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Abstract: The complexity of heterogeneous catalysts means a priori design of new catalytic
materials is difficult, but the well-defined nature of single-atom alloy catalysts has made
unambiguous modelling with theory and surface science feasible. Herein we report the theory-led
discovery of a RhCu single-atom alloy catalyst for propane dehydrogenation to propene. Although
Rh is not generally considered for alkane dehydrogenation, first-principles calculations revealed
that Rh atoms disperse in Cu and exhibit low alkane C-H activation barriers. Surface science
experiments confirmed these predictions, and together, these results informed the design of a
highly active, selective and coke resistant RhCu nanoparticle catalyst that enables low-temperature
non-oxidative propane dehydrogenation.

One Sentence Summary: Isolated Rh atoms in Cu enable facile C-H activation and coke-free
propane dehydrogenation.

Main Text: Despite their widespread prevalence in industry, the improvement of heterogeneous
catalysts is usually an empirical process, and examples of rational design remain extremely rare
(see e.g. (I, 2)). Rational design is impeded in part by the enormous complexity of most
heterogeneous catalysts, which often consist of metal nanoparticles (NPs) that expose a wide range
of active sites with which the reactants can interact and react (3). Metal NPs can also restructure
under reaction conditions (4). One approach to reduce the complexity of metal NPs is to reduce
the active site to a single atom (5, 6). However, the heterogeneity of the oxide support and the
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adaptive nature of the local environment make rational design of even these materials challenging
(7, 8).

Single-atom alloys (SAAs), a sub-class of single-atom catalysts, are comprised of a reactive dopant
metal atomically dispersed in a second metal host (9). Many SAAs are active, selective, and robust
for a wide variety of reactions because the thermodynamics of mixing favor the atomic dispersion
of the dopant in the more inert but more selective host (/0). Furthermore, the well-defined nature
of the active sites in SAAs, which have been atomically resolved in both model and NP systems
makes unambiguous modelling of their behavior with theory possible (//—13).

Guided by theoretical predictions, we present the rational design of a RhCu SAA catalyst for non-
oxidative propane dehydrogenation to two valuable compounds, propene and hydrogen (/4). Our
theoretical screening of SAA combinations for this reaction began by examining C-H activation
of methane, which is the simplest probe molecule for establishing trends in C-H activation. Using
density functional theory (DFT) we determined (i) the activation energy of the first C-H scission,
and (ii) the segregation energy, which reflects the propensity of the dopant atom to migrate from
the surface layer to the bulk of the host metal (see computational details in SM). Of all the SAA
combinations screened, the Rh doped alloys have the lowest C-H activation energies (Fig. 1A, S1,
S2, and S3). In fact, these C-H activation energies are similar to pure transition metals (Pt and Rh)
and the industrially relevant Pt3Sn(111) (2x2) intermetallic (see Fig. 1 and S3) (15). However, of
the three Rh doped SAAs, RhCu(111) has the most favorable mixing enthalpy and segregation
energy when reaction intermediates are present (see Fig. 1A, S1, S2, and ref. (16)). Specific to the
mixing enthalpy, the energy change for isolated Rh atoms in a Cu(111) surface to form a dimer or
a trimer is positive (>0.16 V), indicating that the thermodynamic stability of single Rh atoms is
greater than that of Rh clusters in a Cu host making it a promising SAA catalyst (/6).

Comparison of the geometric and electronic structures of adsorbed methane on the SAA provided
insight into the magnitude of the C-H activation barriers (Fig. 1B and S4). On the RhCu(111) SAA
surface, methane adsorbed 0.35 A closer to the dopant atom than on pure Cu(111) (see Table S1
and S2). This shorter distance increased the charge density difference Ap(r) upon adsorption (see
Fig. 1B and S4) by moving part of electronic density from the C-H internuclear region to the
H---Rh internuclear region. This electronic redistribution is quite prominent on the RhCu(111)
SAA and is also observed on pure Pt(111), but is negligible on Cu(111). For the former two
materials, this electron redistribution is indicative of the pre-activation of methane upon adsorption

(17).

