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Abstract: The catalytic production of propylene via
propane dehydrogenation (PDH) is a key reaction in the
chemical industry. By combining operando transmission
electron microscopy with density functional theory
analysis, we show that the intercalation and ordering of
carbon on Pt interstitials to form Pt—C solid solutions is
relevant for increasing propylene production. More
specifically, we found that at the point of enhanced
propylene formation, the structure of platinum nano-
particles is transformed into a transient caesium
chloride-type Pt—C polymorph. At more elevated tem-
peratures, the zincblende and rock salt polymorphs
seemingly coexist. When propylene production was
highest, multiple crystal structures consisting of Pt and
carbon were occasionally found to coexist in one
individual nanoparticle, distorting the Pt lattice. Catalyst
coking was detected at all stages of the reaction, but did
initially not affect all particles. These findings could lead
to the development of novel synthesis strategies towards
tailoring highly efficient PDH catalysts.
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Introduction

The heterogeneously catalyzed non-oxidative dehydrogen-
ation of light alkanes to more reactive olefins is a key
reaction in the chemical industry. One such example is the
synthesis of propylene from propane. Propylene is a basic
building block of a large variety of chemicals, including
polypropylene and propylene oxide. The annual demand for
propylene was estimated to be 114 million tons in 2019 and
is projected to continue to grow.!'?! Today, propylene is
already produced commercially via the heterogeneously
catalyzed process of propane dehydrogenation (PDH) over
modified Pt-based catalysts!"! as it represents an efficient
alternative to the more energy-demanding process of steam
cracking.”

Generally, PDH is considered to have a relatively low
reaction rate, even at industrial reaction conditions and its
productivity is limited by low catalyst selectivity and short
lifetime.”! Coke formation on the surface of the catalyst
during PDH leads to premature deactivation.'*! Regener-
ation cycles and the (in situ) formation of alloys between the
catalytically active noble metal and a heteroelement, such as
Zn, In, Mn or Sn has been considered a key strategy to
enhance the productivity of PDH catalysts.'***>¢ Bulk
alloying alters the surface geometry and the electronic
structure of the catalyst, increasing selectivity of the
dehydrogenation product and decreasing coke formation./*”)

To date, little is known about the bulk chemistry that
occurs during the non-oxidative dehydrogenation of hydro-
carbons using Pt catalysts. Aside from the obvious economic
and environmental benefits of improving industrial
propylene production,'” understanding the structure that
forms under working conditions will offer deep insights into
how solid-state chemistry affects catalytic productivity.

The dissolution of carbon into the bulk of the catalyst
has been shown to play a pivotal role in driving selectivity in
catalytic hydrogenation"! and n-hexane dehydrogenation”
reactions. In Ni catalysts, for instance, coke formation and
bulk chemistry have been shown to be inherently related.!"
Using high resolution transmission electron microscopy
(HRTEM) it was also shown that carbon accumulates on
interstitial sites in Au nanoparticles (NPs)!"* and NiyZn
intermetallics!! in hydrogenation reactions. For dehydro-
genation reactions, the presence of dissolved carbon in the
crystal structure was found to increase the -catalytic
performance."**! For example, it was found that the
temperature-dependent bulk carbon content can greatly
influence the selectivity of Pt catalysts.'"” However, details
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of the working structures of Pt-based catalysts, which are
widely used in these reactions, remain elusive.

Here, we employ operando TEM to identify and
correlate carbon ordering on interstitial sites of Pt NPs with
propylene production in the industrially relevant endother-
mic reaction of PDH. Structural information was obtained
in situ using selected area electron diffraction (SAED) and
HRTEM imaging conducted under reaction conditions while
simultaneously monitoring the catalytic activity using mass
spectrometry (MS). Using density functional theory (DFT)
calculations, we found that the presence of ordered Pt—C
solid solutions can enhance the formation of propylene. The
consequences for balancing the carbon content within the Pt
nanoparticle for propylene productivity and coking will be
discussed.

