dehydration at 673 K
decreases this value to 1.16 molCO gPt'lh’1 for Pty oFep 4-SiOs-
473-100-deh (Fig. 1b,c). Reaction rates drop significantly over 20 min
on stream for all catalysts except for deactivated Pty oFe; 4-SiOa-
473-100-deh. This deactivation can plausibly be explained by dehy-
droxylation of active FeO4(OH)y sites, which is irreversible under pref-
erential carbon monoxide oxidation conditions. The activity of
unpromoted platinum catalysts: Pty ¢-Alp03-473-100 and Pty (-SiOs-
473-100 at 313 lies below the detection limit of the mass spectrometer
(Fig. 1b).

2.2. Encapsulation of platinum nanoparticles

As evident from electron microscopy images, the addition of water
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during reductive pretreatments does not significantly affect particle size
distribution of the reduced alumina-supported catalysts, demonstrating
nanoparticles of around 1-2 nm in size. Ex situ scanning transmission
electron microscopy (STEM) coupled with energy dispersive X-ray
emission spectroscopy analysis showed that the nanoparticles formed
after reduction contain both iron and platinum (Figure S4). Reductive
pretreatments without addition of water result in similar dispersions of
platinum nanoparticles estimated by STEM and carbon monoxide
chemisorption; the difference is only about 10-20 %. (Figure S5,
Table 1). For water- and steam-treated materials, the situation is very
different: the dispersion of platinum calculated from carbon monoxide
chemisorption (Table 1) is significantly smaller (by a factor of 3-4) in
comparison to the corresponding values estimated by STEM. This
observed discrepancy suggests partial encapsulation of platinum nano-
particles with iron-containing phases. Similar effects were observed for
supported metal nanoparticles demostrating of strong metal-support
interaction [17,18,32]. It should be mentioned that Pt-Fe alloying dur-
ing reduction up to 473 K was excluded by EXAFS, as shown in
Figure S11 [26].

2.3. Influence of water on the reaction kinetics

Our results indicate that water likely assists the formation of a
certain active FeOy/Pt interface via overgrowth of Pt by some FeOy or
FeOx(OH)y layer. To check the influence of water on the PROX activity of
these catalysts, we added water vapor directly to the reaction feed. The
exposure time to water was controlled using a mechanical 3-way valve
(Figure S2). The water concentration added to the flow was varied
between 0.8 and 2 vol% H;O. Water content after the reactor was
monitored using a mass spectrometer as indicated in Fig. 2. The
appearance of water-related signals was delayed because of the strong
water adsorption on the catalyst. The carbon monoxide oxidation rate
increased with the water vapor addition and decreased upon its removal.
This was tested repeatedly for various catalysts and yielded water re-
action orders of 0.09-0.17 (Fig. 2d). The addition of water to the re-
action stream for Pt,iFesq-Al;03-473-100 and Pty 1Fes¢-AloO3-wet-
473-100 was realized after the main kinetic measurements (Fig. 2a,c),
while a separate experiment was done for Pty ;Fes¢-Aly03-473-98-
steam to test the reproducibility (Fig. 2b). The water-gas shift reaction
with a mixture of 5 vol% CO + 2 vol% H50 showed rates below 0.008
molCO gi:lth_l for alumina-supported catalysts and also for Pty oFe; 4-
Si02-473-100 (Figure S6), which is two orders of magnitude smaller
than the actual PROX rate, suggesting that this reaction is improbable.
The methanation reaction did not take place as no methane (m/z = 15)
was detected in the mass spectrometer during all kinetic tests. Clearly,
water affects either the PROX catalytic cycle or the number of active
sites. Previously, we reported that the PROX activity of Pt-Fe-FeOy/
y-Aly03 reduced in pure hydrogen at 673 K was not affected by the
addition of water. Taking all this information together, we propose that
the effect of water vapor on the catalytic activity depends on the catalyst
history which strongly affects the structure of active sites. In particular,
the reduction in hydrogen atmosphere containing steam at 473 K
(Fig. 1b,c) generates more catalytic active sites. An activity enhance-
ment by addition of water into the PROX reaction stream at 313 K was
observed, in comparison to the material reduced in the absence of water

Table 1

Particle size and dispersion estimated from the particle size (Dgtem) together
with the platinum dispersion measured by carbon monoxide chemisorption
experiments (Dco) for alumina-supported Pt-Fe and Pt catalysts.