After identifying the RhCu(111) SAA as the most promising candidate for C-H activation, we
calculated the energy profile for the full dehydrogenation of methane to atomic carbon on the
RhCu(111) SAA, the bare Cu(111) surface, and Pt(111), one of the most effective metals for C-H
activation reactions (Fig. 1C and S3). Interestingly, the single Rh atom in the RhCu(111) SAA had
an almost identical activation energy to pure Pt(111). However, unlike pure Pt(111) which
stabilized CHz(ads), CHds) and Cags) intermediates that lead to coking, the RhCu(111) SAA
inherited a great deal of the coke resistance of pure Cu(111) with coke formation being exothermic
on Pt(111) versus endothermic on pure Cu(111) and the RhCu(111) SAA (Fig. 1C). This is an
important result given that Rh is generally not considered for dehydrogenation reactions as Rh NPs
suffer from coking and hydrogenolysis is favored over selective dehydrogenation (/8).
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Fig. 1. Theoretical screening of SAA catalysts for C-H activation. (A) The activation energy of the first
C-H cleavage in CHy4 is plotted against the segregation energy of each SAA. For comparison the activation
energies on Pt(111) and PtsSn(111) (2x2) are shown as dash-dotted lines. (B) Charge density difference
Ap(r) for adsorbed CHs on Cu(111), Pt(111) and RhCu(111) SAA. The Cu atoms are represented with
orange spheres, the Pt atoms with teal, and the Rh with pink. Cyan and yellow contours represent regions
of electron depletion and accumulation respectively (iso-value of +0.01 electron A?). (C) Energy profile of
the sequential C-H activation steps of CH4 on various metal surfaces (more details in Fig. S3). The energy
is referenced with respect to the clean slab and CHa). H atoms are adsorbed on the Cu host metal in the
SAA case.

To test the theoretical predictions outlined above and investigate the individual reaction steps, we
performed surface science and high-resolution imaging studies of model RhCu(111) SAA
catalysts. Physical vapor deposition of Rh on a Cu(111) surface held at an elevated temperature
yielded atomically dispersed Rh atoms that substituted Cu atoms in the surface layer (/9). A typical
image of the SAA surface is given in Fig. S5. Given the low desorption barrier of methane relative
to typical C-H activation barriers, we used methyl iodide (CH3l) as a probe molecule to study C-
H activation in adsorbed methyl groups on the model RhCu(111) SAA surfaces. Specifically, C-I
bond cleavage is facile on Cu(111) yielding methyl groups (CH3(ds)) at low temperature, which
remain on the surface as it is heated. Once the rate-determining C-H activation step (RDS) occurred
yielding Hds) and CHads), gaseous methane is evolved rapidly due to facile coupling of Hags) and
CHaads) as seen below (20).
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CH3 I(ads) - CH3 (ads) +I(ads)
RDS
CH3 (ads) — CHZ (ads) +H (ads)

fast
CH3 (ads) +H(ads) - CH4(g)

In this sense, methane evolution acted as a reporter of C-H activation, with lower-temperature
methane evolution being associated with more facile C-H bond activation. Furthermore, the C-H
activation barrier in CH3 groups can be related to the C-H activation barrier in CHy via scaling
relationships (see Fig. S6).

Temperature programmed desorption (TPD) experiments on Cu(111) showed that C-H activation
occurred at ~430 K (Fig. 2A), consistent with previous results (20). This finding was also in good
agreement with our DFT calculations which predicted that CH3(gs) conversion to CHz(ads) on
Cu(111) had a barrier of 1.16 eV (see Fig. 1C and S3). Increasing the step density of the Cu(111)
surface through argon ion sputtering resulted in a slightly lower C-H activation barrier and
methane evolution at ~380 K. When individual, isolated Rh atoms were present in the Cu(111)
surface as seen in the low-temperature scanning tunneling microscopy (LT-STM) image and
corresponding DFT-based image simulation in Fig. 2, B and C, several new low-temperature
methane evolution peaks were observed in the TPD experiments.

