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ABSTRACT: The oxidation of ammonia is a key reaction for the production of
artificial fertilizers and for environmental protection. Depending on the area of
application, the catalytic reaction needs to be tuned toward the production of either
N2 or NO, and this selectivity is controlled by temperature, pressure, reactant ratio,
and the type of catalyst. PtRh alloys are highly useful catalytic materials for the
oxidation of ammonia, and they can be employed at different reaction conditions. In
contrast to pure Pt and Rh catalysts, for which a large number of studies of ammonia
oxidation reaction mechanism are available, for PtRh alloys, direct spectroscopic
evidence for structure−performance relationship is still lacking. To understand the
behavior of PtRh alloys, namely, what is their active phase under reaction conditions
and how the alloy composition leads to a particular product distribution, we study the oxidation of ammonia over PtRh/Pt(111)
surfaces by simultaneous operando ambient pressure X-ray photoelectron spectroscopy and mass spectrometry at 1 mbar total
reaction pressure. These data are complemented by a catalyst surface characterization by scanning tunneling microscopy in ultrahigh
vacuum. We establish that the predominant surface structure during NH3 oxidation strongly depends on the degree of Pt enrichment
and the O2/NH3 mixing ratio. At the nanoscale, the selectivity toward N2 or NO production is driven by the surface populations of
N and O species. These, in turn, are controlled by the nature of the alloying of Pt with Rh.
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■ INTRODUCTION

Ammonia oxidation is an essential catalytic reaction used in the
production of artificial fertilizers and in environmental
applications. In both these cases, particular focus is on two
products of the reaction, namely, NO and N2 (cf. eqs 1−2).
The selectivity toward either one is dictated by reaction
parameters, that is, by temperature, O2/NH3 partial pressures,
and the type of catalyst. Regarding these parameters, the two
following regimes can be distinguished: on the one hand, the
formation of NO is the first stage of the Ostwald process (cf.
eq 1), which uses NO for subsequent production of nitric acid
and fertilizers. Here, high temperature and an O2/NH3 ratio of
(65:35) in nitrogen are employed. On the other hand, the
intermediate-temperature oxidation of ammonia is essential for
NOx abatement, in which environmental catalysis targets N2 as
the main product (eq 2).1 Here, unreacted ammonia from the
selective catalytic reduction (SCR) unit is selectively oxidized
to N2 (eq 2). This reaction is frequently denoted as the
ammonia “slip” oxidation and conducted in a typical O2/NH3
ratio of (99:1). The formation of N2O (eq 3) is undesired for
both the described applications.

+ → +4NH 5O 4NO 6H O3 2 2 (1)

+ → +4NH 3O 2N 6H O3 2 2 2 (2)

+ → +4NH 4O 2N O 6H O3 2 2 2 (3)

For ammonia oxidation at Ostwald process conditions,
catalytically efficient bimetallic PtRh gauzes have been used
and studied for decades.2 Insights into the elementary reaction
steps on the alloyed gauzes have been gained from a number of
Pt and Rh model surface investigations at gas mixing
conditions typical for the Ostwald process.3−10 In contrast,
alloyed model PtRh surfaces, for which Rh surface segregation
occurs in an oxidative environment,11 remain largely unex-
plored in this context. Likewise, despite the great importance
of ammonia oxidation for environmental catalysis, little is
known about the formation of N2 and NO products at
conditions relevant for NH3 “slip” oxidation, that is,
intermediate temperature (550−650 K) and pressure of 0.1
bar O2 + 0.001 bar NH3, corresponding to a high oxygen
excess ratio of (99:1).
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The kinetics and mechanism of NH3 oxidation on Pt
surfaces are well described in the works of Bradley et al.12 and
Kraehnert and Baerns.13 In brief, stepwise dehydrogenation of
NH3 via reaction with co-adsorbed atomic oxygen yields
atomic −N species (Figure 1a). Then, recombination with
another −N or −O produces, respectively, the major product
N2 or NO, activity and selectivity to which are dictated by −O
and −N adsorption strength, coverages, and reaction barriers.
These were provided by density functional theory calculations
for Pt(111)14 and Rh(111).15 In both cases, the most stable
surface species are −N, −NH, and −O, all of which have a
strong preference for adsorption in fcc surface sites of Pt(111)
(Figure 1a). The NH3 activation patterns on the Pt(111) and
Rh(111) surfaces share two commonalities: (i) on both
surfaces, unassisted NH3 dissociation has a high activation
barrier and has not been observed experimentally below 600 K
(eq 4 in Figure 1b) and (ii) on both surfaces, the attraction
between −OH and all −NHx species results in a lowering of
the energy barrier for all deprotonation steps (eq 5). The main
distinction lies in the role of oxygen in the deprotonation of
NH3. On Rh(111), the NH3 activation is not affected by the
presence of −O surface species but requires −OH surface
species. In contrast, on Pt(111), −O surface species are
essential for the first deprotonation of NH3 to NH2 (eq 6). For
further deprotonation of NH2 and NH, they do not play any
role (eq 7).14−17 These two findings together suggest that an
−O/−OH synergy might be found in the NH3 activation over
PtRh alloys.
Further experimental single-crystal studies on Pt(111),16

Pt(443),3,10 Pt(533),9,18,19 Pt(410),8 Rh(110),5 and PtRh bulk
alloys20 have explored how the reactant pressure, temperature,
and reactants mixing ratio affect the reaction. These studies
agree that near-stoichiometric (50:50) gas mixtures of O2 and
NH3 in a wide pressure range of 10−6 mbar to a few bars and a
temperature below 700−800 K always lead to the formation of
N2 as the main product.16 For Pt(410), Weststrate et al.
showed that the selectivity toward N2 or NO in the oxidation
of ammonia is determined by the surface coverage.8 Depend-
ing on the −N and −O surface population, three regimes could
be distinguished: when the surface is NHx/N-covered, the
reaction product is mainly N2; when the surface is O-covered,
NO is the major product; and N2O forms when N and NO
coexist on the surface. Conditions that favor N-covered
surfaces include a low total pressure (10−4 mbar),19 which
allows for rapid decomposition of NH3 and consumption of
−O, and intermediate temperature (<650 K), which facilitate
slow (rate-limiting) desorption of the produced N2. Con-
versely, an O-covered surface can be achieved by the use of
higher pressure (in the mbar range) and higher temperature,5

at which oxygen is significantly more stable than N-based

products. At realistic reaction conditions of 1 bar and above, Pt
and Rh can form surface and bulk oxides and, therefore,
reactivity and selectivity to various products will differ greatly
from those observed for metallic Pt and Rh single crystals. For
instance, already at 1 mbar O2, Rh(111) will form a RhO2
surface oxide trilayer (O−Rh−O),21,22 which is an inactive
phase for CO oxidation.23,24