Catalyst Mean particle size / nm DstEM Dco
Pty 1Fes 6-Al,03-473-100 1.5+ 0.3 0.20 0.24
Pty 1Fes ¢-Al;03-473-98-steam 0.9 + 0.3 0.49 0.12
Pty 1Fes 6-Al;03-wet-473-100 1.3+0.3 0.28 0.09
Pt;0-Al;03-473-100 1.0 +£0.2 0.65 0.56
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(Fig. 2). This suggests that not only the number of active sites can in-
crease by the water-assisted hydrogen pretreatment but also their
structure and reactivity can be different.

2.4. 180-labeling experiments

To further understand the promoting effect both of the water-assisted
pretreatment and direct water addition into the feed, we performed
targeted experiments with '%0-labeled water. In these experiments,
initially-calcined Pt; 1 Feg ¢-Al,O3 was impregnated with H3%0 instead of
standard water and then exposed to the same reduction and reaction
procedures as the original Pty jFe3 -AloO3-wet-473-100 and Pty Fes 6-
Al,O3-wet-373-100 catalysts. Figure S7a shows no evidence of 20-
labeled oxygen, carbon monoxide, carbon dioxide, or even water under
the catalytic conditions over Ptz.1Fe3.6—A1203—wet(H%80)—473—100 pre-
treated at 473 K. This behavior explains why Pty 1Fes ¢-Al503-473-100
and Pty Fesg-Aly03-wet-473-100 demonstrate similar activities. This
suggests that during the reduction at 473 K, adsorbed water species
evaporate and therefore show no influence on the catalytic activity.

On the contrary, Pty 1Fes 6-Al,03-wet(H320)-373-100 pretreated at
373 K retains some H320 on the surface, which indicates that reduction
at 373 K is unable to completely remove adsorbed water. Right after the
addition of oxygen to the hydrogen and carbon monoxide mixture, this
catalyst exhibits a prominent peak of C°0'80 (Fig. 3a), which does not
appear during the blank experiment with the unlabeled water (Fig. 3b).
It is essential that the C'®0'80 signal appears only after the addition of
unlabeled oxygen to the feed. The rate of isotopic exchange between
H2%0 and unlabeled CO, is 10 times smaller than the reaction rate
(Figure S7c). Notably, the signals of '80-labeled water and carbon di-
oxide gradually disappear with time. Pty 1Feg ¢-AloO3-wet-373-100 is
also significantly more active than Pty 1Fe3¢-Alp03-473-100 and
Pty 1Fes 6-Alp03-473-wet-100, which suggests that water or hydroxyl
species present at the FeOx(OH)y/Pt interface are associated with more
active sites. This was confirmed by another experiment during which a
pulse of H3%0 vapor was added directly into the PROX mixture over
Pty 1Fes36-Alp03-473-100, and the catalyst immediately produced
C'%0!80 (Fig. 3c). The observed production of C'°0'®0 cannot be
explained by an isotopic exchange between water and reaction gases, as
confirmed by blank experiments shown in Figure S7 and 3d. Thus,
water or active hydroxyls adsorbed next to active Fe>™ sites can be
directly involved in the PROX catalytic cycle [3].