The lowest temperature feature at ~160 K is caused by hydrogenation of methyl groups by
hydrogen from the chamber background that dissociates at Rh sites. This result was confirmed by
experiments in which we pre-covered the RhCu(111) SAA surface with hydrogen before CH3I was
introduced. This low-temperature methane peak was dominant because of the aforementioned
facile CH3(ads) + Hds) — CHa(g) reaction (Fig. 2A, bottom-most trace). The next TPD feature at
~300 K, was caused by C-H activation of the methyl groups to form CHz(ds) and Hyags), followed
by hydrogenation of remaining methyl fragments. The temperature at which these reaction steps
occurred were in good agreement with our DFT calculations, which yielded a barrier for C-H
activation in CH3 on the RhCu(111) SAA of 0.54 eV in contrast to the facile hydrogenation of CH3
to CH4 with has a barrier of 0.19 eV (see Fig. 1C and S3). Finally, the smaller CH4 desorption
feature at ~350 K is consistent with reaction at Cu step sites that were created during the alloying
of Rh with Cu(111) (19). Full TPD traces for each experiment are given in the SM (Fig. S7).

In order to track the progression of the reaction intermediates not observable by TPD, we
conducted LT-STM experiments after exposing a RhCu(111) SAA to CHsl and annealing to
different temperatures prior to 5 K STM imaging as seen in Fig. 2, D-G. After annealing to ~160
K, we observed the formation of small clusters of intact CH3I (Fig. 2D). Heating to ~240 K resulted
in the dissociation of the C-I bond resulted in CH3as) groups and Ids) atoms seen in the STM
images as protrusions (Iads)) and depressions (CH3(ags)) ordered in a V3 x V3 structure, confirming
the facile C-I cleavage. At ~320 K a significant fraction of the methyl groups react and desorb as
CH4 and after a ~440 K anneal, only two-dimensional islands of I atoms (bright protrusions) in a
V3 x 3 structure remain (21, 22). Importantly, the image in Fig. 2G revealed that aside from I
atoms, which remained adsorbed on Cu(111) until ~840 K, there was no evidence for significant
coke formation, in agreement with our theoretical predictions.
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Fig. 2. Model system studies demonstrating that RhCu(111) SAAs promote low temperature C-H
activation. (A) TPD experiments on Cu(111), sputtered Cu(111), 0.2% RhCu(111) SAA, and 0.2%
RhCu(111) SAA pre-dosed with 200 Langmuir (1L = 1 x 107° torr - s) of hydrogen. Each surface was
exposed to 1.5 L CH;l. (B) STM image of an isolated Rh atom in Cu(111). (C) DFT simulated STM image
of an isolated Rh atom in Cu(111). (D-G) STM annealing experiments where the RhCu(111) SAA was
exposed to CHsl, annealed to the indicated temperatures, and imaged at 5 K to track the reaction
progression.

Guided by our theoretical calculations and surface science studies, we synthesized RhCu/SiO, NP
catalyst analogs with a Rh:Cu ratio of 1:100, demonstrated that they are indeed SAAs, and then
tested them for the non-oxidative dehydrogenation of propane. RhCu/SiO> NPs of ~3 nm size were
synthesized through galvanic replacement of silica-supported copper NPs (Fig. S8 and S9) by
small amounts of Rh (/0). CO diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) and in situ extended x-ray absorption fine structure (EXAFS) studies were performed
to verify the successful alloying, as well as the absence of surface Rh aggregates. DRIFTS results
(see Fig. S10 and S11) revealed a narrow (~15 cm’ full-width at half-maximum) peak
corresponding to linear CO adsorption on Rh atoms at 2089 cm™!. Most importantly, no IR signals
for Rh directly on SiO; or Rh aggregates at the Cu surface were observed (23, 24), thereby
demonstrating that a SAA is formed, in line with our EXAFS analysis (Fig. S12, S13, and Table
S3).

We tested the RhCu/Si0, SAA catalyst for propane dehydrogenation in flow-reactor studies away
from equilibrium in the kinetic regime. We performed a direct comparison of the RhCu/SiO, SAA
catalyst with a standard consisting of Pt nanoparticles supported on Al,Os (25). Experiments were
conducted both in the absence (Fig. S14) and in the presence of hydrogen in the feed (Fig. 3A),
the latter chosen to better simulate industrially relevant conditions in which a co-flow of Hy is
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required to prevent Pt from coking. The data in Fig. 3A revealed that the RhCu/SiO2 SAA catalyst
exhibited both higher activity on a per mole of active metal basis, as well as a considerably lower
reaction light-off temperature compared to Pt/Al;0s.

