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Identification of a Catalytically Highly Active Surface Phase for CO Oxidation over
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Pt-Rh alloy nanoparticles on oxide supports are widely employed in heterogeneous catalysis with
applications ranging from automotive exhaust control to energy conversion. To improve catalyst performance,
an atomic-scale correlation of the nanoparticle surface structure with its catalytic activity under industrially
relevant operando conditions is essential. Here, we present x-ray diffraction data sensitive to the nanoparticle
surface structure combined with in sifu mass spectrometry during near ambient pressure CO oxidation. We
identify the formation of ultrathin surface oxides by detecting x-ray diffraction signals from particular
nanoparticle facets and correlate their evolution with the sample’s enhanced catalytic activity. Our approach
opens the door for an in-depth characterization of well-defined, oxide-supported nanoparticle based catalysts
under operando conditions with unprecedented atomic-scale resolution.
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Heterogeneous catalysts represent an essential class of
materials involved in most of the chemical production
processes as well as energy storage, conversion, and
exhaust gas cleaning [1,2]. The importance of these
processes for today’s society triggers the need for an in-
depth, atomic-scale understanding of the underlying cata-
lytic reactions [3]. This is hampered by the structural
heterogeneity and dynamical complexity of real catalysts
composed of monometallic and alloy nanoparticles on
highly branched nanoscale oxide supports. The low metal
concentration of typically a few weight percent and the
nanoparticles’ random orientation makes a structural and
chemical investigation under realistic catalytic reaction
conditions very demanding [4,5]. Especially, the atomic
structure of nanoparticle surfaces is not accessible by most
methods under realistic reaction conditions.

4d and 5d transition metals, such as Pt, Rh, Pd, and their
alloys, are catalyst materials with applications ranging from
energy conversion to automotive exhaust control [1,6,7].
Experiments on single crystal surfaces under application-
relevant near-ambient pressure reaction conditions provided
novel insight into the prototypical CO oxidation reaction
mechanism at the atomic scale [8—12]. However, it is
controversially discussed to date if extended ultrathin oxide
layers or chemisorbed oxygen represent the catalytically
most active phase for CO oxidation [12-19]. Besides, the
information obtained from single crystal surfaces can not
always be transferred to realistic nanoparticle containing
catalysts since catalytic activity and selectivity are strongly
affected by the interplay with the support and nanoscale
properties [20,21]. These include the particle shape and size,
undercoordinated atoms at corners and edges, substrate

0031-9007/18/120(12)/126101(6)

126101-1

induced strain, or characteristic defects [22-24]. Recent
operando transmission electron microscopy experiments
provided first microscopic insight into nanoparticle surface
structural changes under CO oxidation conditions but also
evidenced the challenges of such experiments [25-27].
Here, we present x-ray diffraction results from Pt 33Rh) 47
alloy nanoparticles supported on MgAl,0,4(001), obtained
during CO oxidation at near-ambient pressures and elevated
temperatures. Our high resolution x-ray reciprocal space
maps disclose a truncated octahedral particle shape com-
posed of predominantly (111) and (100) type nanofacets
under both, reducing and reaction conditions. We identify
the formation of ultrathin surface oxides by detecting
selective x-ray diffraction signals from particular nanopar-
ticle facets and find a direct correlation between the facet-
resolved Rh surface oxide formation and an enhanced CO
oxidation activity monitored by online mass spectrometry
(MS). Our experiments provide the first direct structural
identification of a catalytically active phase on selected
nanoparticle facets under steady state operando conditions.
The MgAl,0,(001) substrate surface was prepared by
subsequent thermal cracking (po, = 1 x 1077 mbar, T =
570 K), sputtering (pa, =1 x 10~® mbar, U =1keV, I, =
3 uA), and annealing to 840 K at po, = 1 x 1077 mbar
[28]. Thereafter, nanoparticles were grown by the simulta-
neous physical vapor deposition of Pt and Rh at 770 K. The
sample was transported through air and mounted into an
operando x-ray diffraction catalysis chamber [29,30]. Prior
to the reaction experiment, the sample underwent hydrogen
annealing (py, = 2 x 107> mbar, T = 620 K) to remove
residual oxides. For the experiments, pure O,, 10%CO in
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90% Ar, and pure Ar as carrier gas were employed. The total
pressure and the total gas flow were held constant at 50 mbar
and 50 ml,/ min, respectively, by adjusting the Ar flow.
Four conditions were probed: (i) 4 ml,,/ min CO, no O,,
(ii) 4 ml,/ min CO, 1 ml,/ min O,, (iii) 4 ml,/ min CO,
2 ml,/ min O,, and (iv) 4 ml,/ min CO, 3 ml,,/ min O,; the
sample temperature was kept constant at 650 K. A carbonyl
trap was used in the CO line to prevent contamination of
the sample surface. For the x-ray experiment, the chamber
was mounted on the heavy load diffractometer at beam
line P09, PETRA III, DESY [31]. A photon energy of
11.2 keV was used with the incident angle of the x-ray
beam fixed at the critical angle for total external reflection
of Pt (0.4°). Data were collected by a Nal scintillation
counter and the measured intensities were dead-time- and
absorber-corrected.