Results
Operando TEM Investigation

First, the structural evolution and temperature dependency
of Pt NPs was studied during PDH using an operando TEM
approach. Using online mass spectrometry (Figure S3), we
monitored the conversion of propane to propylene (Fig-
ure 1) while simultaneously acquiring SAED during the
temperature ramp to 600°C (Figure 2). Proof of propylene
production is shown by the jump in the propylene-to-
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Figure 1. Qualitative catalytic reaction traces for PDH over Pt NPs
measured during the operando TEM experiment. The MS data shows
that the propylene/propane ratio changed during the temperature
ramp from 200°C to 600 °C. The increase in the propylene/propane
ratio at temperatures between 438°C and 474 °C indicates increased
production of propylene. Intervals highlight the temperature regimes in
which SAED patterns have been recorded for structure-function
analysis. The colour code of the filled intervals denotes the appearance
of different Pt—C polymorphs and is adopted from Figure 2c. Blue filled
regions denote the occurrence of the CsCl-type, filled pale green
intervals correspond to the occurrence of the ZnS-type, and the striped
area represents regimes in which ZnS-type and NaCl-type Pt—C
polymorphs coexist. The trend of the traces is represented by the
smoothed black curve.

Angew. Chem. Int. Ed. 2024, 202319887 (2 of 9)

Research Articles

Angewandte

intemationaldition’y) Chemie

propane ratio during the temperature ramp that occurred
between 438°C and 474°C. Above this temperature the
propylene-to-propane ratio levelled off at higher values
implying that a slight deactivation occurred or that the
chemistry of the catalyst had changed.

The analysis of the diffraction information obtained in
situ during the temperature ramp using SAED is shown in
Figure 2. Additional reflections were observed in the SAED
at 600°C (Figure 2b) under PDH conditions that were
absent at 280°C (Figure 2a). At 600°C, the main reflections
(Figure 2b, blue circles) correspond to face-centred cubic
(fcc) Pt NPs. In addition, a new reflection appeared at d' =
0.61 A~!, corresponding to a lattice spacing of 1.64 A (Fig-
ure 1b, yellow circles). This new reflection does not corre-
spond to metallic Pt. Instead, it can be assigned to lattice
planes of different Pt—C structures (Figure 2d, Figure S4,
and Table S1), such as ZnS-type (1.67 A, 022, F-43 m, ICSD
no. 1018164), NaCl-type (1.58 A, 022, Fm-3 m, ICSD no.
1018165) and CsCl-type (1.63 A, 111, Pm-3m, ICSD
no. 1002228).

In order to relate the formation of this additional
reflection to the function of the catalyst, we acquired a series
of SAED patterns during the temperature ramp to reaction
conditions while measuring the conversion. The line profiles
of the SAED patterns acquired in situ and details on the
analysis are presented in the Supporting Information (Fig-
ure S5-S7). A contour plot showing reflections that can be
assigned to the Pt—C crystal structures is shown in Figure 2c.
The SAED pattern of the catalyst showed a complex and
highly fluctuating dependence on temperature. Below
375°C, the contributions of ordered Pt—C structures were
found to be low. In the temperature regime between 375°C
to 390°C, a broad intensity distribution around 0.58 A
(1.72 A) appeared, which shifted towards 0.60 A~! (1.67 A)
at higher temperatures suggesting the presence of ZnS-type
and CsCl-type structures, respectively. At this point the
propylene production increased slightly as shown in Fig-
ure 1. However, propylene production was still at an overall
low level, most likely due to kinetic hindrance as a
consequence of the low temperature. The presence of CsCl-
type Pt—C polymorphs at relatively low temperatures is
surprising from the chemistry point of view as this structure
represents a substitutional polymorph, in which Pt atoms are
removed from their original positions. This is generally
accompanied by high activation barriers. This contrasts with
the ZnS-type Pt—C polymorph, which is a diffusional
structure, i.e. carbon is diffusing through the Pt lattice.
Above 428°C, the broad intensity peaks shift towards
0.60 A™' (1.67 A), attributed to the CsCl-type polymorph.
At 450°C, the intensity of the 0.60 A~' (1.67 A) contribution
was found to be significantly increased (Figure 2b). This
increase in intensity occurred at the same time as propylene
production increased significantly (Figure 1). Above 474°C,
propylene production levelled off, which can be attributed
to the shift of the intensity to 0.58 A~' (1.72 A) implying
that the ZnS-type polymorph is dominating in that regime.
Between 570°C and 600°C the increase in temperature was
not found to enhance propylene production significantly.
However, an additional sharp reflection at ~0.62 A
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Figure 2. Structure analysis of Pt nanoparticles during PDH as obtained during operando TEM measurements. Selected area diffraction (SAED)
recorded in situ at (a) 280°C and (b) 600°C during PDH. The blue circles highlight reflections that are expected for fcc-Pt, i.e. Pt (111), Pt (200), Pt
(220), Pt (311) (from inside to outside). The yellow circle in b denotes distances matching Pt—C solid solutions. The arrows highlight the
corresponding reflections. (c) Contour plots showing circularly integrated electron diffraction information between 0.55 A" and 0.65 A" (from b)
for different temperature regimes: (280-315°C, 375-390°C, 428-459°C, 495-525°C, and 566—-600°C). The selected regions highlight lattice spacing
ranges that are characteristic for unique reflections for CsCl (111)-, ZnS (220)-, and NaCl (220)-type crystal structures. Blue regions denote the
background; diffraction signals are presented in white (low intensity) to red (high intensity). The graph in (d) shows the expected distances for Pt,
different Pt—C structures, and graphite in reciprocal space for reference. The highlighted areas correspond to distances of 2.5-2.9 A, 2.2-2.3 A, 1.9-
2.0 A, and 1.5-1.7 A in real space. Further details are presented in Figures S5-S7.