2.5. Operando Fe K-edge XAS

As it was shown in our previous work, the ambient temperature
PROX activity of supported Pt-Fe catalysts is directly proportional to the
number of oxidic Fe?' species at the catalytic interface [26]. We,
therefore, set out to verify how the water-assisted pretreatment affects
the amount and the reactivity of these active sites or possible even
generates new active sites. Operando XAS allowed us to extract this
information by measuring Fe K-edge XAS spectra during all kinetic
measurements and temperature-programmed reduction experiments
(see Figure S8). We performed a linear combination fit using Fe2* and
Fe®* references to determine the concentration of the different oxidic
iron species. Fe K-edge XAS of FeO was used as a general Fe?" reference
for all catalysts. Fe>™ references were slightly different for each catalyst;
they were measured on each individual catalyst after PROX tests fol-
lowed by temperature-programmed oxidation up to 473 K, assuring
complete oxidation of all Fe®". In fact, the active Fe?* is oxidized within
1 min upon the removal of carbon monoxide from the PROX mixture at
313 K and no additional oxidation is observed after the temperature
programmed oxidation (Figure S9a). This suggests that Fe?" centers are
stabilized by the neighboring platinum covered by carbon monoxide
[26,27].

Using these references, a linear combination fit of Fe K-edge XANES
spectra in the 7100-7160 eV range made it possible to extract the
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concentration of Fe?™ sites during temperature-programmed reduction,
as shown in Fig. 4a. Metallic iron was not detected in any of the samples.
About 44-46 % Fe?* was formed after the reduction of Pt, ;Fes g-Al,O3-
473-100 and Pty jFes ¢-AloO3-wet-473-100. As expected from the cat-
alytic tests and experiments with H320, water desorbed below 473 K
and, thus, had no effect on the amount of produced Fe2t. However,
water influenced the reduction of oxidic iron below 430 K, as shown in
Fig. 4a. Moreover, for Pty Fes-Aly03-473-98-steam catalyst, water
vapor was constantly added during reduction, which promoted the
formation of Fe?*, resulting in ca. 54 % Fe?". The Pty Fes 6-Al,05-wet-
373-100 catalyst almost reproduced the iron reduction curve of
Pty 1Fes 6-Alo03-wet-473-100 below 373 K. The formation of iron hy-
droxides can facilitate Fe3* reduction, as certain iron hydroxides are less
thermodynamically stable towards reduction than iron oxides
(Table S4). The Fe K-edge XANES and EXAFS spectra of Pty gFep 4-SiOo-
473-100 and Pty gFe; 4-Si03-473-100-deh recorded after reduction are
almost identical (Fig. 4b), which confirms that dehydration at 673 K
does not change the local structure of the majority of iron species.
Interestingly, iron sites in Pty jFe3 6-Aly03-473-100-deh sample undergo
auto-reduction under helium at 673 K, similarly to FeZSM-5, which,
however, does not affect the catalytic activity significantly (Figure S9)
[34].

The Fe K-edge XANES data measured during 200-500 s of prefer-
ential carbon monoxide oxidation tests were averaged and shown in
Fig. 4c,d. As we reported before, iron sites that can not be reduced by
carbon monoxide are irreversibly oxidized during the first 100 s after the
addition of oxygen, only the minority of sites remains in a reduced state
under the steady-state conditions afterwards [26,27]. This explains why
Fe K-edge XANES spectra of all catalysts under PROX look similar to
fully oxidized ferrihydrite (4 Fe-O neighbours) or a-Fe;O3 (6 Fe-O
neighbors) with only a tiny percentage of active Fe>™ sites. The Fe K-
edge pre-edge position is sensitive to the oxidation state (Figure S10),
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while its increased intensity indicates a low number of close Fe-O
neighbours [34,35]. This points to the low-coordinated nature of olig-
omeric oxidic surface iron species coordinating oxygen and water mol-
ecules in the catalyst [34,35]. Fourier-transformed Fe K-edge EXAFS
spectra (Figure S10) show that the amplitude of the first Fe-O coordi-
nation sphere peak of Fe K-edge EXAFS at ca. 1.38 A is the highest for
Pty 1Fes 6-Aly03-wet-373-100 and Pt; gFe; 4-Si02-473-100-deh.