The high reactivity of the RhCu/SiO2 SAA catalyst was coupled with Cu-like propene selectivity
(100% on RhCu/SiO2 SAA versus ~80% on Pt/Al>03) and resistance to coking (Fig. S15 and Table
S4). While pure Rh NPs are poor dehydrogenation catalysts that are susceptible to coking because
of the strong binding of carbon to extended Rh sites (/8, 26), the atomic dispersion of Rh in our
SAA catalysts enabled facile C-H activation while avoiding over-dehydrogenation that leads to
coke formation by virtue of the endothermic nature of the coking process on single Rh atoms in a
Cu host (Fig. 1C and S3). This coking resistance resulted in the active, selective and stable
conversion of propane to propene and hydrogen for more than 50 hours on stream at 623 K (Fig.
3A inset).

In order to further understand these experimental observations, we used DFT to calculate and
compare the reaction energetics of the RhCu(111) SAA to pure Cu(111), Rh(111), as well as
Pt(111), for propane dehydrogenation. Our DFT calculations (Fig. 3B, S16, S17, and Table S5)
show that the RhCu(111) SAA surface provided lower thermodynamic barriers for the formation
of the iso-propyl intermediate and propene than the pure Cu(111) surface. In addition, compared
to Cu(111), the SAA exhibited a considerably lower kinetic barrier for the 1% dehydrogenation
step (0.57 eV on the RhCu(111) SAA versus 1.39 eV on Cu(111)) and a very small subsequent
kinetic barrier for the C3H7 to C3Hs step (0.10 eV), indicative of a highly active catalyst. In fact,
the activation barrier of propane on the RhCu(111) SAA is lower than on pristine Pt(111) and very
similar to Rh(111) (0.68 and 0.63 eV, respectively (Fig. S16 and Table S5)). These results are in
good agreement with experimental observations in which we measured the rate of propane
dehydrogenation on the RhCu/Si0; SAA catalyst away from equilibrium over a small temperature
window and found an apparent activation energy ~0.7 eV (see Fig. S18). The measured apparent
activation energy was identical with and without H> suggesting that at these temperatures there is
not a substantial coverage of H on the catalyst surface.

A B
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Fig. 3. Propane dehydrogenation on RhCu SAAs. (A) Propene formation rate versus temperature for the
non-oxidative propane dehydrogenation reaction on RhCu/SiO> SAA (Rh:Cu 1:100) and Pt/Al,Os catalysts.
Inset: 50-hour long stability test of RhCu/SiO; SAA versus Pt/AL:O; at 623 K. Gas composition: 1.4 kPa
propane, 0.7 kPa hydrogen; 90 mL per min flow rate. (B) Free energy diagram of RhCu(111) SAA and
Cu(111) for the non-oxidative dehydrogenation of propane. Free energies were calculated at 500 K for a
Cs3Hs and H; partial pressure of 1 kPa, and 0.01 Pa for CsHg. The energies are referenced with respect to the
clean slabs, C3Hs(g) and Hx(g). H refers to a H atom adsorbed on the Cu metal surface.
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One potential limitation in the widespread application of RhCu SAA catalysts is the well-known
sintering of Cu NPs at elevated temperatures. However, despite the expected loss of reactivity
because of the sintering of Cu NPs (27), measurements of the initial propane dehydrogenation rates
performed at 773 K showed that the RhCu/SiO2 SAA catalyst had a propene yield comparable to
other Pt based catalysts previously reported (Table S6) (28). Furthermore, we observed that
addition of 1 % Rh to the Cu NPs gave them significant sintering resistance as compared to pure
Cu NPs (Fig. S8). Methods such as atomic layer deposition of thin oxide layers that are known to
stabilize metal NPs against sintering at high temperatures could further address this issue (29).
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Computational Methods