The question is now to which extent the above findings also
apply to alloys of Pt and Rh and how the two different alloy
components work together in the oxidation of ammonia at
different gas mixing and alloy component ratios. To address
this, here we report an operando ambient-pressure X-ray
photoelectron spectroscopy (APXPS) study of ammonia
oxidation at 1 mbar and 600 K over several different Rh/
Pt(111) and Pt(111) surfaces. By varying the O2 and NH3
mixing ratio (50:50 and 99:1) at 600 K, we explore
spectroscopic details relevant for the Ostwald process and
NH3 “slip” oxidation, respectively. The range of Rh coverage
(0.4−1.2 ML) prepared on Pt(111) allows the investigation of
how Rh enrichment and degree of Pt−Rh alloying influences
the product distribution. From an analysis of the surface
species (O, N, NO, and H2O) and gas species (N2, NO, H2O,
and N2O) observed in XPS and quadrupole mass spectroscopy
(QMS), we address the question of predominant phases of Rh
and Pt. We conclude with an apparent link between the O2/
NH3 mixing ratio, degree of Pt−Rh alloying, and adsorbate
coverage, which determine reaction product distribution.

■ EXPERIMENTAL DETAILS

Sample Preparation. A Pt(111) single crystal (obtained
from Surface Preparation Laboratory) was cleaned in repetitive
cycles of Ar+ sputtering with an energy of 1 kV for 10 min and
annealing at 1150 K in both O2 (5 × 10−7 mbar, 2 min) and
ultrahigh vacuum (UHV, 5 min). The crystal quality in terms
of cleanness, crystallinity, and flatness was verified by means of
XPS, low-energy electron diffraction (LEED), and scanning
tunneling microscopy (STM). Rhodium (99.9%, Goodfellow)
was subsequently deposited onto the Pt(111) single crystal
using an e-beam evaporator. The depositions were done at 375
K in UHV at a pressure less than 2 × 10−9 mbar, using a flux of
0.08 ML/min for 4−15 min, as estimated from combined XPS
and STM data in a previous study.25 After every experiment, at
least four cleaning cycles were performed to ensure a pristine
Pt(111) surface. After post-annealing, trace amounts of carbon
and oxygen were found on the surface. During oxidation at 1
mbar O2 at 600 K as well as during subsequent NH3 oxidation,
no C was found at the surface. No other contaminations were
detected at the surface as prepared. After operando studies, no
sign of surface reconstruction16,26 was found in post-mortem
LEED and STM (Figures S8 and S9).

Figure 1. (a) Stepwise dehydrogenation of −NH3 (adsorbed on top) to −NH2 (bridge), −NH (hollow fcc), and atomic −N (hollow fcc) on
Pt(111), assisted by surface −O (hollow fcc) and −OH (bridge, not shown) species, based on the mechanism described in ref 14. Main product
formation is a recombination reaction between −N and either another −N or −O, resulting in N2 and NO, respectively. (b) On Pt(111) and
Rh(111) surfaces, unassisted dehydrogenation is not observed below 600 K (eq 4), and NH3 can be activated by surface −OH (eq 5). In addition,
oxygen can activate initial deprotonation of NH3 on Pt(111) (eq 6), while the subsequent oxygen-mediated deprotonations are not favored (eq
7).14,15
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The oxidation of ammonia was studied at 600 K, a
temperature at which both Pt and Rh catalysts exhibit
detectable activity. The sample temperature was controlled
automatically and read out using a K-type thermocouple spot-
welded onto the sample side.
Beamline. APXPS measurements were conducted at the

HIPPIE beamline of the MAX IV Laboratory. The details of
the beamline design can be found elsewhere.27 In brief,
ambient pressure measurements were performed inside of an
ambient pressure cell (Lund design28) at 1 mbar with the
sample surface heated to 600 K using a laser. Ambient pressure
X-ray photoelectron (APXP) spectra were recorded using a
beamline monochromator exit slit of 60 μm, corresponding to
a resolving power of around 7000. The spectra were measured
with the following parameters: N 1s600 eV photon energy,
100 eV pass energy, overall energy resolution 215 meV; O
1s830 eV photon energy, 100 eV pass energy, overall
resolution 235 meV; Rh 3d910/610 eV photon energy, 50
eV pass energy, overall resolution 165/135 meV; Pt 4d910
or 610 eV photon energy, 50 eV pass energy, overall resolution
165/135 meV; and Pt 4f675 eV photon energy, 20 eV pass
energy, overall resolution 105 meV. More surface-sensitive
measurements were performed at an electron kinetic energy of
200−300 eV and more bulk-sensitive measurements at 500−
600 eV. The binding energies in all spectra are reported with
accuracy ±0.05 eV. They are referenced to the Fermi level,
measured with the same photon energy, monochromator, and
analyzer slits, and pass energy as the spectra themselves. Since
at least five different Rh species may contribute to the narrow
Rh 3d region (307−308 eV binding energy),29 the binding
energies of the Rh 3d components are reported with two
significant digits. During adjustment of the photon energy, the
shutter to the X-ray beam was kept closed. For each gas
exposure, APXP spectra were measured on a fresh spot of the
sample. No quantifiable difference in the surface composition
was detected between measurements at different spots.
XPS Data. XPS data were analyzed using the least-square

curve-fitting software Winspec developed at the University of
Namur, Belgium.30 Pt 4f and Rh 3d core levels were fitted with
asymmetric peaks. The N 1s and O 1s spectra were fitted with
Voigt functions. Shirley and linear backgrounds were used for

baseline subtraction. The Pt 4d5/2 peak measured on a clean
Pt(111) surface was subtracted from some of the Rh 3d
spectra; the spectrum is included in Figure S1 for reference. All
spectra were normalized to the number of scans. The coverage
was calculated from intensities normalized to the subshell
photoionization cross section at the used photon energies.31

No oxide formation was observed for the Pt(111) surface. This
allowed us to use oxygen dosing at room temperature to
prepare a Pt(111) surface with 0.25 monolayers (ML) of
chemisorbed atomic O. This surface preparation then served as
a reference for the estimation of nitrogen and oxygen
coverages.

Gas Dosing. The APXPS experiments were carried out
sequentially on each surface, all at a total pressure of 1 mbar at
600 K: first in O2, followed by (99:1) and (50:50) mixtures of
O2 + NH3. A (99:1) mixture was achieved by dosing 0.5 mbar
of O2 (5.0, Linde) and 0.5 mbar diluted NH3 (0.005 mbar
NH3 in 0.495 mbar of Ar, mixed and calibrated at Nippon
Gases). A (50:50) mixing was achieved by equal dosing of pure
O2 and pure NH3 (5.0, Air Liquide). No additional tracers
were used in the experiment. The control over the gas mixing
was achieved via a baratron manometer and mass flow
controllers. Using typical total gas flows of 8 normal mL/
min, the reactor residence time was estimated to be 7.5 s.

