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Hydrogen is a promising clean energy source. In
domestic polymer electrolyte fuel cell systems, hydrogen is
produced by reforming of natural gas; however, the reformate
contains carbon monoxide (CO) as a major impurity. This CO is
removed from the reformate by a combination of the water—gas
shift reaction and preferential oxidation of CO (PROX). Currently,
Ru-based catalysts are the most common type of PROX catalyst;
however, their durability against ammonia (NH;) as an impurity
produced in situ from trace amounts of nitrogen also contained in
the reformate is an important issue. Previously, we found that
addition of Pt to an Ru catalyst inhibited deactivation by NHj. Timeon'siream
Here, we conducted operando XAFS and FT-IR spectroscopic
analyses with simultaneous gas analysis to investigate the cause of the deactivation of an Ru-based PROX catalyst (Ru/a-ALO;) by
NH; and the mechanism of suppression of the deactivation by adding Pt (Pt/Ru/a-ALO;). We found that nitric oxide (NO)
produced by oxidation of NH; induces oxidation of the Ru nanoparticle surface, which deactivates the catalyst via a three-step
process: First, NO directly adsorbs on Ru® to form NO-Ru’*, which then induces the formation of O-Ru" by oxidation of the
surrounding Ru’. Then, O-Ru™" is formed by oxidation of Ru’ starting from the O-Ru"* nuclei and spreading across the surface of
the nanoparticle. Pt inhibits this process by alloying with Ru and inducing the decomposition of adsorbed NO, which keeps the Ru
in a metallic state.

CO PROX Activity
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majority of the CO is removed by conversion to hydrogen and
carbon dioxide via the water—gas shift reaction, and then the
remaining CO is oxidized with air via preferential oxidation
(PROX). PROX catalysts for use in domestic PEFC systems
must have high activity, high selectivity for CO oxidation in the
presence of excess hydrogen, and high durability against
impurities, and they should be able to catalyze the oxidation
reaction at low temperatures.””'” Previous studies have shown
that metals such as Pt, Rh, Au, and Ru show high CO
conversion performance and selectivity.””'” In particular, Ru
exhibits high PROX performance over a wide temperature
range and is relatively inexpensive compared with other noble
metals®” Therefore, although several potential non-noble

Reducing CO, emissions by using clean energy sources is an
important step toward mitigating climate change. Hydrogen is
a clean energy source that has attracted particular attention in
recent years. Compared with conventional internal combustion
engines, hydrogen fuel cells convert hydrogen into electric
power with higher energy efficiency and with lower emissions
of greenhouse gases. Therefore, polymer electrolyte fuel cells
(PEFCs) are a promising technology for use as power
generators for domestic use, portable use, and vehicles."”
Currently, the most common means of producing hydrogen is
the steam reforming of natural gas, the major component of
which is methane.”* However, although the reformate is
hydrogen-rich, it also contains approximately 10% carbon
monoxide (CO), which can poison the catalyst within the March 27, 2022
electrodes of PEFC stacks; therefore, the CO concentration April 27, 2022
must be reduced to below 10 ppm before supplying the April 27, 2022
reformate to the stacks.””’ May 9, 2022
In domestic PEFC systems, CO is removed from the
hydrogen-rich reformate by a two-stage process: first, the
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Figure 1. Schematic diagram of the operando XAFS set-up.

metal-based PROX catalysts have been reported,”” >* Ru is
still widely used as a PROX catalyst.”""