(1.61 A) occurred. This new reflection could be assigned to
a NaCl-type Pt—C polymorph coexisting with the ZnS-type
Pt—C polymorph. The coexistence of polymorphs could
indicate the presence of frustrated phase transitions in which
carbon atoms are constantly diffusing onto different inter-
stitial sites. The term “frustrated” refers to a situation in
which the catalyst is held under conditions close to a
thermodynamic phase transition where the two structures
exhibit almost identical free energies.">! Small local
changes in the chemical potential can trigger the trans-
formation from one structure to the other. Here, this is
reflected in the ongoing interconversion of the ZnS-type to
NaCl-type Pt—C polymorphs. The catalyst is thermodynami-
cally frustrated and the system remains often trapped in a
state of local instability. Furthermore, an increase of the
integral width of the Pt—C reflections coincides with
increased propylene production (shown in Figure S8).

To investigate the local chemistry of individual NPs, we
recorded HRTEM images at 600°C during operation (Fig-
ure 3a). NPs were found to be randomly oriented and
exhibit different shapes, but mostly the NPs were rounded
and not highly facetted. The averaged diffraction informa-
tion shown in the Fast Fourier Transform (FFT) in Figure 3b
indicates structural pluralism. In order to unravel different
local structural contributions, we have calculated the inverse
FFTs (IFFT) for different scattering vector ranges as shown
in Figure 3¢ with individual contributions shown in Fig-
ure 3d-h. In IFFT analysis, the diffraction information
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contained in the HRTEM images is utilized to map out the
spatial distribution of specific reflections. The superposition
in Figure 3c highlights that some NPs shown in the HRTEM
image of Figure 3a did not feature lattice spacings in the
selected range or contained no diffraction information. This
is due to diffraction contrast being generated only when the
crystal lattice is in specific orientations to the electron beam.

As shown in Figure 3e, only a small fraction of NPs were
oriented such that lattice distances between 1.5 and 1.7 A
were observable. The range 1.9-2.0 A corresponds to both,
Pt (Pt (200)) and Pt—C structures (CsCl-type, (011); WC-
type, (011)). Based on the number of particles visible in
Figure 3f, the majority of the particles were in an orientation
that allowed for imaging of these planes. These distances are
absent in Pt—C of the ZnS- and NaCl- type. Only a few
particles showed lattice distances between 2.2 and 2.3 A
(Figure 3g) which correspond to Pt NPs (Pt (111)) or to the
{200} lattice planes of the NaCl-type Pt—C polymorphs. In
Figure 3h, distances from 2.5 to 2.9 A are shown—these are
exclusively present in all four Pt—C structures (Figure 3a),
but absent in metallic Pt and larger compared to the largest
lattice planes expected for metallic Pt (Pt (111)). This
increase in lattice distances would imply an expansion of the
NPs during Pt—C formation far exceeding that expected due
to thermal expansion.