Quadruple Mass Spectrometry. QMS was used to
sample the gas composition. From the possible gas sampling
locations at the cell inlet, outlet, and analyzer,32 the gas exiting
the ambient pressure cell through the analyzer pumping line,
closest to the sample reaction area, was used, allowing for the
highest QMS sensitivity to the gas composition in the vicinity
of the crystal studied with APXPS.32 Raw QMS (Hiden HAL/
3F PIC) signals were used without calibration. Intensity of the
reaction species (NH3, N2, and NO) did not differ whether the
shutter for X-rays was open or closed, confirming that the
majority of the signal is not due to beam-assisted NH3
dehydrogenation. During dosing of pure O2, only a negligible
background amount of CO was detected at 28 u. Therefore,
during the oxidation reaction, the product at 28 u was assigned
to N2 and not to CO.

Scanning Tunneling Microscopy. STM was performed
in UHV using the ReactorSTM at the University of Oslo.

Figure 2. STM morphology of (a) 0.5 and (b) 1.2 ML Rh/Pt(111) as prepared at 375 K and post-annealed to (c) 700 and (d) 600 K; Ut = −0.5 V,
It = −0.2 nA. The as-prepared morphology features three incomplete Rh layers, which after post-annealing form continuous domains. (e) UHV XP
spectra collected as prepared and after post-annealing of 0.5 ML Rh/Pt(111) to 700 K, measured at hν = 910 eV. (f) Evolution of bulk and surface
Rh species during post-annealing of 0.4 ML Rh/Pt(111).
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Imaging was performed using cut PtIr tips at room
temperature. To ensure the equivalence of the surfaces studied
using STM and those prepared at the beamline, the coverage
was cross-calibrated using previous combined STM and XPS
results.25 The surfaces were analyzed after preparation at 375 K
and after post-annealing to targeted temperature 600−770 K.
Images were processed using the WsXM software.33

■ RESULTS AND INTERPRETATION
Formation of a PtRh Surface Alloy. The oxidation of

ammonia was investigated over a clean Pt(111) surface and
three Rh-enriched Pt(111) surfaces prepared by deposition of
0.4, 0.5, and 1.2 ML of Rh. In this way, it was possible to study
a number of different alloy compositions that cover the full
range from a pure Pt surface via increasing Rh coverages to an
almost fully Rh-covered surface. Basic characterization of the
morphology of surface alloy surfaces was done by STM. The
results of this characterization for the 0.5 and 1.2 ML samples
are reported in Figure 2a−d. The STM images of the 0.4 ML
preparation are very similar to those of the 0.5 ML surface (not
shown). The morphology of both preparations consists of
three-dimensional pyramid-like islands of Rh on Pt(111). As
we have reported previously,25 a substrate temperature below
375 K is not sufficient to overcome the interlayer diffusion
barriers for Rh atoms to descend to a lower, incomplete Rh
layer, and the deposition results in nucleation and growth of up
to three incomplete layers even for a submonolayer coverage
(Figure 2a).
Figure 2e displays the Rh 3d XP spectra of the 0.5 ML Rh/

Pt(111) preparation. They are representative also of the
spectra measured for the 0.4 and 1.2 ML Rh/Pt(111) samples.
The width of the peak for the as-prepared sample (upper
spectra in Figure 2e) requires fitting with two components
centered at 307.3 and 306.8 eV. The two components
resemble Rh bulk (subsurface) and Rh surface species reported
for Rh(111) but were found shifted ca. +0.2 eV with respect to
307.1 and 306.6 eV, respectively, commonly reported for
Rh(111).21,34,35 The shift to higher binding energy is
tentatively assigned to the influence of the Pt(111) substrate.
The spectrum was acquired with a bulk-sensitive photon
energy of 910 eV, thus measuring the bulk component almost
as intense as the surface component (cf. the summary in Figure
2f). This is in line with the morphology of the as-prepared
samples observed by STM (Figure 2a,b), in which the second
and third layers of Rh cover the lower Rh layers, creating a Rh
“bulk” environment.
According to our roadmap for the preparation of PtRh

surfaces,25 for a sample with Rh deposited onto Pt(111) at 375
K, only a limited amount of mixing and interdiffusion occurs
between the Rh overlayer and Pt(111) substrate. While Pt
tends to dominate the surface of Pt25Rh75 bulk alloys in

UHV,11,36 a temperature above 600 K is needed to ensure Pt
diffusion into the Rh islands, while a lower temperature results
mainly in Rh island flattening.25 To establish a link between
Pt−Rh alloying and annealing temperature, the 0.4, 0.5, and
1.2 ML Rh/Pt(111) samples were post-annealed to 600−770
K and imaged with STM (Figure 2c,d and corresponding XP
spectrum in the bottom of Figure 2e). As expected, a higher
temperature enables the growth of large, faceted islands and
more continuous Rh domains but some vacancy islands of bare
Pt(111) remain as well.25 No significant difference is found in
the morphology of the two surfaces with 0.4 and 0.5 ML Rh
coverage, post-annealed to 770 and 700 K, respectively (not
shown).
To resolve the changes in Rh structure induced by annealing

and thus conclude on alloying, we plot the evolution of the Rh
surface and subsurface “bulk” components in the Rh 3d spectra
measured on the 0.4 ML Rh sample during the post-annealing
procedure (Figure 2f). Although the total apparent Rh
coverage remains constant until 600 K, the intensity of the
bulk component drops almost fivefold, which corresponds to a
decrease from 0.19 to 0.04 ML. The concomitant increase in
surface component (+0.16 ML) confirms the flattening of the
layer, which is also observed in STM. Further post-annealing to
700 K results in the decrease of the overall coverage to 75% of
the initial one. Eventually, upon annealing to 770 K, only less
than 50% of the initial Rh coverage remains within the layer
probed by XPS. As a result, the final spectrum of the post-
annealed surface features only one main component (>90%),
related to Rh surface species. We can conclude from the Rh 3d
intensity that the coverage of Rh after post-annealing for the
0.40, 0.50, and 1.20 ML surfaces becomes 0.18, 0.36, and 1.0
ML. As will be seen below, this coverage drop is reversible.
From the combined XPS and STM results, we conclude that

post-annealing plays a key role in PtRh alloying (Figure 3). In
particular, it was shown earlier that a temperature above 650 K
favors Pt−Rh interchange and Pt diffusion into Rh islands,
which accounts for the apparent loss of Rh.25 As a result, by
controlling the post-annealing temperature, we are able to tune
alloying within the surface from (a) minimum Pt enrichment
(600 K, 1.2 ML Rh), (b) moderate Pt enrichment (700 K, 0.5
ML Rh), and (c) substantial PtRh alloying (770 K, 0.4 ML
Rh). The composition of the surface alloy sketched in Figure 3
depicts the likely mixing of the top bimetallic layer after post-
annealing and just before the operando studies. It is expected
that the subsequent exposure to reaction mixtures will alter Pt/
Rh proportion at the surface.