The influence of impurities in the reformate on the catalytic
activity and durability of PROX catalysts is an important topic
of research.”” ™ For example, ammonia (NH;) deactivates the
conventional Ru-based PROX catalyst Ru/a-Al,0;. In
domestic PEFC systems, natural gas is subjected to steam
reforming, also over an Ru catalyst; however, these catalysts
catalyze the synthesis of NH; from hydrogen and trace
amounts of nitrogen that are also present in natural gas.’**
This results in the reformate containing NH; (usually 10—80
ppm) that deactivates the catalyst.*>**

Previously, we studied the activities of two Ru-based PROX
catalysts, the conventional Ru-based PROX catalyst Ru/a-
Al,O; and a Pt—Ru bimetallic catalyst (Pt/Ru/a-ALO;), in the
presence of NH;.*" In the deactivated Ru/a-Al,O; catalyst, we
found that the Ru was partially oxidized. However, we also
found that this oxidation was suppressed by the addition of a
small amount of Pt (Pt/Ru = 1/17 mol/mol). Understanding
more about the mechanism of deactivation of Ru catalysts by
oxidation in the presence of NH; and the role Pt plays in
suppressing this deactivation would provide useful insights for
the design of advanced PROX catalysts.

In recent years, various operando spectroscopic techniques
have been developed and used to observe the dynamics of
catalysis under realistic conditions. The results obtained from
these operando measurements have included valuable findings
for designing improved catalysts. For example, operando X-ray
absorption fine structure (XAFS) spectroscopy has excellent
element selectively and has been used to examine the
electronic state and local structure of trace metals within
catalysts.** ™ Similarly, operando infrared (IR) spectroscopy
is useful for investigating surface-adsorbed species and for
investigating the state of the catalyst surface, and this technique
has been used to identify intermediates and poisons produced
during various catalytic reactions.'®*"~*!

Here, we conducted operando XAFS and IR analyses to
investigate the dynamics of Ru and Pt in two PROX catalysts,
the conventional PROX catalyst Ru/a-Al,O;, and the
bimetallic catalyst Pt/Ru/a-Al,0;. A combination of these
analytical techniques with simultaneous gas analysis provided
insights into the mechanism underlying the deactivation of Ru
in the presence of NH; and the role Pt plays in suppressing this
deactivation. We found that the NO produced from NH; is a
poison that induces the oxidation of the surface of Ru
nanoparticles via a three-step process: First, NO directly
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adsorbs on Ru’ to form NO-Ru’*, which then induces the
formation of O-Ru™ by oxidation of the surrounding Ru’.
Then, O-Ru™" is formed by oxidation of Ru’ starting from the
O-Ru™ nuclei (m > n) and spreading across the surface of the
nanoparticle. Pt inhibits this process by alloying with Ru and
inducing the decomposition of adsorbed NO, which keeps the
Ru in a metallic state.

Ru/a-Al,O; catalyst and Pt/Ru/a@-Al,O; catalyst were prepared by
means of an impregnation method with heating under air or helium
flow. The Ru loading for Ru/a-Al,O; was set to 2 wt %. Pt was
sequentially impregnated into Ru/a-Al,O;, and the loading amount
was set to 0.2 and 1.8 wt % for Pt and Ru, respectively (Pt/Ru = 1/17
mol/mol). Details of the preparation procedures are described in a
previous report’’ and the Supporting Information.

The specific surface areas of the catalysts after N, treatment at 300 °C
were determined by using the Brunauer—Emmett—Teller method and
a BELSORP-mini instrument (BEL Japan, Inc., Japan).

CO chemisorption was measured by using the pulse injection method.
The catalysts were reduced at 500 °C for 1 h under H, and cooled to
room temperature under flowing He. CO was then pulsed over the
catalysts, and CO uptake was measured with a thermal conductivity
detector (GC-8A, Shimadzu, Japan).

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were obtained with a JEM-
ARM200CF electron microscope (JEOL, Japan) operated at 120 kV.
Samples were dispersed in ethanol under ambient conditions, and the
dispersion was dropped onto a carbon-coated copper grid and then
dried under a vacuum at ambient temperature for 24 h.