During the temperature ramp, individual NPs also
showed signs of coexistence of different Pt—C structures
during PDH at 600°C. As shown in the example in
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Figure 3. Presence of Pt—C containing NPs and enlarged lattice
spacings in Pt NPs were observed during PDH after dwelling for

40 mins at 600°C. (a) HRTEM image showing the rounded shape of
the NPs at reaction conditions. Yellow boxes denote particles that are
presented in Figure 4. (b) The corresponding Fast Fourier Transform
(FFT) of the image shown in a. The coloured circular bands show
positions from which various inverse FFT (IFFT) images were
calculated and shown in e-h. (c) The image shows the superposition of
the individual lattice plane contributions that are shown in e-h.

Figure 4a, on occasion two different structures appeared to
coexist in individual NPs. Here, the lattice spacings were
found to be increased to 2.75A and 2.10 A. Carbon
dissolution, diffusion and ordering into the bulk is known to
increase the lattice spacing of NPs. Hence, this change in
lattice spacing suggests the infiltration and intercalation of
carbon into Pt. The increase to 2.75 A can be assigned to the
{111} lattice planes of a sphalerite (ZnS-type) Pt—C poly-
morph forming a sharp solid-solid interface. The observed
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2.75 A (measured)
Pt-C (ZnS, 111, 273 A)

2.10 A (measured)
Pt (200, 1.96 A)
4 51-C (CsCl, 110, 1.9 A)

Figure 4. The coexistence of different Pt—C structures in one particle.
(a) HRTEM image of a NP recorded after 40 mins at 600°C showing
lattice spacings that correspond to at least one Pt—C structure
(annotations: brown =ZnS- type structure, blue =strained and dis-
torted Pt or CsCl-type structures). The original image is shown in
Figure S9. (b), (c), () TEM images of the regions marked in yellow in
Figure 3a. The corresponding IFFT of the individual particles presented
in (c) and (e) are placed in (d) and (f), respectively, demonstrating the
spatial distribution of distances (in A) given in the FFT insets. The
colour code of the distance labelling within the FFT corresponds to the
colour of the different lattice planes.

2.10 A may correspond to heavily strained {200} and {110}
lattice planes of fcc-Pt and CsCl-type Pt—C polymorphs,
respectively. Since carbon diffuses easily between different
Pt—C structures,!'” it is reasonable to expect that different
Pt—C structures can coexist in one NP, giving rise to
increased local complexity. In such a complex scenario, the
solid-solid interface between the different Pt containing
structures may act as diffusional gates for carbon to adjust
and to promote the carbon content inside the Pt NP.I®! The
complex nature of the NPs under reaction conditions is
further shown in the analysis of representative, individual
NPs from Figure 3a (marked in yellow). Figure 4b shows an
example of a Pt—C NP that can be indexed to the [001] zone
axis of the CsCl-type Pt—C polymorph, while the NP shown
in Figure 4c is composed of at least three different crystals
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as indicated by the IFFT analysis given in Figure 4d. The
distances 2.90 A and 2.02 A can be assigned to a CsCl-type
crystal structure, but the lattice plane distance of 1.85 A
does not match any spacings of known Pt—C structures. It
may arise from a heavily strained (220) lattice plane of the
ZnS-type Pt—C polymorph. Figure 4e displays a NP that
exhibits a strong Moiré pattern. IFFT analysis of the image
is shown in Figure 4f. It suggests the presence of a CsCl-type
Pt—C polymorph (red) as well as a strained ZnS-type Pt—C
polymorph with a 6° rotation between the regions. Note that
the CsCl-type Pt—C polymorph appeared to be absent at a
similar temperature in the SAED analysis (Figure2)
obtained during the temperature ramp. This may be due to
the SAED averaging the information over a larger spatial
region. The reflections at ~3.01 A in Figure 4f suggest the
presence of a third structure with a high carbon content. A
shell of higher carbon-content appears to surround an
otherwise saturated Pt—C core.