As one can see in Figure S10, the second coordination shell peak at
ca. 2.5 A has an intermediate intensity between amorphous ferrihydrite
(first Fe-O-Fe neighbor) and Fe;O3 for all catalysts. Fe K-edge EXAFS
fitting (Fe-O 1.95 A, Fe-O-Fe 2.94 A) helped us to estimate aggregation
and structure of these clusters. The best fit results are shown in Table S5
and Figs. S11-1 and S11-2. For all catalysts, approximately 1-2 iron
(Fe-O-Fe) neighbors were observed at a distance of about 2.94-2.96 A
(Table S5). The Fe-O coordination number for most samples is close to
4-5, which is typical for surface FeOx(OH)y oligomers in a partially
reduced state [26,27,29,35]. Smaller number of Fe-O-Fe bonds in
Pty 1Fes 6-Aly03-473-98-steam (Table S5) might indicate that water
hinders the aggregation of oxidic iron clusters, while promoting the
strong metal-support interaction.

A linear combination fit of Fe K-edge XANES allowed us to extract the
average oxidation state of surface FeOx(OH)y species. The results of
these fits for the catalysts under PROX conditions in the time period of
200-500 s are presented in Figure S12; Fe K-edge XANES spectra were
averaged every 100 s as shown in Fig. 5a. 54 % FeT sites in Pty 1Fes¢-
Aly03-473-98-steam catalysts formed after reduction by hydrogen are
rapidly oxidized under PROX conditions to 14-17 % Fe?*; the same
occurs for all alumina-supported catalysts, Pty 1Fes¢-Alo03-473-100
and PtyqFes 6-Al,05-wet-473-100 show similar amounts of Fe®" sites
(8-16 % Fe®" under PROX conditions). The Fe?" concentration in
Pty 1Fe3 6-Aly03-wet-373-100 decreased to less than 2 % under PROX
conditions.
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Fig. 4. Concentration of Fe?>" during the temperature-programmed reduction obtained using linear combination fitting of in situ Fe K-edge XANES (a); in situ Fe K-
edge XANES of SiO,-supported catalysts after reduction under 100 % H, and optional dehydration at 673 K under helium (b); operando Fe K-edge XANES of y-Al,O3-
(c) and SiO»-supported (d) catalysts (solid lines) under PROX conditions at 313 K; Fe,Os, ferrihydrite references (dashed) are shown for comparison. Gas concen-

trations are shown in vol. %.
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We correlated the PROX activity with the Fe?™ concentrations
measured during the deactivation of the catalysts under PROX condi-
tions (Fig. 5b). As we have shown in our previous work, the concen-
tration of interface Fe?' species linearly correlates with the PROX
activity [26]. The slope between the PROX rate and Fe?*t concentration
indicates how much carbon monoxide can be oxidized per single active
Fe?* cation. Water treatment, i.e. samples Pty Fes ¢-Al;03-473-98-
steam and Pty jFes¢-AlyO3-wet-373-100, results in a steeper activity -
Fe?" concentration slope. This slope expressed in molCO (molFe?* s)
units can be assigned to the apparent turnover frequency for each active
Fe?* site. For Pty 1Fes 6-AloO3-wet-373-100, the slope is 2.5 molCO
(molFe®" s)1; for PtyqFesq-Al,03-473-98-steam, it is 1.3 molCO
(molFe®" s)!. As shown previously, Pty 1Fes 6-AloO3-wet-473-100 does
not retain any initially adsorbed water after the pretreatment step, thus,
its slope is only 0.3 molCO (molFe?+ s)'l, which is close to 0.4 molCO
(molFe?* 5)! observed for Pty Fes¢-Al;03-473-100. Pty oFe; 4-Si0a-
473-100 exhibits a slope of 0.8 molCO (molFe?®t s)1. Further dehy-
dration at 673 K under an inert atmosphere for Pty gFe; 4-SiO2-473-100-
deh results in a lower number of active Fe?" sites under PROX conditions
as the Pt-FeO,(OH)y interface is unstable without hydroxyl groups. The
linear activity - Fe¥+ trend of Pty Fe;3¢-Al;03-473-98-steam does not
reach zero. Most likely, along with the active Fe? sites, this catalyst
contains a significant concentration of inactive (spectator) Fe?t. The
same is true for Pt,iFesq-Al503-473-100 and Pts Fes¢-Al;03-wet-
473-100. These spectator species most likely represent inactive or
weakly active Fe?* sites not accessible for direct oxidation and not
participating in catalysis.