XAFS analyses of the Ru K and Pt L; adsorption edges were
performed on the BLO1B1 beamline at SPring-8 (Hyogo, Japan) with
approval from the Japan Synchrotron Radiation Research Institute. An
Si (111) and Si (311) double-crystal monochromator was used for the
monochromation of X-rays. The catalyst samples were reduced under
a flow of H, at 500 °C for 1 h in a glass reactor. After cooling in Ar,
the catalyst samples were recovered from the glass reactor, crushed,
pressed into a disk, and sealed in plastic bags filled with Ar. All the
procedures for recovery, production of the sample disk, and transfer of
the samples to the plastic bags were performed under Ar to avoid
altering the samples through air exposure. The plastic bags were
transferred to the beamline, and the spectra of the powdered catalysts
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were measured. The spectra of the Ru K-edges of the catalysts and
reference samples were measured in transmittance mode using an
ionization chamber. The spectra of the Pt Lj-edges of the catalysts
were measured in fluorescence mode by using a Lytle detector.

Operando XAFS analyses were also performed on the BLO1B1
beamline at SPring-8. The spectra were obtained in transmittance
mode. Figure 1 provides a schematic diagram of the set up. Figure S1
provides an overview of a typical experimental procedure. A 100 mg
sample of catalyst was placed in a XAFS flow cell (ASPEF-20-03,
Kyowa Vacuum, Japan) reduced under H, flow at 500 °C for 1 h,
allowed to cool to 110 °C under He flow, and then supplied with a
mixed gas mimicking PROX conditions (CO/0,/He/H, = 0.5/2.0/
30.9/66.6) at a rate of 200 mL min~". To investigate the influence of
NH;, 200 ppm of NH; was added to the gas mixture. A gas
chromatograph (490 micro GC, Agilent) was connected to the outlet
of the XAFS cell and used to analyze the effluent gas. Data analysis
was performed with the Athena and Artemis programs (ver. 0.9.25)
included in the Demeter package.*” A linear combination fitting
analysis was performed using Ru/a-Al,Oj; after reduction, which is in
the metallic state, and RuO,, which is in the oxidized state.

Operando IR analysis was performed by means of the transmission
method and an FT-IR spectrometer (FT/IR-6600, JASCO) equipped
with a mercury—cadmium—telluride detector. A 20 mg sample of
catalyst powder was pressed into a disk (¢ = 10 mm) and placed in a
flow-type silica glass cell equipped with CaF, windows. The sample
disk was then reduced at 500 °C for 1 h and cooled to 110 °C under
He flow. IR spectra were obtained at 1 min intervals for 30 min under
a flow of the gas mixture used in the operando XAFS experiment with
or without the addition of NHj.

Table 1 shows a comparison of the physicochemical properties
of the Ru/a-Al,O; and Pt/Ru/a-Al,O; catalysts. Both catalysts

Table 1. Physicochemical Properties of the Catalysts

specific surface area”  mean Ru particle CO/metal”
catalyst (m* g™ size” (nm) (mol/mol)
Ru/a- 10.0 2.8+ 08 0.31
AL O,
Pt/Ru/a- 10.0 21 +£05 0.33
Al O,

“After reduction at 500 °C. PEstimated by HAADF-STEM.
“Estimated from value of the CO chemisorption.

showed the same specific surface area. HAADF-STEM
observation of the catalyst surface morphology revealed that
the metal nanoparticles were well dispersed over the support in
both catalysts; however, the mean diameter of the metal
nanoparticles was slightly larger in Ru/a-ALO; (2.8 nm) than
in Pt/Ru/a-ALO; (2.1 nm) (Figure S2 and Table 1). Ru/a-
Al,O; showed slightly smaller CO chemisorption capacity on
the metal surface, which is consistent with the HAADF-STEM
observations. The size of metal nanoparticles and CO
chemisorption capacities can be used as a measure of the
number of active sites in a catalyst and therefore as indices of
the activity of a catalyst; no marked differences in these
parameters were observed between these two catalysts.