Thus, the observed differences in the lattice parameter
can also stem from the presence of varying amounts of
carbon of the interstitial sites, i.e. varying Pt/C ratios.
Although all crystal structures of Pt—C used for reference
are characterized by a nominal 1:1 Pt-to-C ratio, the actual
carbon content within an individual Pt NP may differ.
Furthermore, the presence of a small crystalline Pt core or
residues of pure Pt cannot be ruled out completely. This
would lead to localised carbon gradients, resulting in strain
and distortion.

After activation, at early stages and after three days at
reaction conditions, NPs were occasionally observed to be
covered by layers of graphitic carbon of varying thicknesses
(Figure 5a—c). This unwanted build-up of graphitic carbon,
the so-called catalyst coking, has been previously described
as the major cause for catalyst deactivation."” The increase
of coking with time at reaction condition and the presence
of coking from the early stages of the reaction indicates that
improving the formation of propylene by carbon ordering in
the Pt NPs is a delicate balancing act—leading to enhanced
propylene production at lower quantities while causing
catalyst coking at larger contents.

DFT Calculations

Next, the role of the ordered Pt—C solid solutions in PDH
was investigated using DFT simulations (details can be

Figure 5. The unwanted build-up of graphitic carbon, catalyst coking,
was observed at all stages of the reaction. a) TEM imaging of catalyst
coking after activation, b) after 7 minutes and c) after 3 days at 600°C.
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found in the SI). The computational simulations were
performed using the Perdew—Burke-Ernzerhof (PBE) func-
tional for propane and propylene dehydrogenation over
clean Pt(110), Pt(110) with subsurface carbon.

In line with literature reports,”*"! it was found that
propylene undergoes deep dehydrogenation on the Pt(110)
due to the strong Pt—H interaction (Figure S10), which can
cause the formation of carbon deposition on the surface as
observed experimentally (Figure 5). Furthermore, it was
observed that a small accumulation of subsurface C species
in Pt reduces the activity of the Pt (110) surface (Fig-
ure S11). Despite the presence of subsurface C, the Pt (110)
surface continued to accumulate carbon due to deep
dehydrogenation.

Once sufficient carbon has been accumulated to drive a
transition to Pt—C, the surface becomes more selective in
dehydrogenation to propylene while the overall activity is
reduced. DFT calculations have been further conducted on
(110) terminated ZnS-type Pt—C polymorph as an example
for Pt—C.