Oxidation of Rh Films on Pt(111). The basic structural
characterization of the PtRh surfaces provides us with the
necessary pre-knowledge to understand differences in
oxidation behavior, which, in turn, will affect the ammonia
oxidation behavior. Indeed, it will be seen that both the Rh

Figure 3. Cartoon drawing showing (a) multilayered, as-prepared Rh/Pt(111) surface and (b) changes in the surface structure due to post-
annealing to below 600, to 700, and to 770 K: flattening of the Rh islands, alloying resulting from Pt−Rh interdiffusion, and Rh diffusion into Pt
bulk above 700 K.
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coverage and post-annealing temperature are important
parameters for the result of the oxidation, and therefore, all
XP spectra presented below are labeled with both, Rh coverage
and post-annealing temperature.
Preceding ammonia oxidation, the Pt(111) and Rh/Pt(111)

samples with minimum (1.2 ML), moderate (0.5 ML), or
substantial (0.4 ML) PtRh mixing were oxidized in 1 mbar of
O2 at 600 K. The O 1s and Rh 3d APXP spectra in Figure 4a
allow us to compare the oxygen species on the Pt(111) surface
and the Rh films on Pt(111). For Pt(111), the main
component in the O 1s region at 529.7 eV is assigned to the
(2 × 2) chemisorbed atomic oxygen layer (Figure 4b),37,38 and
the absence of Pt oxide features in the Pt 4f spectrum confirms
this assignment (Figure S2). The shoulder component at 531.4
eV is attributed to surface −OH groups formed from residual
protons21 and was found for samples exposed to all gas
mixtures containing oxygen (see below).
Comparison of the O 1s spectra of the 0.4 ML Rh/Pt(111)

and Pt(111) surfaces shows the same major component at
529.6 eV (Figure 4a). The energy and absence of peak
broadening suggest that oxygen on Rh islands and on bare Pt
surrounding the islands is in a similar chemical environment,
which is therefore related to chemisorbed oxygen.39 In
contrast, for the higher-coverage 1.2 ML Rh film, we find a
broader peak, which requires two components in the curve fit
centered at 529.8 and 528.9 eV. The binding energy and
separation (0.85 eV) of these components are in line with the
formation of a surface oxide trilayer (O−Rh−O) composed of
a metal (Rh) layer sandwiched between two oxygen layers
(Figure 4b).22 In the oxide trilayer, the lower-binding energy
peak corresponds to the surface oxygen atoms and the higher
one to subsurface oxygen atoms. We note that the equal
intensity ratio of surface/subsurface oxygen components

(∼1.0) differs from 0.4 reported for the oxide grown on
Rh(111),22 that is, in our case, subsurface oxygen is less
abundant. The lower amount of subsurface O can be
rationalized by the presence of Pt(111) underneath Rh,
preventing the formation of a significant subsurface/interface
O layer. The Rh trilayer oxide appears to exist also on the 0.5
ML Rh sample, as is concluded from the existence of the
shoulder at 528.9 eV. This component originates from the
oxide surface. For this surface, the presence of two distinct
types of oxygen domains suggests a mixed composition that
consists of chemisorbed −O (main phase) and a small fraction
(18%) of the trilayer oxide.
The Rh 3d core level of all samples is affected significantly

by exposure to 1 mbar of O2 at 600 K (Figure 4a). For the 0.4
ML Rh sample, three new components are identified at 307.25,
307.65, and 307.90 eV binding energy. The assignment of the
components is based on literature data39 in combination with
the following considerations: First, the photon-energy-depend-
ent measurement (910 vs 610 eV) of the Rh 3d level shows
that the difference in probe depth does not affect the
components’ intensity ratios (not shown). This implies that
all components relate to Rh species within the same (surface)
layer as the surface species (labeled surface, S) at 306.80 eV.
The first peak at 307.25 eV is in the range where the
components due to photoemission from the Rh bulk atoms
and due to photoemission from the Rh atoms coordinated to
one oxygen atom (1O) are expected. Since bulk Rh can be
excluded based on the previous argument, we conclude that
the component is due to 1O Rh species. Second, the value of
the binding energy of the component at 307.90 eV would be in
agreement with both Rh triply coordinated to oxygen (3O)
and Rh in the trilayer surface oxide (labeled so). The latter
possibility can, however, be excluded based on the absence of

Figure 4. (a) O 1s and Rh 3d APXP spectra of Pt(111) and 0.4−1.2 ML Rh/Pt(111) in 1 mbar of O2 at 600 K, measured with hν = 1130 and 910
eV, respectively. (b) Oxygen structures possible on Rh(111) surface. (c) Evolution of the Rh coverage obtained from the curve-fitting of the Rh 3d
line for the 0.4−1.2 ML Rh/Pt(111) preparations: as prepared at 375 K (labeled 375 K), post-annealed (labeled with post-annealing T, 600−770
K), in 1 mbar O2 (O2), and in mixtures of 1 mbar of O2 + NH3 (99:1 and 50:50, labeled as 99 and 50, respectively), derived from fit shown in panel
(a) and Figure 5.
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an oxide component at 528.9 eV in the O 1s spectrum of the
0.4 ML sample. Hence, we assign this component to a 3O Rh
species. Third, as for the most intense component of the
spectrum at 307.65 eV, in this binding energy range, the only
possible contribution is from Rh doubly coordinated to oxygen
(2O species, +0.4 eV from Rh bulk).
To identify the surface structure that results in the 1O, 2O,

and 3O components in the Rh 3d spectrum of the 0.4 ML Rh/
Pt(111) preparation, we consider the possible oxygen phases
with symmetry notations (a) (2 × 2), (b) (2 × 1), and (c)
(2√3 × 2√3) R30° (Figure 4b). In these chemisorption
structures, the Rh atoms are coordinated to (a) 1O only; (b)
1O and 2O (1:1 ratio); and (c) 1O, 2O, and 3O (3:6:3 ratio),
respectively. The corresponding oxygen coverages are (a) 0.25,
(b) 0.5, and (c) 0.67 ML. The observation of all three
components in the spectrum with a 1O/2O/3O 1:2:0.7
intensity ratio (Figure 4c) strongly suggests the presence of a
(2√3 × 2√3) R30° phase. The expected intensity ratio would
be 1:2:1, and the deviation of the observed intensity ratio from
that expected implies defects in the (2√3 × 2√3) R30°
structure and non-ideal 3O coordination. Significant coverage
by a possible alternative structure of (2 × 2)-3O,39 which
contains 3O coordination in proportion 0:2.5:1 can be
excluded based on the strong 1O and 2O components in the
experimental data.
For the thicker 0.5 ML Rh/Pt(111) layer, the presence of

the surface oxide shoulder in the O 1s core level suggests that
the corresponding Rh species should give rise to a feature in
the Rh 3d spectrum with a binding energy of around 307.90−
308.0 eV. Indeed, in comparison with the Rh 3d spectra of the
0.4 ML preparation, the intensity at 307.90 eV is more than
doubled (Figure 4c), and the peak ratio of 1:2:1.8 exceeds the
1:2:1 value expected for the (2√3 × 2√3) R30° overlayer.