To study the local structure and electronic state of the Ru in
the catalysts, X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra
of the Ru K-absorption edge of the reduced catalysts were
obtained (Figure 2). Curve-fitting results are shown in Table
SI1. In the Ru K-edge XANES spectra of both catalysts, the
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shapes and positions of the peaks were comparable to those of
Ru’ powder (Figure 2a). In the k*>-weighted Fourier transforms
of the EXAFS (FT-EXAFS) spectra of the Ru K-edge of both
catalysts, a peak assigned to the Ru—Ru bond in a hexagonal
close-packed arrangement was observed at around 2.7 A, and
no peak assignable to Ru—O was observed (Figure 2b). There
were no significant differences in the electronic state and local
structure between the two catalysts; we therefore concluded
that reduction at 500 °C reduced the Ru in both catalysts to a
metallic state.

Next, XANES and FT-EXAFS spectra of the Pt L;-edge of
Pt/Ru/a-Al,05, 0.2 wt % Pt/a-Al,0; monometal catalyst, and
two reference materials after reduction at 500 °C were
obtained (Figure 3). The height of the white line and the shape
of the XANES spectrum of Pt/Ru/a-Al,0; were comparable
with those of the spectrum of Pt foil, indicating that the atomic
Pt in the catalyst was in a metallic state (Figure 3a). In the k-
weighted FT-EXAFS spectrum of the Pt L;-edge of Pt/a-
AL, O;, a peak assigned to the Pt—Pt bond in a face-centered
cubic arrangement was observed at around 2.7 A, and the
coordination number of the Pt—Pt bond was determined to be
5.2 + 0.15 (Figure S3a). In contrast, in the spectrum of Pt/
Ru/a-Al,O;, no peak assignable to the Pt—Pt bond was
observed, but a peak assignable to the Pt—metal bond, which is
shorter than the Pt—Pt bond, was observed. Thus, we
concluded that this Pt—metal bond was a Pt—Ru bond
because the atomic radius of Ru is shorter than that of Pt.

Curve-fitting results are shown in Table S2. We assumed a
crystallite model in which Pt dissolves within the hexagonal
close-packed Ru structure to form an alloy. The bond distances
were consistent with those of our assumed model (2.68 A;
Table S2). Such a short bond length indicates that atomic Pt
formed an alloy with atomic Ru. However, the shape of the
peak was not completely reproduced by our assumed model
(Figure S3b). This difference in peak shape indicates that the
Pt was not completely dissolved in the hexagonal close-packed
Ru structure and that the crystal structure around the Pt was
slightly distorted. In addition, the coordination number of the
Pt—Ru bond in Pt/Ru/a-Al,O; was much lower than that of
the Ru—Ru bond in Pt/Ru/a-ALO; (2.6 + 0.8 vs 9.7 + 1.5),
indicating that atomic Pt is abundant on the surface of the
alloyed nanoparticles.

To clarify the behavior of the catalysts during the catalytic
reaction, we carried out simultaneous operando XAFS and
activity measurements under PROX conditions. Previously, we
reported that the deactivation of Ru/a-Al,O; in the presence
of NHj is enhanced with increasing O,/CO ratio.>! Therefore,
to emphasize the deactivation behavior of Ru/Al,O; and the
difference between Ru/a-Al,0; and Pt/Ru/a-AlL,O; we
carried out the operando study under flowing gas with CO/
0, = 1/4 mol/mol. First, Ru/a-AL,O; was examined (Figure
4). In the absence of NHj,, the conversions of CO and O,
remained stable at 30—40% (Figure 4a). The indication was
that some of the O, was consumed for not only CO oxidation
but also H, oxidation. The XANES (Figure 4b) and k-
weighted FT-EXAFS (Figure S4a) spectra remained largely
unchanged. The changes in the state of the Ru in the catalyst
were examined by linear combination fitting analysis of the Ru
K-edge XANES spectrum, and we found that Ru remained in
the metallic state throughout the measurement period (Figure
4a).
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Figure 3. Pt L,-edge XAFS spectra for Pt/Ru/a-AL,O; and Pt/a-Al,O; and for two reference materials. (a) XANES spectra and (b) k*>-weighted

Fourier transforms of EXAFS spectra.