Propane dehydrogenation over (110) terminated ZnS-
type Pt—C polymorph was found to begin by weak
adsorption of propane, with an adsorption energy of 0.05 eV
(shown in Figure 6a), much like the reactions on Pt (110).
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Figure 6. Enhancement of propylene production of Pt—C polymorphs.
a) Minimum energy paths for the dehydrogenation of propane over
ZnS-type Pt—C polymorph(110) considered up to propylene dehydro-
genation. The black path shows the dehydrogenation of propane and
the blue path the dehydrogenation of the C3H; .4 fragment and
propylene desorption. The dashed path shows propylene dehydrogen-
ation. (Grey spheres =Pt, black spheres =carbon, white spheres =hy-
drogen). b) Comparison of the energetics for propane adsorption
(orange), bound propylene (red), and activation energies (E,) for
propylene dehydrogenation (blue) for clean Pt surfaces, Pt with
subsurface C (Pt+C) and ordered Pt—C solid solutions (ZnS-type). c)
calculated density of states (DOS) for different Pt—C structures and
pure Pt.
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However, dehydrogenation of propane was found to be
strongly activated on the Pt—C surface, with an activation
energy of 1.72 eV for transferring hydrogen to a carbon site
on the surface by breaking the C—H bond over Pt. Note that
H adsorption on C sites is energetically favorable over
adsorption on Pt sites despite Pt participating in bond
rupture. This strong site preference makes adsorbed hydro-
gen relatively immobile, with a barrier for hopping from C
to Pt of 1.43eV. Thus, H,y is expected to remain at the
active site as the adsorbed C;H,, fragment undergoes
further reaction. In the second step of dehydrogenation on
ZnS-type Pt—C polymorph, a second hydrogen atom is
stripped from the C;H;, fragment via a neighboring Pt
atom through a process activated by 0.90eV, see TS, in
Figure 6a. This reaction leads to a second H,4 binding on
the second C site at the active center. At this point, the two
C atoms around the active Pt site are saturated with H,g4
(see state labeled C;Hj 4, +2H,4, . in Figure 6a). The product
propylene is then bound by only 0.29eV. This weak
adsorption energy implies propylene will desorb rather than
undergo further dehydrogenation, which has a barrier of
0.88 eV. Furthermore, re-absorption of propylene on the
clean surface of the ZnS-type Pt—C polymorph has an
adsorption energy of only 0.15eV. Thus, propylene is not
expected to undergo significant further reaction on the ZnS-
type Pt—C polymorph. This situation can be contrasted with
Pt(110) and Pt(110) with accumulated sub-surface carbon
species (Figure 6b), where the bound energy of propylene is
larger than the activation energy for dehydrogenation.
Similarly, the (110) surface of the ZnS-type Pt—C polymorph
without adsorbed carbon is expected to be ineffective in
deep dehydrogenation owing to the large activation energy
for dehydrogenation of propylene as compared to its
adsorption energy (Figure S12). The weak adsorption of
propylene on ZnS-type Pt—C polymorph is in line with
theoretical data presented for PtZn alloys.'” Furthermore,
the ordering of C within the Pt bulk changes the electronic
structure of the catalyst. As can be seen by the calculated
density to states (DOS) presented in Figure 6¢c and Fig-
ure S13 within the different ordered Pt—C solid solutions the
d-band center is shifted to more negative values compared
to pure Pt implying a reduced activity, though the ordered
Pt—C solid solutions remain metallic. Moreover, Bader
charge calculations (Table S2) suggest covalent bonding
contributions between Pt and C.

Discussion

This work highlights the importance of operando investiga-
tions in heterogeneous catalysis research. OTEM allowed us
to identify the formation of ordered Pt—C solid solutions
and correlate their roles to propylene formation during
PDH. To the best of our knowledge no other operando
TEM study of an endothermic dehydrogenation reaction has
been reported. Our findings on the correlation of the
diffusion of carbon into the catalyst with an increase in
propylene production are in agreement with ex sifu studies
of PDH using Pt NPs.”?! Previous studies focusing on
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dehydrogenation of hydrocarbons over Pt catalysts have
shown that during the reaction at 420°C, carbon diffuses
into the bulk of the catalyst and alters activity and
selectivity.">?? Furthermore, the impure Pt was found to
remain metallic.'>” However, the structure of these
selective Pt—C compounds remained elusive until now. In
addition, the observed onset temperature of enhanced
propylene production (Figure 1) is in good agreement with
published data.l'>*! Thus, the enhanced propylene produc-
tion can be explained by the formation of ordered Pt—C
solid solutions (Figure 2). Our findings suggest that this is
due to the co-existence of different ordered Pt—C poly-
morphs at reaction conditions. As the observed structural
changes occur in the same temperature regime compared to
previous reports, we propose that the entire range of
observed Pt—C polymorphs, which give rise to a more
selective catalyst system, compose this previously unknown
structure. This is also in agreement with previous reports
showing that Pt—C solid solutions are beneficial for the
catalytic hydrocarbon conversion.!"'

Platinum Carbon Polymorphs

The diffusion of carbon into Pt NPs has previously been
described as a prerequisite for Pt—C formation. Using
EXAFS analysis of Pt NPs exposed to hydrocarbon atmos-
pheres, a Pt:C ratio of 1 was proposed.” Among the huge
variety of different Pt—C polymorphs, the ZnS-type Pt—C
polymorph (2.05 A) matched the reported Pt—C distances
(1.94 A% to 2.02 AP*)) best. The ZnS-type Pt—C poly-
morph was also observed in our study at 600°C using SAED
(Figure 2) and HRTEM (Figures 3 and 4). It should be
noted that the energy barriers between different Pt—C
polymorphs, in particular of the ZnS- and NaCl-type, are
low and can easily be overcome even at room
temperature.!'”) Thus, positions of the carbon atoms could be
fluctuating within the Pt lattice, leading to the coexistence of
different Pt—C structures.”® This hypothesis is supported by
the SAED analysis conducted at 600°C during PDH. Since
the time scale of catalytic reactions lies below the time
resolution of our study and the SAED information is
averaged over a larger region, rapidly fluctuating structures
of the ZnS-type and NaCl-type Pt—C polymorphs may
appear to coexist (Figure 2c).