The Rh 3O excess peak intensity is estimated to be 1.8 − 1.0 =
0.8 divided by the total 1 + 2 + 1.8 = 4.8, that is, a fraction of
ca. +17%. Despite a very rough estimation, this matches well
with the magnitude of the shoulder in the O 1s core level
(18%). As a result, ca. 18% of the Rh, about 0.07 ML, is found
to be present in the form of an oxide trilayer, while the rest,
0.38 ML, is present within the (2√3 × 2√3) R30° oxygen
chemisorption structure.
With respect to the 1.2 ML Rh/Pt(111) sample, the

appearance of the O 1s line suggests that all oxygen belongs to
the trilayer oxide. Hence, all Rh atoms coordinated to oxygen
are also expected to be found within the trilayer oxide. Indeed,
the expectation is in line with the shape of the Rh 3d spectrum,
which has a strongly dominating oxide component at 307.90
eV (Figure 4). In addition, there is a smaller component at
307.25 eV binding energy. We attribute this component to the
interface Rh atoms that reside between the trilayer oxide and
the bulk metal. The assignment is in agreement with what is
found when a bulk Rh(111) crystal is oxidized. In that case, the
interface component has significant intensity and binding
energy that is lower than that of the Rh bulk metal component
by 0.25 eV. In the present case, the energy is somewhat higher,
which can possibly be attributed to alloying or interfacing with
bulk Pt.
To evaluate the coverage of chemisorbed oxygen and oxide

quantitatively, we compare the O 1s peak intensity of spectra
taken on the Rh/Pt(111) surfaces with that measured on the
Pt(111) surface, for which atomic −O saturates at a coverage
of 0.25 ML. From this comparison, the −O coverages can be
determined as 0.27, 0.38, and 1.30 ML for the 0.4, 0.5, and 1.2
ML Rh/Pt(111) surfaces, respectively. In particular, the
oxygen coverage for the 1.2 ML Rh/Pt(111) exceeds 1 ML:
clearly, more than one oxygen layers are present, and they are

Figure 5. O 1s and Rh 3d APXP spectra of 0.4−1.2 ML Rh/Pt(111) in 1 mbar of O2 + NH3 mixed in (a) (99:1) and (b) (50:50) ratios at 600 K.
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attributed to the surface and subsurface species in the trilayer
oxide. In addition, the intensities of the Rh 3d components
allow for parallel estimation of the number of oxygen atoms
that are bonded to Rh only: for the 0.4 ML Rh/Pt(111)
surface, 0.15 ML Rh−O are found, that is, 38% of the Rh
atoms are bonded to −O); for the 0.5 ML Rh/Pt(111), the
corresponding numbers are 0.23 ML of chemisorbed oxygen
and 0.09 ML of the trilayer oxide, and thus 46 + 18% = 64% of
the Rh atoms are bonded to oxygen; and for the 1.2 ML Rh/
Pt(111) 0.85 ML are found oxidized, that is, 85% of the Rh
atoms are bonded to oxygen. Thus, all Rh-containing alloys
exhibit −O coverages that significantly exceed the oxygen
coverages expected for a bare Pt(111) surface.
From the clearly visible Rh surface component at 306.8 eV

in the Rh 3d spectra during oxidation, it becomes apparent that
a portion of the surface Rh atoms (cf. the S surface component
in Figure 4, which amounts to a fraction of 0.13−0.23 ML of

the Rh atoms) remains not coordinated to oxygen. This is
rather notable. The oxygen pressures employed in the
experiments are relatively high and would normally result in
the formation of a surface oxide as observed for the Rh(111)
surface.39 One plausible explanation for surface Rh to maintain
no coordination to oxygen relies on the formation of
disordered surface defects during the formation of the PtRh
alloy. Since the amount of surface Rh not coordinated to
oxygen was consistent throughout further exposure to O2 and
NH3 mixtures (Figure 4c), these species were considered as
spectators.

Surface Composition in 1 mbar of O2 + NH3. NH3

“slip” oxidation was conducted in a gas mixture with large
oxygen excess (O2/NH3 = 99:1) at 1 mbar total pressure and
partial pressures of 0.5 mbar O2, 0.005 mbar NH3, and 0.495
mbar Ar. In comparison to the oxidation experiments reported
above, the environment has a reduced oxygen pressure and Ar

Figure 6. (a) QMS data taken during the exposure of 0.4 ML Rh/Pt(111) sample to 1 mbar containing O2, O2 + NH3 (99:1 and 50:50 mixtures),
and pure NH3 at 600 K. Monitored masses are indicated in brackets. (b) Product distribution based on QMS data for the Pt(111) and 0.4−1.2 ML
Rh/Pt(111) samples. Numbers in the bar chart represent % of a given N-based product in the total QMS signal of N-species. (c) Surface coverage
of O- and N-based species observed in O 1s and N 1s spectra during dosing at 1 mbar at 600 K. The main oxygen structures are indicated in
parentheses and are concluded upon from the Rh 3d curve fit. Submonolayer Rh samples also feature domains of (2 × 2)-O-covered Pt(111). To
allow a proper comparison of coverages, for the trilayer oxide, only the surface oxygen is included in the graph, while in reality, subsurface oxygen
nearly doubles the O coverage. (d,e) Schematic drawing of approximate O- and N-structures on the Pt(111) and Rh/Pt(111) surfaces during NH3
“slip” oxidation and NH3 oxidation. The sketches are based on data from panel (c). −O and −N are displayed as blue and green spheres
respectively.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c00956
ACS Catal. 2021, 11, 8261−8273

8267

https://pubs.acs.org/doi/10.1021/acscatal.1c00956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00956?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c00956?fig=fig6&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c00956?rel=cite-as&ref=PDF&jav=VoR


carrier gas. The reduction in oxygen pressure and the presence
of 1% NH3 bring about noticeable changes in the O 1s and Rh
3d APXP spectra (Figure 5a). For the 1.2 ML Rh/Pt(111)
sample, the component that corresponds to the surface oxide is
reduced to approximately half its original intensity in both O
1s and Rh 3d core-level spectra. Instead, a component related
to chemisorbed 2O species emerges, which confirms a partial
reduction of the surface oxide and coexistence of the remaining
surface oxide with chemisorbed O domains. Overall, the
comparison of the surface composition in pure O2 and in
mixture with 1% NH3 shows that in both environments Rh
remains highly coordinated to O (see quantification in Figure
4c) and forms coexisting domains of the surface oxide (0.66
ML in 1.2 ML Rh) and (2√3 × 2√3) R30° structure.
However, a 100× increase in partial pressure of NH3 to 0.5

mbar, that is, the transition to a (50:50) O2/NH3 mixture,
results in more drastic changes of the surface composition
(Figure 5b). For all Rh films, the intensity of the peak in O 1s
core level decreases substantially. The absence of the
component at 528.9 eV for the 0.5 and 1.2 ML samples
indicates that the oxide trilayer has vanished from the surface,
and the remaining main component at 529.6 eV thus
represents chemisorbed oxygen. Spectroscopic evidence of a
reaction between O2 and NH3 is found from the new peak at
533.9 eV that originates from gas-phase40 H2O (the gas-phase
H2O peak can be unambiguously identified41 from its
separation from the O 1s gas-phase peak in Figure S3). No
surface-bound −H2O, which is expected to have an O 1s
component at 532.5−533.5 eV binding energy,42 is observed.
These findings are in line with the 600 K reaction mechanism
proposed in refs 15 and 16, according to which water surface
species are not present due to fast desorption,10 thus resulting
in low H2O surface coverage under the reaction conditions.43