Next, 200 ppm of NH; was added to the mixed gas mixture,
and its influence on catalytic behavior was examined (Figure
4c,d). Usually, reformate gas contains around 10—80 ppm of
NH,;*"** however, to emphasize the deactivation behavior of
Ru/ALO;, excess NH; was used in the present study. In the
presence of NH;, CO, and O,, conversions were markedly
reduced, with the curve following a sigmoidal shape. In the first
30 min of NHj; supply, the conversions of CO and O, rapidly
decreased from 30 to 17%. At 70 min, CO and O, conversions
were almost 0% and remained at that value until the end of the
analysis. The change in the ratio of metallic Ru species
decreased in a similar sigmoidal manner. At 20 min after the
start of NH; supply, the ratio of metallic Ru had decreased to
around 75%, where it remained until 40 min, after which it
decreased to around 65% until the end of analysis. In contrast,
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the change in the ratio of oxidized Ru species increased in a
sigmoidal manner. At 65 min after the start of NH; supply, the
ratio of oxidized Ru species had increased to around 35%, after
which it remained constant until the end of analysis. These
changes in the state of the Ru species suggest that the decrease
of PROX activity of the Ru/a-Al,O; catalyst in the presence of
NH; is due to a change of the electronic state of the Ru. When
the catalyst was completely deactivated, around 65% of the Ru
remained in the metallic state and around 35% had been
changed to an oxidized state, which is consistent with the ratio
of atomic Ru exposed at the surface of the Ru nanoparticles as
estimated by CO chemisorption measurement (Table 1). We
thus concluded that the loss of catalytic activity of Ru/a-Al,O4
in the presence of NH; is due to oxidation of the Ru particle
surface. In the FT-EXAFS spectrum of the Ru K-edge, the
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Figure 4. Time course of the Ru K-edge XANES spectra, CO and O, conversions, and Ru species ratios for Ru/a-Al,O; during operando XAFS

measurements in the absence (a, b) or presence (c, d) of NH,.

intensity of the peak at around 2.6 A assigned to the Ru—Ru
bond decreased with time, whereas that of the peak at around
1.5 A assigned to the Ru—O bond gradually increased (Figure
S4b). At 70 min after the start of NH; supply, a strong
contribution of Ru—Ru for FT-EXAFS spectra was still
observable. These changes are consistent with the changes
observed in the XANES spectra and provide further evidence
that the change of the electronic state of Ru induced by NH;
occurs only at the surface of the Ru particles.

Operando XAFS and activity measurements were also
performed for Pt/Ru/a-AlL,O; (Figure S). In the absence of
NH;, CO and O, conversions remained constant at around 45
and 38%, respectively (Figure Sa), the Ru K-edge XANES
spectra did not change over time (Figure Sb), and the ratio of
metallic Ru species remained constant (Figure Sa). In the
presence of NHj, the CO and O, conversions decreased only
slightly (Figure Sc), unlike what was observed for Ru/a-AL O,
(Figure 4c). In addition, the shapes of the XANES (Figure 5d)
and FT-EXAFS (Figure SS) spectra changed only slightly, and
the ratio of Ru metal species remained almost constant (Figure
Sa). Taken together with the data obtained for Ru/a-ALO;,
these results indicate that the Ru in Pt/Ru/a-Al,O; remains in
the metallic state even in the presence of NH;. Operando
XAFS analysis of the Pt L;-edge of Pt/Ru/a-Al,O; showed no
differences in the Pt L;-edge XANES spectrum in the presence
or absence of NHj3, which confirmed that the Pt also remained
in the metallic state during the reaction (Figure S6). Thus, we
conclude that the presence of metallic Pt suppresses the
oxidation of Ru, which is the cause of deactivation of the Ru
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catalyst. As a result, Pt/Ru/Al,O; maintains its PROX activity
even in the presence of NHj;.