The Effect of Platinum-Carbon Formation on Catalytic
Performance

The in situ generated ordered Pt—C solid solutions are in
dynamic exchange with the surface and can continuously
modify the reactive interface. The ever-changing interface
prevents that excessive surface tension kinetically inhibits
dissolution and at the same time preserves the size of the
lattice-distorted Pt (Figure S14). The “true” stoichiometry of
the ordered Pt—C solid solution is adjusted by the local
chemical potential of the gas phase and is, therefore,
variable for different particles (Figure 3 and 4). We predict
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that efficient reaction control will depend very sensitively on
minute details of the real structure and the chemistry of the
Pt nanoparticle. The intercalation of carbon into the bulk of
Pt can also explain the detrimental effect of oxygen during
regeneration.” By destroying the Pt—C system, oxygen
causes a re-structuring of the nanoparticle, which changes
the kinetics of heteroatom uptake in subsequent PDH cycles
to ultimately reduce the efficiency of the catalytic process.

The observed carbon diffusion, structural fluctuations,
and the coexistence of different Pt—C polymorphs form the
ideal basis for the occurrence of frustrated phase transitions.
Frustrated phase transitions can maintain high catalytic
activity,”! or moderate selectivity.”® The observed coex-
istence of different Pt—C structures (Figure 2b) may origi-
nate from fast structural fluctuations leading to structural
strain and therefore to the occurrence of frustrated phase
transitions enhancing the olefine production. Thus, the
frustrated phase transition stemming from the interconver-
sion of the ZnS-type to the NaCl-type Pt—C polymorphs
may be an important selectivity moderator at high temper-
atures. Especially, as carbon diffusion onto different inter-
stitial sites in Pt has been reported to be fast.'"”! Conse-
quently, the existence of Pt—C polymorphs when propylene
production is high, might be crucial for continuous catalyst
operation under PDH conditions. The CsCl-type Pt—C
polymorph observed in situ could initiate and accelerate the
propylene production in the temperature regime around
450°C, which is high enough to enable Pt bulk diffusion of
heteroatoms as demonstrated previously.”?”

We hypothesize that the nobility of Pt is the driving
force that transforms Pt into a highly productive and
universal thermal gas phase catalyst. “Sensing” the presence
of heteroatoms in the bulk can keep the Pt in an excited,
metastable and thermodynamically frustrated state.

The Effect of Platinum-Carbon Formation on Coking

For PDH catalysts coking is the main source of deactivation.
Coke was found to be present from the early stages of the
reaction (Figure 5), which is in line with literature reports
stating that pure Pt surfaces are covered by one or multiple
layers after exposure to hydrocarbons.””! We observed that
Pt—C NPs appear more roundish compared to the metallic
Pt. This is in agreement that high indexed surfaces are
needed to activate the hydrocarbon and to pursue carbon
subduction.”®?=% Transport of carbon on transition metal
surfaces can involve different mechanisms, including desorp-
tion, migration, and bulk diffusion.®"

We propose that the coke detected in our study, formed
via different mechanisms: At the early stages of the reaction,
the coke formed directly on the surface of Pt nanoparticles
due to deep dehydrogenation (Figure 5b). This way carbon
accumulates at the surface of the nanoparticle and prevents
the particle from taking part in the catalytic process. This
self-limiting process depends on the availability of free low
index Pt surfaces™™'! and promotes graphitic carbon
growth.’ Secondly, carbon species could intercalate in the
bulk of some NPs (Figure 2), which in its early stages can
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lead to increased propylene production. With time on
stream the carbon content in the bulk in some particles can
supersaturate locally to ultimately lead to the nucleation of
graphitic carbon at the surface. The latter might lead to the
formation of graphitic carbon structures, including the
formation of carbon nanotubes (CNTs) over time (Fig-
ure S15).B"*! Both coking mechanisms can cause deactiva-
tion (for further details we refer to the Supporting
Information).