The oxygen reaction orders (Figure S13) during PROX are almost the
same for all alumina-supported catalysts and lie within 0.7-0.8, which
suggests that the presence of hydroxyl groups or adsorbed water on
Fe*ZOX(OH)y sites does not significantly influence the mechanism of
oxygen activation over alumina-supported catalysts. At the same time,
Pty oFe;.4-Si02-473-100-deh has a lower oxygen reaction order (0.5),
while the oxygen reaction order is much higher for Pty Fe; 4-SiO»-
473-100 (1.0). Thus, we conclude that in the absence of iron-associated
hydroxyl groups oxygen activation goes through the electrophilic oxy-
gen species for the dehydrated Pty oFep 4-SiO2-473-100-deh, as we have
shown in our previous work [26]. At the same time, there is no clear
correlation between water treatment and carbon monoxide reaction
order, which always remains close to zero (Figure S13), suggesting the
overall mechanism of carbon monoxide activation on platinum nano-
particles remains similar.

2.6. Operando DRIFTS experiments

In situ DRIFTS spectroscopy was subsequently employed to clarify
the nature of adsorbed water and hydroxyl groups at the catalytic

interface. For operando DRIFTS, we employed the same experimental
protocols as for operando Fe K-edge XAS. Figure S14 shows averaged
DRIFTS spectra of Pty jFes -Al03-473-100, Ptj (-Al,03-473-98-steam,
and Pty jFe3 ¢-Al03-473-98-steam catalysts during 200-500 s of expo-
sure to PROX conditions. Adsorbed water forms surface hydroxyl groups
with the O-H stretching peaks centered at 3681 em~! for Pty 1Fes6-
Al,03-473-98-steam and 3735 em ™! for Pty g-Al,03-473-98-steam cat-
alysts, respectively [24,25]. The C-O stretching vibration peak, corre-
sponding to carbon monoxide linearly adsorbed on metallic platinum,
shifts to lower wavenumbers for water-treated samples. Pty iFese-
Aly03-473-98-steam and Pty o-Al03-473-98-steam exhibit these peaks
at 2041-2042 cm ™', while for Pty ;Fes ¢-Al,05-473-100, this peak is at
2052-2054 cm ™. This shift indicates that water influences the elec-
tronic structure of platinum, [24,25] even for iron-free platinum-based
catalysts. The shoulder at 2075 cm™! is assigned to carbon monoxide
adsorbed on Pt®" species; the band at 1820 cm ™! is typical for platinum
nanoparticles of 1-2 nm in size [31]. Additional peaks at 1578 and 1457
em™! correspond to O-C-O stretching vibrations in carbonates and for-
mates, which can form even in the absence of iron [25,36]. A broad band
above 3650 cm ™! is present only for iron-containing samples and was
previously observed for Pt-FeOy catalysts exposed to carbon monoxide
[25]. This band was found to be sensitive to the redox state of oxidic iron
species and is likely associated with a change in reflectivity and a certain
optical band gap of reduced iron oxide/hydroxide lattice [24,25].