The preceding experiments show that the cause of the
deactivation of Ru/a-AL,O; is a change of the electronic
state (i.e., oxidation) of metallic Ru induced by NH;. However,
NHj is a substance that is usually used as a reducing agent. For
example, NH; is used for selective catalytic reduction of
nitrogen oxide species in the exhaust purification systems of
automobiles.” Therefore, we investigated the dynamics of the
species adsorbed on the catalyst surface and the state of the
nanoparticle surface by means of operando IR spectroscopy.
Figure 6 shows FT-IR spectra of Ru/a-Al,O; and Pt/Ru/a-
Al,O; measured under a gas mixture mimicking PROX
conditions in the absence of NHj;. In both spectra, peaks at
around 2175 and 2120 cm™' were assigned to absorption of
gaseous CO. In the Ru/a-Al,O; spectrum, the peak at 2024
cm™! was assigned to linearly adsorbed CO on metallic Ru
(Ru®).*"** A shoulder peak derived from bridge-adsorbed CO
on partially oxidized Ru (Ru'") was observed at around 1990
em™ LB A small peak at 2056 cm™! was assigned to
dicarbonyl CO species adsorbed on Ru™."” These results
suggest that under PROX conditions, part of the Ru
nanoparticle surface is oxidized and that the extent of this
oxidation is too slight to be observed by XAFS. We assume
that atomic Ru (e.g., Ru at vertex and edge sites on the catalyst
surface), which is particularly sensitive to oxygen, may be
oxidized even in the absence of NH;. In the Pt/Ru/a-Al,O4
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measurements in the absence (a, b) or presence (c, d) of NH,.
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Figure 6. Difference IR spectra obtained under a flowing gas mixture mimicking PROX at 110 °C on Ru/a-ALO; (a) and Pt/Ru/a-ALO; (b).

spectrum, a peak assigned to linearly adsorbed CO on Ru’ was
observed at 2026 cm™!, which is consistent with the peak
position in the Ru/a-Al,O5 spectrum. It is reported that a peak
assignable to linear CO adsorbed on Pt° appears at 2080
em™ """ Although no peak was observed at that wavenumber,
a small shoulder was observed at a lower wavenumber (2045
cm™"). This shoulder was assigned to linearly adsorbed CO on
Pt° alloying with Ru with lower electron negativity compared
with Pt, with the rationale being that the Pt donates an
electron to the antibonding 7 orbital of C—O bond, the C—O

1632

bond is weakened, and the peak position is shifted to a lower
wavenumber.

The changes in the difference IR spectrum of Ru/a-Al,O;
over time were examined after NH; was added to the gas
mixture (Figure 7a,c). In the first 4 min after the introduction
of NH;, the peak assigned to nitrosyl species (NO) produced
by oxidation of NH; and adsorbed on Ru’®* (1840 cm™'; Figure
S7a) increased.*® At the same time, the intensity of the peak
assigned to dicarbonyl CO species adsorbed on Ru™ (2050
cm™") also increased and that of the peak assigned to linearly
adsorbed CO on Ru® decreased, with the rate of decrease of
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the peak intensity decreasing with time. These results suggest
that the number of Ru® sites, which are the active sites of the
PROX reaction, decreased over time because of oxidation of
Ru’ to Ru’" and Ru™ by adsorption of NO. Interaction
between adsorbed CO species and electron-poor Ru species
(Ru‘s+ and Ru") is weak, and therefore, these species are not
converted to CO,. After the 4 min timepoint, the peak at 2180
cm™! assigned to tricarbonyl CO adsorbed on Ru™, which has
lower electron density compared to Ru™ (m > n), increased in
conjunction with decreases of the peak assigned to linear CO
adsorbed on Ru®.**** The rate of decrease of the peak intensity
increased with time. In contrast, the intensity of the peaks
assigned to NO-Ru®" and dicarbonyl CO adsorbed on Ru™* did
not change during this period. Together, these results suggest
that the number of Ru’ sites decreases due to their oxidation to
Ru™". Here, it should be noted that irrespective of whether
NH; was present or not, almost no change was observed in the
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peak at about 1990 cm™', which was assigned to bridge CO
adsorbed on Ru'. The interaction between bridge CO and
Ru'* is stronger than that of linear CO on Ru’; therefore, it is
considered that bridge CO does not participate in the reaction
pathway of PROX under these low-temperature conditions.
Also note that the observed changes of peak intensity were
rapid and had finished within 10 min because the space
velocity used for the operando IR measurements (600,000 mL
h™ g™') was much larger than that used for the operando
XAFS measurements (120,000 mL h™! g_l).