The atomistic calculations were performed using periodic Density Functional Theory (DFT) as
implemented in the Vienna Ab initio Simulation Package (VASP) 5.4.4 (30-32). The exchange-
correlation potential was approximated with the nonlocal optB86b-vdW functional (33—36). The
core electrons were modelled using the Projected Augmented Wave (PAW) approach (37, 38), and
the valence density was expanded using a plane wave basis set truncated at 400 eV. We used the
lattice constants determined in our previous work (/3). Two slab models and Monkhorst-Pack k-
point meshes were considered (39).

e A 5-layer p(3x3) slab and a 13x13x1 k-point mesh were used for the screening of single-
atom alloys (SAAs) in Fig. 1A, S1, and S2 as in our previous work on SAAs (/3).

e A4-layer p(4x4) slab and 7x7x1 k-point mesh was used for all other calculations including
the electronic redistribution (Fig. 1B and S4), the full activation of methane (Fig. 1C and
S3) and the dehydrogenation of propane (Fig. 3B and S16).

All structures were optimized until forces were less than 0.02 eV/A, only allowing the adsorbate
and the two upmost layers of the slab to relax. Transition states were first approached using the
Nudged-Elastic Band (40, 41), or the DIMER method (4/—43). They were then properly optimized
using the Quasi-Newton algorithm. Frequency calculations were performed for all species,
freezing the coordinates of the metal atoms at their optimized values. We analyzed the frequencies
of the transition states to check that they had one and only one imaginary mode. All energies were
corrected for the Zero Point Energy (ZPE), except the ones shown in Fig. 1A, S1, and S2 (for
consistency with our previous work).

The segregation energy AEse, is calculated as AEseg=Ebuik-Esaa, with Epuk and Esaa being the DFT-
calculated energy of the surface slabs with the single atom in the bulk versus in the surface layer.
For consistency with all our previous calculations of segregation and aggregation (16, 44), we use
a convention by which the SAA configuration is the reference (the “starting point”), and thus,
negative values signify that the atom in the bulk configuration is more stable, while positive values
mean that the SAA structure is thermodynamically preferred.

The charge density difference, induced by the interaction between methane and a given metal
surface, was computed based on the charge densities generated by VASP for three different
structures:

o the fully relaxed structure of methane on the surface (CHs@M)
e methane alone, in the exact same geometry as the adsorbed configuration (CHs@M)
e the surface alone, in the exact same geometry as the adsorbed configuration (CHs@M)

Within this approach we can add and subtract the space-dependent electronic density point-by-
point using the following equation:

Ap(r) = p(r)[CH,@M] — p(r) |CH,@M| — p(r)[CH,@M]

Isosurfaces are plotted to graphically show the extent of the charge density difference using an
iso-value of £0.01 electron A. A similar value has previously been used in the literature (45).



Segregation Energy of SAAs under Reaction Conditions
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Fig. S1. Effect of adsorbed H. Activation energy of CH4 versus segregation energy for H-covered SAA(111)
surfaces.
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Fig. S2. Effect of adsorbed CHs. Activation energy of CHy versus segregation energy for CHs-covered
SAA(111) surfaces. The red star corresponds to the segregation energy for iso-propyl covered RhCu(111)
SAA.



Methane Activation on Cu(111), PtCu(111) SAA, Pt(111), RhCu(111) SAA, and Rh(111)
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Fig. S3. Methane activation on various metal/alloy surfaces. The upper panel compares the energetics on
Cu(111), PtCu(111) SAA and Pt(111). The lower panel compares the energetics on Cu(111), RhCu(111)
SAA and Rh(111). All reported energies are ZPE corrected.



Alternate Representation of Charge Difference Density
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Fig. S4. Plot of two-dimensional slice through the charge density difference Ap(r): (in electron A7) for
adsorbed methane on Cu(111), Pt(111) and RhCu(111) SAA.



Methane Adsorption Geometries

Table S1. Adsorption geometries and energies of CHs on Pt(111), Rh(111) and RhCu(111) SAA. The
energies are corrected for ZPE.