Fast gas switching (reactants cut-off) experiments allowed us to
extract the evolution of DRIFTS signals related to surface species
involved in catalytic reaction. First, after 500 s exposure of Pty jFes ¢-
Al;03-473-98-steam to PROX mixture, we cut all reactants using fast
solenoid valves installed in our experimental setup (Figure S2) and
replaced them with the same flow of argon. As evident from Fig. 6a,
after the catalyst was left without any reactants, the intensity of the
bands associated with surface ~OH groups (3745 cm™!) and adsorbed
carbon monoxide (2058 cm’l, 1842 cm™) decreased, and at the same
time, the amount of adsorbed water increased as evident from the
appearance of the bands at 2800-3300, 1637 and 1984 cm™! [24,25]. A
raise of the DRIFTS intensity at 1980 cm ! indicates the change of
surface carbon monoxide coverage [24,25]. The amount of produced gas
phase carbon dioxide (2290-2390 cm™?) initially increased and then
gradually decreased [24,25]. This carbon dioxide should be produced
from adsorbed carbon monoxide remaining on the platinum surface
after the reactants cut-off. The integrated areas of each peak were
normalized to the energy window (AE, cm™!) are presented in Fig. 6b.
From this figure, it can be deciphered that the consumption of carbon
monoxide and hydroxyl groups happens simultaneously, as water-
associated bands at 1598-1785 cm™! and around 3000 cm™' start
appearing at the same time. The bands in the 1222-1596 cm™! region
corresponding to surface bicarbonates, carbonates, and formates cannot
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be separated from each other and are likely related to the shift in DRIFTS
background due to the change in surface reflectivity [36,37].

The results of oxygen cut-off experiments shown in Fig. 6¢,d confirm
that surface hydroxyl groups participate in the oxidation of carbon
monoxide under reaction conditions over Pts Fe3¢g-Al;03-473-98-
steam. Hydroxyl groups (3730 cm™!) are removed together with the gas
phase carbon dioxide (2290-2390 cm™') immediately after the oxygen
cut-off (Fig. 6¢). These hydroxyl groups are absent for the Pty jFes¢-
Al»03-473-100 catalyst (Fig. 6e), which shows only a slight decrease in
the carbon dioxide band intensity due to lower PROX activity. Surface
bicarbonate, carbonate, and formate species do not play a significant
role in PROX over Pty Fe3¢-Al;03-473-98-steam as evident from
Fig. 6d, in contradiction to the previously proposed water-assisted
mechanism involving surface formates (HCOO) [37]. As was shown
previously for Pt-FeOy/y-Al;03, these species are always present on the
surface of the y-Aly03 support, and their formation does not limit the
desorption of carbon dioxide as the reaction product [36]. The hydroxyl
groups reacting with adsorbed carbon monoxide (Fig. 6d) are formed
during oxygen exposure of PtjiFe3g-Alo03-473-98-steam and are

quickly consumed upon oxygen removal. The concentration of hydroxyl
groups do not change during oxygen cut-off experiment over Ptj -
Aly03-473-98-steam (Figure S15), which suggests that the reactive
hydroxyl groups are linked exclusively to the interfacial iron sites and
that the formation of surface hydroxylated FeOyx(OH)y species is
responsible for the enhanced PROX activity.

2.7. Active FeOx(OH),/Pt interface

All performed experiments strongly suggest that the presence of iron-
associated hydroxyl groups is critical to ensure high activity in prefer-
ential carbon monoxide oxidation at ambient temperature. The complex
synthetic methods reported earlier are not always necessary to create
active interfacial Pt/FeOx(OH)y sites. A simple treatment of supported
Pt-Fe catalysts with water during the reduction in hydrogen at 473 K
makes it possible to achieve one of the highest activities reported to date
(Table S3). Moreover, the dehydration of platinum-iron catalysts at 673
K (as in the case of Pty gFe; 4-Si02-473-100-deh) reduces the activity of
the catalyst by an order of magnitude.
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Importantly, the introduction of water during the reduction step
below 473 K increases the apparent PROX turnover rate of active FeZ*
sites (Fig. 5b). Since the oxygen reaction order for the most active cat-
alysts is close to unity (0.7-1.0) and the catalytic activity is proportional
to the concentration of Fe?" sites (reduced, hence not saturated with
oxygen), we propose that the main rate-limiting step of ambient tem-
perature PROX for the water-pretreated catalysts is the activation of
oxygen (Scheme 1). As suggested by chemisorption measurements
(Table 1) and Fe K-edge EXAFS, FeO,(OH)y oligomers with about 1-2
nearest iron neighbors can partially cover the platinum surface. Since
iron-associated hydroxyl groups distinguish the most active Pt-Fe cata-
lysts, we could suggest two reaction mechanisms involving either
dissociative or non-dissociative oxygen adsorption on unsaturated Fe?*
sites at the platinum interface. Dissociative oxygen adsorption would
result in the following reaction pathway:

4Fe” + 0, + 2H,0 — 4(Fe** o OH) ¢h)
2(Fe** ¢ OH") 4 COp, — 2Fe*t + CO, + H,0 )

where COp; represents a carbon monoxide molecule adsorbed on
platinum.

Water-assisted carbon monoxide oxidation without the Fe?"/Fe3*
redox cycle, as reported for Au-nanoparticles on various oxides, can also
take place [38]. However, likely it is not the main mechanism of room-
temperature-active Pt-Fe catalysts, since the active FeZ" centers associ-
ated with high activity are only stable in the presence of carbon mon-
oxide. As shown in Figure S9a, the removal of carbon monoxide from
the PROX mixture at 313 K results in complete and irreversible (at 313
K) oxidation of these Fe?* species within 1 min. This indicates high
redox lability of active Fe?* species and suggests their possible redox
involvement in oxygen activation. Moreover, in our previous work, [26]
we performed the transient oxygen cut-off experiments for room-
temperature-active Pt-Fe catalysts with comparable structure and ac-
tivity. These experiments have shown a slight but reversible increase in
the concentration of Fe?™ while switching off the oxygen supply to the
PROX mixture at 313 K, pointing at the possible involvement of Fe>/
Fe3" redox couple in the catalytic cycle.

As suggested in the literature, the presence of FeOx(OH)y species
enables to retain and rapidly exchange hydroxyl groups and water
[29,30]. The presence of catalytically active hydroxyl groups is
confirmed by DRIFTS (Fig. 6). However, as Eq. (1) suggests, the disso-
ciative water-assisted adsorption of oxygen requires up to four iron
atoms. The oxygen reaction orders of 0.7-1.0 better correspond to a non-
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dissociative mechanism of oxygen activation. The non-dissociative
water-assisted adsorption of oxygen can be realized through OOH™ in-
termediates, as discovered previously for gold-based carbon monoxide
oxidation catalysts [38]. In this case, another reaction pathway could
take place:

2Fe** + 0, + H,0 — (Fe* o OOH") + (Fe** o OH) 3)
(Fe’™ ¢ OOH ) + (Fe** @ OH") + 2COp—2Fe" + 2CO; + H,0 4

In both cases, oxygen activation is the limiting step, and hydroxyl
groups are directly involved. Previous theoretical studies confirm that
hydroxylation of oxidic iron species at the Pt - FeOy interface can,
indeed, decrease the reaction barrier of carbon monoxide oxidation
[39,40]. Based on these findings, we propose the generalized mecha-
nism drawn in Scheme 1. Importantly, individual hydrogen atoms are
not spent in the catalytic cycle but must be permanently present on the
surface in the form of adsorbed water or hydroxyl groups. The necessity
of O, activation on multi-Fe?* centers is considered in Scheme 1.
However, since the average Fe-O-Fe coordination number obtained from
EXAFS (Table S5) for the most active catalysts is close to unity, these
centers are likely to be Fe,O4(OH)y oligomers.