In the Pt/Ru/a-AlLO; spectrum (Figure 7b,d), the intensity
of the peak assigned to NO adsorbed on Ru®* was much
weaker than that in the Ru/a-ALO; spectrum (Figure S7).
This suggests that the formation and/or adsorption of NO is
inhibited over Pt/Ru/a-Al,O;. In the presence of NHj, the
intensity of the peak attributed to linearly adsorbed CO on Ru’
decreased slightly within the first few minutes after the start of
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NH; addition but remained constant thereafter. In addition,
there was only a slight change in the intensity of the peak
assigned to linearly adsorbed CO on Pt. These results show
that the surface Ru® was maintained even in the presence of
NHj;. We thus conclude that Pt suppresses the change of the
electronic state of Ru induced by the adsorption of NO
species, which inhibits catalyst deactivation.

Based on the above results, we considered the mechanism of
the deactivation of Ru/a-Al,O; induced by NHj; and the role
Pt plays in suppressing this deactivation. In the presence of
NHj;, over both catalysts, NH; reacts with oxygen in the gas
mixture at the Ru surface and is oxidized to NO, and it is this
NO species that deactivates the catalyst. We previously
reported that the conversion of 130 ppm of NHj; in the gas
mixture was less than 30% and that the effluent gas included
trace amounts of NO, over Ru/a-ALO;.*" A trace amount of
NO, was detected in the effluent gas in our previous study;
therefore, we surmised that NO, is related to deactivation of
the Ru catalyst. However, during the operando IR investigation
in the present study, no adsorption peaks assignable to NO,
were observed. We thus conclude that the NO, observed in
our previous study was probably produced by a non-catalytic
reaction between NO and O, downstream of the catalyst bed
and that it is NO rather than NO, that induces the
deactivation of the catalyst.

In the Ru/a-Al,O; catalyst, a three-step change of the
electronic state of Ru observed using IR analyses is in
agreement with the time-course operando XAFS measure-
ments. We consider that these changes of the electronic state
of Ru are induced by the strong electron-withdrawing ability of
NO. Based on the present results, we propose the following
three-step mechanism of the deactivation mechanism of Ru/a-
Al, Oy catalyst (Figure 8). In the first step, at the beginning of
NH; addition (Figure 8b), NO adsorbs directly on Ru’ and
changes the electronic state of Ru from metallic to oxidic
(Ru”"), which causes rapid oxidation of the surrounding Ru’ to
Ru" and an exponential decrease of the number of Ru’ sites,
which decreases the CO oxidation ability of the catalyst.