On the General Effect of Heteroatom Intercalation into Pt
during PDH

Here we showed the importance of carbon diffusion and the
formation of ordered Pt—C solid solutions to the propylene
formation in PDH. This is in agreement with findings
relating to the role of alloys and intermetallic compounds on
the production of highly efficient PDH Pt- based catalysts.!!
Alloying synergistically combines a catalytically active noble
metal and a heteroelement, such as Zn, In, Mn or Sn, and
leads to an increase in selectivity of the dehydrogenation
product and an increase in activity.“”! Similar to our study,
selective Pt—X alloys (X=heteroelement) can be generated
during an activation period under reaction conditions.”
Alloying alters the geometric (i.e. site isolation) and
electronic (i.e. d-band shift) structures of the catalyst,*
leading to modified reactivity. The d-band shift, site
isolation and reactivity changes are in line with our DFT
results on selectivity enhancement (Figure 6a,b) and the
calculated DOS of the Pt—C polymorphs (Figure 6c, Fig-
ure S13).

Many intermetallic compounds formed during the dehy-
drogenation reaction correspond to the CuAu or Cu;Au
structures.*®® Tt was found that composites with a noble
metal-to-heteroatom ratio of 1:1 are more selective com-
pared to those with a ratio of 3:1.5° In addition, for the
intermetallic phase PdIn, the CsCl-type crystal structure was
found to be highly selective.’”) Our observed self-doping of
Pt by carbon suggests that the formation of simple
intermetallic compounds is a general necessity for productiv-
ity enhancement in dehydrogenation catalysts. This further
supports our finding that the chemistry and fluctuating
nature of Pt—C polymorphs play a crucial role in enhancing
the propylene production (see Figure 1, Figure?2). We
foresee that the lifetime of Pt-based PDH catalyst can be
extended by promoting the carbon diffusion within the Pt
nanoparticle. Simultaneously, the saturation of Pt NPs by
carbon and the nucleation of carbon sites on the surface of
Pt NPs would have to be avoided. We hypothesize that this
challenging endeavour could be accomplished by avoiding
the local cooling of active sites during the endothermic PDH
reaction. This could be achieved by continuous cofeeding or
pulsing trace amounts of mild oxidants to remove carbon
nuclei at the surface of Pt NPs in sifu, without affecting the
Pt—C solid solution. Further studies are needed to under-
stand the influence of alloy, particle sizes, support, and
promoters on the formation of Pt—C solid solutions.
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Conclusion

In summary, we have shown that operando TEM delivers
meaningful insights into the working structure of Pt catalysts
for the industrially relevant reaction of PDH by correlating
structure with catalyst activity. The diffusion of carbon into
the Pt structure and the formation of Pt—C polymorphs have
been found to play a crucial role in PDH. The in situ
formation of the Pt—C polymorphs correlated with a change
in the productivity towards propylene. Furthermore,
HRTEM imaging and IFFT analysis revealed the presence
of heavily strained NPs and the coexistence of multiple
structures in individual NPs leading to local strain and
frustrated phase transitions between the ZnS-type, NaCl-
type and CsCl-type Pt—C polymorphs. Computational analy-
sis using DFT of the Pt—C structures showed that carbon
ordering on interstitial sites of Pt reduces the activity and
affinity for adsorption of propylene and prevents deep
dehydrogenation. Our operando TEM work, thus, contrib-
utes directly to the understanding of what structures
constitute an active, highly selective catalyst dehydrogen-
ation reactions. These results unlock a deeper understanding
of the mechanisms driving PDH, leading us a step closer to
realizing the ultimate goal of smart, tailored catalyst design.
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Propane dehydrogenation over Pt nano-
particles is an essential industrial reac-
tion to produce propylene. However, the
structures that form under reaction
conditions have remained elusive. Using
operando transmission electron micro-
scopy (OTEM) we found that in situ
generated ordered Pt—C solid solutions
are responsible for heightened selectiv-
ity. Its impact on propane dehydrogen-
ation is discussed.
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