As was mentioned earlier, surface −OH groups were observed
in all cases.21

Another species forming during NH3 oxidation is NO. When
adsorbed at the surface, its O 1s component is expected at
530.8 eV binding energy (see also Figures S4 and S5).44,45

Such a component is not detected. This is in agreement with

the literature reporting desorption of NO from the Pt(410)
surface at a temperature between 430 and 530 K.8 The
desorbed NO is expected to produce a gas-phase peak at
around 538 eV;46 however, it is not possible to distinguish any
such well-defined peak due to the overlap with the oxygen gas-
phase doublet at 537−538 eV binding energy (see Figure S3).
The absence of an oxide component in the O 1s region

matches the observations in the Rh 3d core level spectrum
(Figure 5b). For all Rh films, the signals due to the Rh oxide
and 3O species are no longer present. The ratio of the
remaining 1O and 2O contributions is close to 1.8:1 for the
0.4−0.5 ML and 1.1:1 for the 1.2 ML preparation (see Figure
4c for quantification). The latter ratio matches well with the
1:1 value expected for the (2 × 1) surface structure (Figure
4b). For the lower Rh coverage samples, an excess in the 1O
component hints at a structure with single-oxygen coordina-
tion only, that is, a (2 × 2) surface structure, which coexists
(ca. 15%) with the (2 × 1) main phase. Although the 2O
components in the Rh 3d spectra strongly suggest the presence
of a (2 × 1) surface structure with O coverage of 0.5 ML, the
observed coverage was substantially lower (0.1−0.25 ML).
Therefore, the assignment of surface structures will be revised
below, and in this new assignment, the nitrogen coverage will
be taken into account, as well.

Analysis of the Gas-Phase Reaction Products. To help
with the assignment of the species found in the N 1s region,
QMS data for the reaction over the 0.4 ML Rh/Pt(111)
sample were analyzed (Figure 6a). For the (99:1) gas mixture,
QMS shows the expected products N2, NO, N2O, and H2O,
except NO2, which was at the detection limit of QMS (Figure
S7 shows this region in better detail). The relative contribution
of all N-based species, plotted at the bottom of Figure 6b,
shows that NO is the main oxidation product for all surfaces.
Its signal accounts for 79−84% of all N-based products,
followed by N2 at around 7−16% and N2O at 5−9%. The latter
signal (44) could be also attributed to CO2, which was also
observed during the dosing of pure O2, and therefore, the
estimation of N2O contribution has a significant error bar
(Figure S7). Furthermore, a comparison of the product

Figure 7. (a) Gas-phase APXP spectra measured at 1 mbar containing O2 + NH3 (50:50) (top panel) and pure NH3 (bottom panel) over Pt(111)
at 600 K. (b) APXP spectra of the N 1s core level of the Pt(111) and 0.4−0.5 ML Rh/Pt(111) samples during exposure to 1 mbar O2 + NH3
(50:50) at 600 K. In (b), the gas-phase N2 and NO signals are found at 403.9 and 404.5 eV binding energy, respectively (only the triplet
component of gas-phase NO is detected). All spectra collected with Eph = 600 eV.
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distribution for the bare Pt(111) and 0.4−1.2 ML Rh/Pt(111)
samples indicates that Rh enrichment results in a lower
fractional production of N2 (decrease from 16 to 7%) and in a
somewhat larger fraction of NO (increase from 79 to 84%).
An increase in partial pressure of NH3 to 0.5 mbar (see

50:50 region in Figure 6a) while keeping the O2 pressure at 0.5
mbar results in significantly stronger (ca. 25×) signals of the
oxidation products N2, NO, N2O, and H2O. The product
distribution plotted in Figure 6b (top) shows that N2 is the
main product (69−86%) for all surfaces, with significant
amounts of NO (11−30%) and minor production of N2O (2−
3%). In contrast to the excess oxygen conditions (99:1), where
the enrichment with Rh results in lower production of N2, in
the (50:50) gas mixture, Rh surfaces yield a higher fractional
production of N2 and a corresponding decrease in the
production of NO and N2O.
Despite pronounced changes in product distribution, it is

notable in QMS presented in Figure 6b that the total
production of N-based species is not strikingly different for
Pt(111) and for Rh-enriched surfaces, being, respectively,
about 250 and 10 AU for (50:50) and (99:1) mixing. This
observation of the apparent comparable activity of Pt(111) and
Rh/Pt(111) is in line with the N 1s APXPS results presented
below but cannot be used as evidence of similar catalytic
activity due to the design of the operando cells for APXPS.
However, we would like to emphasize that a realistic
estimation of the catalytic activity requires a dedicated kinetic
experiment and is expected to show large differences in activity
between pure Pt, Rh, and their alloys.47,48

Formation of Surface N Species. A typical gas-phase N
1s APXP spectrum of O2 + NH3 (50:50) collected with the
sample retracted from the analyzer focus is presented in Figure
7a, top. It contains three peaks at 400.4, 404.8, and 406.7 eV.
Based on the QMS results (Figure 6a), the nitrogen-based
NH3, N2, and NO signals are expected. The peak at 400.4 eV
belongs to gas-phase NH3 and is the only peak found while
dosing pure NH3 (Figure 7a, bottom). The main peak at 404.8
eV in the spectrum is attributed to N2.

49 On the higher binding
energy side, it has a shoulder at 405.3 eV plus a small peak at
406.8 eV, that is, 1.45 eV higher in energy than the shoulder.
These two signals arise from the triplet and singlet components
of NO, which are separated by 1.50 eV according to the
literature.50 Overall, the gas-phase intensities for N (75%) and
NO (25%) observed in the N 1s spectrum are in reasonable
agreement with the QMS data.
Based on QMS and gas-phase APXPS, one could expect to

find −N and −NO as surface-adsorbed species during the O2/
NH3 (50:50) exposure. Indeed, in the N 1s core level spectrum
of Pt(111), the major peak corresponding to atomic N is found
at 397.4 eV (Figure 7b). Although an NH3 peak at 399.8−
400.0 eV is not observed (see the spectrum during pure NH3
dosing in Figure S6), the intermediate products of ammonia
dehydrogenation NHx produce a shoulder at around 398.3−
399.3 eV. The absence of a distinct NH3 peak in the spectra of
all samples points at the complete conversion of all NH3
available near the surface for all studied compositions. This
indicates that the reaction rate is faster than the supply of fresh
NH3. Another strong peak, located at 403.9 eV, is attributed to
gas-phase N2.