Absence of NH, Presence of NH,

PROX activity

M

Time on stream

Figure 8. Proposed mechanism of the deactivation of Ru/a-Al,O; in
the presence of NHj;. Schematic illustration of Ru/a-Al,O; under
PROX conditions in the absence of NHj; (a), at the beginning of NH;
addition (b), during the spread of surface oxidation (c), and in the
resultant state (d).
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During this step, as suggested by our XANES analysis, about
25% of the metallic Ru is changed to the oxidic state, which is
about 75% of the atomic Ru exposed on the Ru nanoparticle
surface. In the second step, the remaining Ru’, which is around
25% of the exposed atomic Ru, is oxidized to an electron-poor
state (Ru™*), and this oxidation spreads from the O-Ru™
nuclei across the nanoparticle surface, resulting in a decrease of
activity that follows a reverse sigmoid curve (Figure 8c).
Finally, when all of the exposed Ru atoms have been oxidized,
the PROX activity of the Ru/a-ALO; catalyst is lost (Figure
8d).

In contrast, the behavior of NO species over Pt/Ru/a-Al,O;
is completely different from that over Ru/a-Al,04 (Figure 9).

Absence of NH, Presence of NH;

PROX activity

Time on stream

Figure 9. Proposed mechanism of the effect of Pt in Pt/Ru/a-Al,O;.
Schematic illustration of Pt/Ru/a-Al,O; under PROX conditions in
the absence of NH; (a), during maintenance of the surface metallic
state (b), and during maintenance of PROX activity in the presence of
NH; (c).

As shown in Figure S7, the intensity of the peak assignable to
adsorbed NO over Pt/Ru/a-Al,O; is much smaller than that
for Ru/a-Al,0;. This indicates that Pt induces rapid
decomposition of NO species after their adsorption on the
alloy nanoparticle surface (Figure 9b). Pt is a well-known
catalyst of selective catalytic reduction with H,.>" Pt catalysts
reduce NO by using H, as a reducing agent even in the
presence of O, and at a similar temperature range as that used
for PROX. Therefore, it is assumed that NO is also efficiently
decomposed over Pt under PROX conditions. In addition, Pt
promotes H, dissociation and activation, as has been
previously reported and termed the “spillover effect.””" Such
activated hydrogen species show good reducing ability. XAFS
revealed that the major fraction of Pt forms an alloy at the Ru
nanoparticle surface. Therefore, in the presence of even trace
amounts of Pt (Pt/Ru = 1/17 mol/mol), activated hydrogen is
supplied from the Pt to the Ru nanoparticle surface, which
promotes the reduction of Ru. Therefore, the surface of the Ru
nanoparticle is maintained in a metallic state, and the
deactivation of the catalyst is suppressed (Figure 9c).

Here, we directly observed the dynamics of Ru species in Ru/
a-Al,O; and Pt/Ru/a-Al,0; PROX catalysts under conditions
simulating those used in domestic PEFC systems by using
operando spectroscopic techniques with simultaneous gas
analysis. Based on these analyses, we obtained insights into the
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causes of catalyst deactivation by NH; and the effect of Pt in
suppressing this deactivation. We found that the deactivation
of Ru catalyst is caused by adsorption of NO species produced
from NH;. Due to its strong electron-withdrawing character,
this adsorbed NO induces a change of the electronic state of
atomic Ru at the Ru nanoparticle surface in three steps. In the
first step, NO directly adsorbs on Ru’ to form NO-Ru®*, which
then induces the formation of O-Ru™ by oxidation of the
surrounding Ru’. Then, O-Ru™" is formed by oxidation of Ru’
starting from the O-Ru™ nuclei (m > n) and spreading across
the surface of the nanoparticle. Pt inhibits this process by
alloying with Ru and inducing the decomposition of adsorbed
NO, which keeps the Ru in a metallic state, suppresses
oxidation of the Ru nanoparticle surface, and prevents
deactivation of the catalyst. To the best of our knowledge,
this is the first example of an operando spectroscopy
investigation of the mechanism of PROX catalyst deactivation.
We believe that the uncovered dynamics of surface Ru and Pt
species based on operando analysis will not only contribute to
the development of a highly durable PROX catalyst but also
lead to the novel design of composite metal catalysts.

The Supporting Information is available free of charge at
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