An additional experiment with Pt; ;Fe3 ¢-AloO3-wet-473-100 moni-
toring the concentration of Fe?* using operando Fe K-edge XAS during
the addition of water directly into the PROX mixture (Figure S16) shows
that while added water increases the carbon monoxide oxidation rate, it
does not affect the average oxidation state of iron. We believe that this
happens because the addition of water at 313 K increases the turnover
frequency of already existing active iron sites (being in their resting Fe?*
state) but does not create additional active sites or completely change
the mechanism mainly determined by the nature of active Fe?" species
formed upon the catalyst pretreatment (Fig. 5b). In contrast, for Au-
based room-temperature-active carbon monoxide oxidation catalysts
operating by non-redox water-assisted mechanism, it was demonstrated
[38] that promotion by water is mainly related to the increase in the
number of Au sites activating oxygen. From this experiment, it is clear
that water can influence the structure of active sites only at higher
temperatures (e.g. 473 K). Fe K-edge EXAFS shows that Pty 1Fes ¢-AloO3-
473-98-steam contains FeOx(OH)y species in the least aggregated state
(~0.7 Fe-O-Fe neighbors, Table S5) in comparison to other samples.
This is consistent with the chemisorption measurements and confirms
that FeOx(OH)y species formed during steam — hydrogen pretreatment
partially encapsulate platinum nanoparticles. Water treatment might
stabilize active FeOy(OH)y species at the platinum interface by

Fe'?/Fe**0,(OH)

y

‘.

Pt H,/H,0O - pretreated

Scheme 1. Schematic representation of the proposed mechanism of preferential carbon monoxide oxidation over catalytically active FeO,(OH),/Pt sites. The model

of the FeO,(OH),/Pt interface optimized by DFT is presented on the right.
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promoting the strong metal-support interaction between platinum and
iron and preventing their aggregation in an inactive FeyOs-like phase
proposed before [26]. At the same time, an additional iron neighbor
would be required to retain surface hydroxyl groups and water as shown
in Scheme 1.

To prove that water treatment at high temperatures can stabilize
FeO4(OH)y oligomers on the surface of metallic platinum, we employed
density functional theory calculations of an optimized model of
FegO14H11/Pt(111) depicted in Scheme 5-1. The calculations
(Figure S17) showed that dehydration of this structure results in its
destabilization with dE = +0.38 eV after the removal of three structural
water molecules and dE = +0.94 after the removal of five water mole-
cules. Thus, the insertion of water in the structure has a definitive sta-
bilization effect and prevents oligomeric FeOx(OH), species from
aggregation and irreversible oxidation, leading to higher PROX activ-
ities. Therefore, water is essential to stabilize the active catalytic
FeOy(OH),/Pt interface.

3. Conclusions

By means of a simple incipient wetness impregnation method, we
prepared supported platinum-iron catalysts that are active in preferen-
tial carbon monoxide oxidation at ambient temperature. The reduction
of alumina-supported platinum-iron catalysts under hydrogen mixed
with water vapor allowed us to create one the most active oxidation
bimetallic platinum-iron catalysts on inert supports reported to date.
Operando XAS experiments demonstrated that water-treated platinum-
iron catalysts supported on alumina exhibit PROX turnover frequencies
of 1.3-2.5 molCO (molFe?* s)! for active Fe?" sites, which is higher
than for non-water treated catalysts exhibiting lower corresponding
values of 0.3-0.4 molCO (molFe?* s)!. We established that the addition
of liquid water before the reduction pretreatment in pure hydrogen or
the addition of steam in hydrogen during the pretreatment facilitates the
reduction of surface iron oxidic oligomers and creates active FeOx(-
OH),/Pt interface sites responsible for the enhanced PROX reaction rate.
The formation of these FeOx(OH)y sites correlates with the observed
partial encapsulation of platinum nanoparticles, providing a new
example of a positive role of strong metal-support interaction for the
design of catalysts [17]. Direct addition of water vapor into the PROX
steam at ambient temperature can also increase the catalytic activity by
hydroxylating FeO,(OH)y species but is unable to change the concen-
tration and the structure of active Fe?" sites. On the contrary, dehy-
dration of platinum-iron catalysts decreases the number of active Fe?"
sites explaining the deactivation.
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