49 Furthermore, NO peaks expected at 400.4−
401.3 eV51−53 are not detected, in agreement with the absence
of an NO component in the O 1s core level spectrum (Figures
S4 and S5). Indeed, the absence of surface NO peaks is

justified by rapid NO desorption, which is faster than its
formation or decomposition to N and O on Pt surfaces.8,19

According to QMS, a significant production of NO [30% for
Pt(111)] and fast NO desorption from the surface is expected
to result in observable gas-phase peak. Indeed, for Pt(111) a
high-binding energy shoulder is found at 404.5 eV (Figure 7b,
middle), which is attributed to the gas-phase NO (triplet)
species.51 For 0.4−1.2 ML Rh/Pt(111), production of NO is
2−3 times lower (according to the QMS data in Figure 6b),
which results in a lower peak intensity.

Adsorbate Coverage during NH3 Oxidation. Figure 6c
compares the surface coverages of the O- and N-based species
found in the APXP spectra for the Pt(111) and 0.4−1.2 ML
Rh/Pt(111) samples in pure O2 and O2 + NH3 mixtures
(Figures 4, 5, and 7). The gradual Rh-enrichment produces a
few general trends in the coverage evolution. (a) In O2, the
enrichment of Pt(111) with Rh leads to higher metal−oxygen
coordination (Rh−2O, Rh−3O), which allows for overall
larger oxygen coverage. (b) Similarly, the coverage of hydroxy
groups −OH also scales with the enrichment in Rh.
Furthermore, the −OH presence is affected by the proportion
of O2 in the feed. A large number of surface hydroxy groups are
found in oxygen-rich mixtures (pure O2 and 99:1), but in
(50:50) mixture, the number is roughly halved. (c) In contrast
to the −O coverage, the coverage of surface-bound atomic
nitrogen is independent of surface composition. Surface −N is
reliably detected in the (50:50) mixture, at a coverage of 0.07
± 0.01 ML.
The presence of a small fraction of NH3 in the (99:1) gas

mixture is unable to change the surface structures formed in
prior dosing of pure O2. Consequently, the same surfaces
structures are observed as for pure O2, albeit with smaller
coverage (Figure 6d): the (2 × 2)-O structure on Pt(111) and
a combination of (2√3 × 2√3) R30° and surface oxide
structures on Rh/Pt(111). Essentially, during the reaction in
excess oxygen, the surface is predominantly covered by O-
based species: −OH (0.02−0.12 ML), chemisorbed oxygen
(0.2−0.5 ML), and oxide (0.1−0.3 ML).
During the dosing of a (50:50) gas mixture, a substantial

portion of surface oxygen is consumed and about 0.07 ± 0.01
ML of N is added to the surface structure. Based on the
observations, we can tentatively suggest models for the
predominant surface structures, and to do so, we consider
Pt(111) and Rh/Pt(111) separately. Starting with the Pt(111)
surface, 0.07 ML N is fairly close to 0.0625 ML, which is 4
times fewer than in a (2 × 2)-N superstructure at 0.25 ML
coverage (Figure 6e). Therefore, 0.0625 ML N can be
accommodated in a proportionally (2×) larger adsorbate (4
× 4)-N superlattice. The oxygen coverage is 0.04 ML, which is
somewhat lower than the 0.0625 ML that would correspond to
a perfect (4 × 4) superstructure. Hence, a portion of the (4 ×
4)-N cells will feature O in their center and others will not, and
the average surface overlayer can be depicted as a (4 × 4)-1N−
0.57O structure. The suggested surface overlayer is shown in
Figure 6e. For the Rh-terminated surface of the 1.2 ML Rh/
Pt(111) sample, the APXPS results provide two important
observations: (1) the chemisorbed −O coverage is 0.25 ML
and (2) Rh−1O and Rh−2O coordination occurs in almost
equal proportions. A structure that satisfies both observations
is the (4 × 1)-O arrangement depicted in Figure 6c, in which
every second row of −O was removed from the regular (2 × 1)
structure with 0.5 ML coverage. Thus, the O coverage is 0.25
ML. Nitrogen adsorbates on the Rh(111) surface prefer hcp
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sites. Therefore, 0.0625 ML of N was added in hcp sites with a
(4 × 4) periodicity, resulting in an overall (4 × 4)-1N−4O
unit cell with an O/N ratio of 4:1. To verify whether the
suggested (4 × 4)-1N−0.57O/Pt(111) and (4 × 4)-1N−4O/
Rh(111) arrangements are feasible, dedicated DFT and
operando STM studies are suggested.
The adsorbate structures concluded from APXPS data raise

the question if they exhibit long-range order. Although our
APXPS experiment provided solid evidence of the short-range
order, additional post-mortem LEED of 1.2 ML Rh/Pt(111)
showed a characteristic moire ́ pattern,22 confirming also the
long-range order of surface oxide retaining after oxidation in
(99:1) mixture (Figure S8).
Additionally, a number of surface reconstructions are

reported in the literature on ammonia oxidation.13,26 One of
the most notable reconstructions for PtRh catalysts is the so-
called “cauliflower” reconstruction forming at temperatures of
1100−1200 K,26 at which volatile PtO2 causes surface
restructuring visible to the naked eye. Since the temperature
employed in the current study was significantly lower, no such
reconstruction was expected at 600 K. Indeed, a post-mortem
STM showed flat, featureless Pt(111) terraces with monoa-
tomic steps (Figure S9).