Geometry Pt (eV) | Rh (eV) RhCu (eV)
H _:H H
T -0.225 | -0.217 -0.264
I
H
o Not a minimum on the
HH)\H -0.215 | -0.206
potential energy surface
I

Table S2. Geometric parameters of methane in the most stable adsorption configuration on various
metal/alloy surfaces. ra(X) is the atomic radius of atom X (46).

Distances (A) | Cu(111) | Pe(111) | PtCu(111) | Rh(111) | RhCu(111)

C-H 1.104 1.114 1.110 1.113 1.120
H--M 2466 | 2.286 2431 2.235 2.113
ra(H) +ra(M) | 1.98 2.30 2.26




Surface Science Methods

Temperature programmed desorption (TPD) experiments were conducted in a custom-built ultra-
high vacuum (UHV) chamber pumped by a combination of a Pfeiffer Vacuum turbo molecular
pump (Model TC 400) and titanium sublimation pumps resulting in a base pressure of less than 1
x 107'° mbar. The chamber is equipped with a Hidden Hal RC 201 mass spectrometer capable of
being advanced to less than 1 mm from the sample face. All the surface science experiments were
performed on a Cu(111) single crystal (Princeton Scientific) which was cleaned by repeated cycles
of argon ion sputtering (5 x 10” mbar argon, 1.5 keV beam energy, ~2 uA drain current, RBD
sputter gun) and thermal annealing to 720 K. The crystal was heated resistively and cooled with
liquid nitrogen. Temperatures were measured using a K-type thermocouple welded to the back of
the crystal. All TPD experiments were conducted with a linear heating rate of 2 K/s. Deposition
of CH3I (purchased from Sigma-Aldrich 99% purity and further purified by repeated freeze pump
thaw cycles) was performed using a precision leak valve onto the sample held at 90 K. Exposures
of hydrogen were done via a collimated molecular doser attached to the leak valve with the sample
held at 200 K. Alloys were prepared by deposition of Rh (Goodfellow, 99.9% purity) onto Cu(111)
held at elevated temperature (420 K) using an electron beam evaporator (Omicron, EFM 3) (19).
Rh coverages in TPD experiments were calculated based on comparison of CO desorption from
the Rh sites versus saturated CO on Cu(111).

Scanning tunneling microscopy (STM) experiments were conducted using an Omicron low-
temperature STM comprised of a preparation chamber (base pressure of less than 2 x 1019 mbar)
and a STM chamber (base pressure of less than 1 x 10™!! mbar). Both chambers are pumped with
a series of turbomolecular pumps, ion pumps, and titanium sublimation pumps. Experiments were
conducted on a Cu(111) crystal (Princeton Scientific) which was cleaned by repeated cycles of
argon ion sputtering (5 x 10” mbar argon, 1.5 keV beam energy, ~1 pA drain current, RBD sputter
gun) and thermal annealing to 1000 K. All molecular deposition was performed with a collimator
attached to a leak valve onto the sample held at 5 K before annealing to the indicated temperatures
and cooling back to 5 K for STM imaging. The CHsl source was the same as described above.
Etched tungsten STM tips were used and typical imaging conditions for CH3I were ~100 mV and
~100 pA. Alloys were prepared by deposition of Rh onto the Cu(111) crystal held at an elevated
temperature (~420 K) via electron beam evaporation as discussed above. Rh coverages for the
STM experiments were calculated by counting the number of Rh atoms and comparing to the total
number of surface atoms. Image processing was done using SPIP.



Typical Image of the Model RhCu(111) SAA Surface

Fig. S5 shows a typical STM image taken after deposition of ~0.5% monolayer (ML) Rh into the
surface of Cu(111) at ~420 K and cooling to image. Here, the isolated Rh sites appear in STM
images as depressions found mostly in “brims” above step edges (/9). This is due to the alloying
mechanism which favors diffusion of the Rh to step edges followed by place exchange into the
terrace above the step edge in brims, rather than direct place exchange (19, 47, 48). The Rh atom
sites appear in STM images as either protrusions or depression depending on imaging conditions
and the STM tip state (49).

Fig. S5. 80 K STM image of ~0.5% ML RhCu(111) SAA surface. Image conditions: 300 mV and 300 pA.