The orientation and size of the Pt 33Rh ¢; particles were
characterized by line scans through particle Bragg peaks
along high-symmetry directions. The particles were found
to grow predominantly in a cube-on-cube epitaxy on the
MgAl,0,(001) substrate with a lattice mismatch of 5%.
Preferentially oriented nanoparticles with a high surface
coverage lead to an enhancement of the nanoparticle surface
signal, making these experiments feasible down to an
average particle size of about 5 nm. The analysis of the
anisotropic particle Bragg peak widths revealed an average
initial height A of 6.3 nm and diameter D of 8.7 nm [32-34].
The full width at half maximum (FWHM) of the Gaussian
particle size distribution typically amounts to 70% of its
center value D [35]. Figure 1(a) shows a high-resolution
reciprocal space map measured during catalytic activity
[condition (iv)] in the (H,K =2 — H, L)-plane centered
around the particle (111) Bragg reflection. The diffraction
pattern contains clear crystal truncation rod (CTR) signals
oriented perpendicular to the (001)- and (111)-type facets.
Accordingly, a truncated octahedral particle shape as
depicted in Fig. 1(b) was deduced for both reducing and
CO oxidation activity conditions [30,32,34].

Figures 1(c) and 1(d) show close-ups on the clean particle
(001) and (111) facets and their surface unit cells. In
addition, the Rh ¢(2x 8) and the Rh p(9 x9) trilayer
surface oxide unit cells are given. Both were reported to form
under oxygen exposure on Rh single crystal (001) and (111)
surfaces and corresponding MgO(001)-supported Rh nano-
particle facets [32,36,37], as well as during CO oxidation on
single crystal surfaces [38,39]. An evidence of their pres-
ence, or even evolution, on distinct nanoparticle facets under
various reaction conditions is, however, lacking so far. To
track the presence of transient surface oxides on particular
facets during the probed operando conditions, reference
scans were performed. Figures 1(c) and 1(d) illustrate the
reciprocal space maps of the particle (001)- and (111)-type
facets corresponding for the (001) facets to a real space
lattice with agy = bgg; = 2.713 A and y =90° [for the

(111) facets: agy = by = 2.713 A, y = 120°].
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FIG. 1. (a) High-resolution reciprocal space map in the bulk fcc
(H,K =2 — H, L) plane under reaction conditions, evidencing a
truncated octahedral nanoparticle shape in (b) (see [30] for
explanation of the additional diffraction features). (c) (001) type
facet with surface unit cell indicated in green, the Rh ¢(2 x 8)
surface oxide and reciprocal space in surface coordinates of the
(001) facet. (d) (111) type facet with surface unit cell indicated in
orange, the Rh p(9 x 9) surface oxide and reciprocal space in
surface coordinates. Filled and open squares: particle Bragg peaks
and CTRs, respectively; red arrows: performed reference line scans.

In the following, the variation in gas composition and the
resulting activity for CO, production will be discussed.
Figures 2(a)-2(c) show the MS signals for CO, O,, and the
reaction product CO, during the stepwise increase of the
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FIG. 2. MS data of (a) CO, (b) O,, and (c) CO, as a function of
time and the set mass flows for conditions (i)—(iv). Left y axis
(black): MS signals measured by gas leaking into the chamber’s
UHYV part. Right y axis (red) (a) and (b): set mass flows.
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oxygen partial flow along with the set mass flows as a
function of time. When introducing O, to the reactor for the
first time [transition from condition (i) to (ii)], an increase in
the CO, production was monitored, evidencing the sample’s
catalytic activity. It was accompanied by a decrease in the
CO MS signal, in line with a partial mass transfer limitation
of our setup under these conditions, giving rise to a partial
depletion of both reactants near the sample surface [40]. In
the next step [(ii) to (iii)], the O, flow was doubled to
stoichiometric conditions, leading to a pronounced CO, MS
signal increase by a factor 2.5, thereby reaching the
sample’s highest catalytic activity. At the same time, the
decrease in the CO MS signal was more pronounced, as
compared to the transition from step (i) to (ii), and the O, MS
signal was not doubling, as would be expected when
doubling the O, flow, in line with an enhanced CO as well
as mass transfer limited O, consumption in this high activity
regime. When switching to overstoichiometric oxygen con-
ditions [(iii) to (iv)], the CO, production decreased, a slight
increase in the CO and a more pronounced increase in the O,
MS signal were visible, indicating a partial poisoning of the
catalyst as less CO and O, was consumed.