■ DISCUSSION
To understand the behavior of PtRh alloy catalysts used for
NH3 oxidation and the effect of Pt alloying with Rh, several
model surfaces can be investigated. For example, pure Rh(111)
and Pt(111) surfaces or crystals with a high step density,8−10,19

Rh films on Pt(111)25 and vice versa,54 bulk bimetallic
Pt1−xRhx single crystals,20,36,55 and supported PtRh nano-
particles.56−58 We hypothesize that thin (0.4−1.2 ML) films of
Rh epitaxially grown on Pt(111) allow for accurate control of
surface alloying as well as for capturing the full spectrum of
surface dynamics of Rh during oxidation and ammonia
oxidation at 1 mbar.
Oxidation of Alloys. Comparison of the surfaces with

similar Rh coverages of 0.4−0.5 ML during oxidation reveals
the strong influence of post-annealing temperature on Rh
surface oxide formation. The APXPS results show that the
surface oxide formation occurs on surfaces post-annealed to a
temperature below 700 K, while it is hindered for those
annealed to 770 K. This establishes that the extent of Pt−Rh
alloying is dictated by the post-annealing temperature. Higher
temperature favors Rh diffusion to the subsurface and
enrichment of Rh ad-islands with Pt. The more Pt is within
the island, the harder it becomes to form a surface oxide in 1
mbar of O2 at 600 K. Notably, subsurface Rh is driven back
onto the surface in an oxidative environment, and this restores
the Rh surface presence completely, even for the sample which
had lost ≥50% of its XPS signal during post-annealing (Figure
4c). At a lower annealing temperature of 600 K, the surface of
the Rh 1.2 ML sample is composed mostly of Rh, as confirmed
by the formation of an extensive Rh surface oxide. In contrast,
the lower-coverage, alloyed 0.4−0.5 ML Rh surfaces did not
form a surface oxide due to Pt enrichment but formed a high-
coverage oxygen structure(2√3 × 2√3) R30° (Figure 4b).
Formation of Products. Focusing on the surface

structures present in the (99:1) mixture, one can notice that
the (2 × 2) surface structure on Pt(111), the (2√3 ×
2√3)R30° surface structure on 0.4 ML Rh/Pt(111), and the
surface oxide on 1.2 ML Rh/Pt(111) all result in the
preferential formation of NO. This leads us to conclude that

the presence of highly coordinated Rh species (2O, 3O) is not
strictly required for the formation of NO since the surface with
only 1O coordination [Pt(111)] also behaves similarly.
If we ignore the differences in surface structure and instead

compare the absolute amounts of oxygen available on the
surfaces, we find that the 1.2 ML Rh preparation in a (50:50)
mixture, the bare Pt(111) sample in a (99:1) mixture, and the
0.4 ML Rh sample in a (99:1) mixture all feature comparable
oxygen coverages of 0.20−0.25 ML (Figure 6c). The question
arises why these surfaces do not produce the same product
distribution in the (99:1) and (50:50) O2/NH3 mixtures,
although they have a comparable oxygen coverage?
Figure 6d,e provides an explanation. In order for the

formation of N2 to be favorable, certain critical surface
coverage of atomic N is needed so that the nitrogen atoms can
recombine to N2 and desorb. The need for a critical surface
concentration of N was elaborated upon earlier by Aryafar and
Zaera,59 who suggested that higher N coverages lead to shorter
interatomic distances, allowing slowly diffusing N atoms to
encounter each other and recombine. If this is not achieved, for
example, due to a low amount of dosed NH3 (as at 1 mbar
with 99:1), the formed atomic N will encounter more mobile
O atoms, eventually oxidizing and desorbing as NO.
The factors that affect N coverage are the surface

temperature, partial pressure of gases, and adsorption
strength60 to the catalytic surface. Regarding the latter,
surprisingly, the degree of alloying does not affect the observed
N coverage, since in a (50:50) mixture all surfaces exhibit the
same nominal coverage of 0.07 ML. For example, in the case of
the Pt(111) surface, the stability of adsorbed N below 650 K
must be the primary reason for N2 production at near-
stoichiometric conditions. An increase in temperature will
deplete the surface from −N, but not −O, thus driving the
selectivity toward NO. A similar result will be achieved by
lowering the NH3 partial pressure or decreasing its proportion
in the feed, which yields a lower coverage of N. As was
previously reported in the literature for close to (50:50)
mixing, the switch from N2 to NO production occurs at around
650−800 K depending on the catalyst.18 More oxygen-rich
atmospheres with an O2/NH3 mixing ratio of (80:20, 90:10)
drive the maximum rate of NO production toward lower
temperature, and therefore, the switch in selectivity also occurs
at a lower temperature.5 It is likely that in the extreme
condition of (99:1) mixing, normally employed for NH3 “slip”
oxidation, the switch in selectivity may occur at relatively low
temperatures, well below 600 K applied in the current study.
Finally, when comparing the ratio of surface coverage of N

and O (Figure 6c) in a (50:50) mixture, one can notice a 5-
fold drop in the N/O ratio (1.5 to 0.3) when switching
between the Pt(111) surface and the 1.2 ML Rh/Pt(111)
sample. Based on the earlier argument for N-rich surfaces, this
could lead to an increased N2 selectivity on Pt(111). To
answer the question of why an increased −O coverage on Rh-
terminated surface does not lead to higher NO production [vs
that at Pt(111)], further operando and theory investigations
are suggested.

■ CONCLUSIONS
In order to study alloyed PtRh surfaces for NH3 oxidation in
realistic conditions, we prepared a range of Pt(111) and
alloyed Rh/Pt(111) surfaces and studied their behavior in O2
and mixed O2/NH3 atmospheres at 1 mbar total pressure using
operando APXPS. We conclude that the route to control the
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oxidation of the PtRh alloy is by tuning the Rh enrichment at
the surface, which is governed by annealing (or preparation)
temperature. During the surface oxidation Rh enrichment in
PtRh allows for more oxygen-rich structures such as (in the
order of increasing Rh-enrichment): (2 × 2)-1O on Pt(111) <
(2√3 × 2√3) R30°-8O on highly alloyed PtRh < oxide
trilayer on Rh-terminated surface. Thus, the alloyed surfaces,
obtained at higher post-annealing temperatures, do not behave
like pure Pt or Rh surfaces. Instead, at 600 K and 1 mbar, they
act together to form a (2√3 × 2√3) R30° chemisorbed
phase. Further oxidation toward a surface oxide trilayer is
avoided.
During ammonia oxidation, the surface composition

depends strongly on the feed ratio and extent of alloying. In
large oxygen excess at an O2/NH3 mixing ratio of (99:1), the
surface composition resembles closely that observed for pure
O2 dosing; in this case, the Rh atoms are highly coordinated to
O (Rh−3O) and a Rh surface oxide is observed. In contrast, in
a (50:50) environment, highly coordinated Rh species largely
disappear from the surface; only low −O coverage phases
remain, in which Rh is coordinated to one oxygen (1O) and
two oxygen atoms (2O). It is the extent of alloying that
determines the proportion of 2O coordination, such that 1O is
found for Pt and Pt-rich PtRh and 2O for more Rh-rich
coverages.
The two feeding regimes result in the two opposite product

distributions at 1 mbar at 600 K, that is NO in the oxygen-rich
mix and N2 otherwise. The route to N2 production relies on a
certain critical surface coverage of atomic N, which has enough
residence time to meet and recombine. If the N coverage is too
low, further oxidation to NO occurs.
Finally, from direct spectroscopic measurements, we

conclude that Rh-enrichment not only enables higher-density
oxygen structures in PtRh alloys, but it also is capable of
enhancing the proportion of the main product, whether it is
NO or N2. We foresee a constant feedback loop between
kinetic data from classic catalysis and surface-sensitive
operando experiments to advance the rational search for
optimal bimetallic alloyed catalysts.
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