Linear Scaling Relationship between C-H Activation in CH4 and CH3
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Fig. S6. Correlation between DFT calculated first (CH4s — CH3s + H) and second (CH; — CH, + H) C-H
activation barriers.



STM Simulation

The DFT simulated STM image in Fig. 2C was produced from a larger 4-layer p(5x5) slab.
According to the Tersoff-Hamann method, the tunneling-current in an STM experiment is
equivalent to the local density of states (50). From the pre-converged clean RhCu(111) SAA slab,
the partial charge density was evaluated in an energy range of 0.0 - 1.0 eV relative to the Fermi
energy. The partial charge density file from VASP was read by the HIVE-STM program (57), and
an image of the surface of constant charge density at a value of 5 x 107 eA~ was obtained and is
shown in Fig. 2C.
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Expanded TPD Results

Fig. S7 shows full TPD traces from the experiments shown in Fig. 2A. During these experiments,
masses characteristic of all products which have been observed to desorb from Cu(111) and
Rh(111) in the literature were tracked. These are as follows: hydrogen (m/z 2), methyl groups (m/z
15), methane (m/z 16), ethene (m/z 27), ethane (m/z 30), propene (m/z 41), and methyl iodide (m/z
142) (52—-54). At the surface coverages studied, the primary products observed from both Cu(111)
and the RhCu(111) SAA were methane, ethene and propene. We did not observe the high
temperature methyl rejection pathway based on the comparison of m/z 16 and m/z 15 which in our
case were consistent with the production of pure methane (20).
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Fig. S7. TPD traces for hydrogen (m/z 2), methyl groups (m/z 15), methane (m/z 16), ethene (m/z 27),
ethane (m/z 30), propene (m/z 41), and methyl iodide (m/z 142) from model surfaces.

On Cu(111), we observed the desorption of methane, ethane, and propene rate-limited by
conversion of CH3 to CH». Once this first C-H activation step occurs, the remaining reaction steps
to form methane, ethene, and propene are facile. A similar result is seen on a sputtered Cu(111)
surface which contains more undercoordinated Cu step and kink sites and the C-H activation
occurs at a slightly lower temperature than on flat Cu(111). Addition of small amounts of Rh atoms
to Cu(111) shifts the C-H activation significantly lower in temperature than on pure Cu as
evidenced by the low temperature evolution of methane at ~300 K. To confirm that the
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hydrogenation of methyl groups to methane occurs at very low temperature, we pre-covered the
surface with hydrogen. We observed low temperature methane evolution (~170 K) limited only by
the amount of hydrogen available on the surface, confirming that methyl hydrogenation is more
facile than methyl C-H activation.
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Nanoparticle Catalyst Synthesis

RhCu/SiO2 SAA catalysts were prepared via the galvanic replacement reaction, which has been
previously described as a promising method for the synthesis of Cu-based SAAs (10, 55, 56).
Copper nanoparticles (NPs) were prepared in colloidal form by reducing Cu(NO3); in aqueous
solution with ascorbic acid and NaBH4 as the reducing agents and polyvinylpyrrolidone as the
capping agent. The resulting Cu NPs were deposited onto a silica support (fumed silica, 0.2-0.3
um average aggregate particle size, surface area 200 m?%/g, calcined in air at 873 K prior to use)
followed by vacuum filtration, drying in vacuo, and calcination in air at 573 K. Cu/SiO2 with 2.5%
metal loading was formed, as confirmed by inductively coupled plasma (ICP) measurements.
Addition of appropriate amounts of RhCl3 on pre-reduced Cu/SiOz suspended in aqueous solution
facilitated the selective deposition of Rh atoms in the Cu NP surfaces via the galvanic replacement
reaction. The acidic pH of RhCl3 solutions and acidic point of zero charge on SiO> mitigated the
potential electrostatic deposition of Rh directly onto SiO;. This is evidenced by the CO IR
measurements below. The galvanic replacement reaction proceeds via exchange of the metal host
atoms with the minority Rh metal precursor. The lower reduction potential of the host metal, Cu,
(Cu?*/Cu’, E® = 0.337 V) relative to that of the metal precursor, Rh, (Rh**/Rh°, E° = 0.8 V) results
in the thermodynamically favorable reduction of the Rh precursor by the Cu metal surface (2Rh**
+3Cu’ = 2Rh° + 3Cu?*, E’ = 0.49 V). The atomic ratio of Rh to Cu was 1:100 in the RhCu/SiO,
SAA catalysts, as verified via ICP measurements.
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Catalyst Testing under Non-Oxidative Propane Dehydrogenation Conditions