Next, we will discuss the structural changes of the
nanoparticle facets as a function of the aforementioned
gas compositions. The respective reference line scans for
the Rh surface oxides on the (001) and (111) facets are
plotted in Figs. 3(a), 3(b), and 3(c) for the probed con-
ditions (i)—(iv). Under pure CO flow (i), as well as under
oxygen understoichiometry (ii), no surface oxide signal
was detected. For such reducing conditions, it is expected
that Pt is slightly enriched at the surface, as compared to the
bulk composition of the nanoparticles [41].

Under stoichiometric conditions (iii), two new reflec-
tions at K~ 0.5 and K ~ 1.5 arose [Figs. 3(a) and 3(b)],
both fingerprints of the ultrathin O-Rh-O trilayer ¢(2 x 8)
surface oxide on the (001) top facet, see Fig. 3(d) [32,42].
Accordingly, under these more oxygen-rich conditions Rh
segregation occurred, in line with a previous near ambient
pressure XPS study [41]. The FWHM of the reflections
yield a surface oxide domain size of ~#8 nm. This is in good
agreement with the nanoparticle (001) top facet width [see
Fig. 3(e)] of the particles with a shape as determined from
Bragg peak scans along high-symmetry directions per-
formed under condition (iv) [30]. Note that the nano-
particles underwent CO oxidation induced sintering during
the experiment [43]. This implies that the (001)-type facets
are fully covered by the Rh ¢(2 x 8) surface oxide under
these conditions. Contrarily, no additional signal was
observed in the (111) facet reference scan shown in
Fig. 3(c), indicating the absence of the Rh p(9 x 9) surface
oxide on the (111) facets. An explanation can be found in
the slightly higher heat of formation of the O-Rh-O trilayer
surface oxide on the (001) facets [44].

When increasing the oxygen pressure to overstoichio-
metric conditions (iv), we made two surprising observations:
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FIG. 3. Reference scans for surface oxide formation: (a), (b) on
the (001) top facets (Hyy; = 0.875), (c) on the (111) side facets
(K11 = 0). Open circles: pure CO (i). Upward triangles: under-
stoichiometric in O, (ii). Squares: stoichiometric conditions (iii).
Downward triangles: overstoichiometric in O, (iv). Scans are
rescaled for clarity. Solid (red) lines represent fits to the data (see
text). (d) O-Rh-O trilayer surface oxide present on the (001) and
(111) facets. (e) Average particle shape as determined from fitting
the asymmetrically broadened Bragg peak line scans for con-

dition iv: D = 11.6 nm, H = 4.0 nm [30].

(1) a distinct peak was observed in the line scan in Fig 3(c) at
H = 0.9, in line with a O-Rh-O trilayer surface oxide on
the (111) facets [32,36]. The peak width corresponds to a
domain size of about 4 nm, reflecting the width of the Rh
(9 x 9) surface oxide domains on the (111) facets along
the scan direction. (2) The overall shape of the reference scan
for the (001) facets also changed [see Figs. 3(a) and 3(b)]: at
H ~0.54 an additional component arose, leading to the
overall intensity increase of the ¢(2 x 8) surface oxide signal
centered around H ~ 0.5, at H ~ 1.5 the signal increased,
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and at H ~ 1.53 a small shoulder appeared. These three
additional components correspond to the respective d-spac-
ings of 2.64 A, 1.57 A, and 1.50 A, in line with the formation
of RhO, and Rh;0, bulk oxide islands [30,35], coexisting
with the surface oxides. For the fully oxide-covered PtRh
nanoparticles, a slight decrease in CO, production was
observed, as can be deduced from Fig. 2(c).

To obtain insights into the dynamics of the formation and
dissolution of the different oxide phases and their stability
under varying conditions, we performed time-resolved
operando gas-switching experiments: the diffracted inten-
sities at Hog; = 0.875, Kog; = 0.51 (Rh ¢(2 x 8) surface
oxide on the (001) facets and RhO, bulk oxide) and at
Hi;, =0.89, K, =0[p(9 x9) surface oxide on the (111)
facets] were monitored during an identical gas switching
sequence (iv)-(iii)-(ii)-(i)-(ii)-(iii)-(iv) at a constant temper-
ature of 650 K. Figures 4(a) and 4(b) show the obtained
diffraction signals of the (001) top and (111) side facets
(green curves) plotted along with the set gas flows and the
measured partial gas pressures. Starting at overstoichiomet-
ric conditions (iv), the monitored intensities indicate that,
under these conditions, all surface and bulk oxides were
present. In the transition to stoichiometric conditions (iii), no
significant change was observed in the diffraction signals,
pointing to a hysteresis in the stability of the surface and
transient bulk oxides. Only when switching to understoi-
chiometric conditions in O, [(ii) and (i)], the surface oxides
and transient bulk oxides were lifted instantaneously on both
types of facets, and the CO, production was observed to
break down immediately.
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FIG. 4. Time-resolved MS data and x-ray diffraction signals at
(a): HOOI = 0875, K00] = 051, at (b) H”] = 091, K”] =0.
Upper panels, left y axis: measured CO MS signal (black solid
lines), right y axis: set CO flow (red dashed line); middle panels:
left y axis: measured O, MS signal (black solid line), right y axis:
set O, flow (red dashed line); bottom panels: left y axis: measured
CO, MS signal (black solid line), right y axis (green solid line):
diffracted intensity.

When going back from reducing conditions (ii) to
stoichiometric conditions (iii), the enhanced increase in
CO, production correlated with an increase in the surface
oxide signal of the (001) facets, whereas no increase of the
(111) facet surface oxide diffraction signal was observed.
The latter only increased slowly when switching from
condition (iii) to conditions overstoichiometric in O, (iv),
suggesting that the most active state of the catalyst was
already reached under stoichiometric conditions, with the
surface oxide present on the (001) top facets only. At the
same time, the diffraction signal in the (100) facet reference
scan increased further in line with the above discussed
formation of transient bulk oxide islands, without further
increase in activity. During the switching cycle, reproduc-
ible mass transfer limitation effects were observed for the
CO and O, MS signals, as discussed above.

We interpret our observations in terms of adsorption
kinetics and draw the following conclusions on the cata-
lytically active phase for our experimental conditions:
under understoichiometric conditions (ii) our data do not
show the formation of any Rh oxide phases; it is, therefore,
reasonable to assume that a Langmuir Hinshelwood (LH)
type reaction mechanism is present, during which oxygen
undergoes dissociative chemisorption and CO reacts with
adsorbed oxygen to form CO, [45]. The O, pressure
dependence of the CO, formation rate is discussed in
the literature to be first order [45,46]. When increasing
the oxygen flow to stoichiometric conditions from 1 to
2 ml,/ min and the partial pressure from 1 to 2 mbar, we
found that the CO, production rate increased by a factor of
2.5. Strikingly, at the same time, the metallic surface area
decreased by a factor ~2, because all the (001) type facets
were covered by an oxygen-terminated surface oxide layer,
prohibiting CO adsorption and oxygen dissociation [38].
In sum, the activity increase is significantly higher than
expected from the simple LH picture. A lowering of the CO
oxidation barriers at the borders of the (001) facet surface
oxide islands to the remaining metallic (111) PtRh facets
may lead to the enhanced activity [38]. Our observations
are in line with the kinetic study in Ref. [13], concluding
that the most active phase for CO oxidation on Rh contains
a significant amount of oxygen.

Interestingly, the CO, production rate stayed nearly con-
stant when increasing the oxygen flow to overstoichiometric
conditions, resulting in further surface oxide growth on the
(111) type facets. Likely, catalytically highly active sites are
present at edges and corners of the nanoparticles, where the
surface oxide layers on (001) type and (111) type facets can
not grow together. The unsaturated metal and oxygen sites at
the nanoparticle edges and corners serve in this picture as
promoters for CO oxidation and the replenishing of the
surface oxide. At the same time, a slight deactivation takes
place by the growth of transient bulk oxides.

In conclusion, we resolved the facet atomic surface
structure from MgAl,0,(001) supported PtRh nanoparticles
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under industrially relevant CO oxidation conditions by
surface x-ray diffraction in combination with online mass
spectrometry. By detecting x-ray diffraction signals from
particular nanoparticle facets of defined model catalysts,
we overcome the complexity of real catalysts’ heterogeneity
but gain, at the same time, essential insights into catalyst
nanoscale properties. Thus, we can directly correlate the
formation of an O-Rh-O trilayer surface oxide on the (001)
facets with an increase in the CO, production rate, which is
higher than expected from a simple Langmuir Hinshelwood
reaction mechanism. We assign this enhanced activity to the
unique properties of the triple phase boundary between the
gas phase, surface oxide, and free sites on the metallic
surface at nanoparticle edges and corners, reflecting impor-
tant aspects of real, heterogeneous catalysts. Future ab initio
kinetic Monte Carlo simulations may take these into account
allowing a better comparison between operando experi-
ments and theory [47]. Our approach can contribute to the
knowledge-based future development of novel hetero-
geneous catalysts with enhanced activity, selectivity, and
improved lifetime.
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