Catalytic activity tests were performed at atmospheric pressure in a U-shaped quartz tube (1/4"
outside diameter) with a bulb and a quartz frit upon which the catalyst samples were placed. The
reactor was heated using a resistive furnace with ceramic insulation (National Element, FA120)
and the temperature was measured using a thermocouple (Omega, K-type) connected to a
temperature controller (Watlow, EZ-Zone). Flow rates of He (99.999%, Airgas), propane
(99.99%), and H> (supplied via an H2PEM-165 hydrogen generator) were set using electronic
mass-flow controllers (Porter 601 CV Series II). Reactant and product concentrations were
measured by gas chromatography (Agilent 7890B). Propane, propene, ethane, ethylene, methane
and all other possible hydrocarbon byproducts were separated using an HP-PLOT Q capillary
column (30 mm X% 0.32 mm X 20.00 um) and quantified using a flame ionization detector. Hz, CO,
and CO. were separated on a Carboxen-1000 packed column and quantified using a thermal
conductivity detector. It should be noted that particular attention was paid to ensure operation away
from equilibrium (<5% equilibrium conversion) for the kinetic measurements, while stability tests
were performed at ~30-40% equilibrium conversion. Carbon balance was ~97% for all
measurements. Prior to testing, all catalysts were reduced under a 20 mL-min™ flow of H, (10%
balanced in He) at 673 K for 2 hr.
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High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy

The size of the catalyst NPs was measured via high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) using a ThermoFisher Talos G2 200X microscope with an
accelerating voltage of 200 kV. RhCu/SiO2 samples reduced at 623 K under H> showed small
particles on the order of ~3 nm (Fig. S8A). Resolving Rh atoms in Cu is not feasible at present via
scanning transmission electron microscopy due to similar mass of the two elements (Z=29 for Cu
and 45 for Rh). To demonstrate the improved sintering resistance of the Cu metal host after 1%
Rh atom doping, we performed HAADF-STEM imaging and compared the data toa pure
Cu/SiO; catalyst treated under the same conditions. The remarkable improvement in the sintering
resistance of the host Cu particle by the addition of the dopant Rh metal atom can be seen by
comparing images of Cu/SiO; reduced in H at 623 K (Fig. S8C) to the RhCu/SiO; sample also
reduced at in H> 623 K (Fig. S8A). The Cu/SiO2 images clearly show the growth of larger Cu
particles, a considerable deviation from the smaller particle size of the RhCu/SiO2 SAAs after the
same treatment. The difference is even greater when comparing the samples tested at 723 K under
reaction conditions (Fig. S8B and D). A few clusters of increased particle size are evident
for the RhCu/Si0, SAA sample in Fig. S8B, accounting for the drop in reactivity at elevated
temperatures (above ~673 K), described in the main text. In contrast, imaging of the pure
Cu/Si0; sample revealed significant host particle growth with some aggregates several orders of
magnitude in size (~1 pm) larger than particles in the RhCu/SiO; sample (Fig. S8D). The
beneficial effect of Rh atom doping in suppressing the sintering of the host metal is in line with
previous studies of NiAu SAAs (57).

A RhCu- 623 K'Red. B RhCu-723 K Rxn.
# - -

Fig. S8. HAADF-STEM images of the RhCu/SiO; catalyst after H, reduction (Red.) and reaction (Rxn.)
conditions. RhCu/SiO; catalyst (A) after reduction at 623 K and (B) after exposure to propene
dehydrogenation reaction conditions at 723 K. Cu/SiO; catalyst (C) after reduction at 623 K and (D) after
reaction at 723 K. Due to the heavier mass of Cu (or RhCu) as compared to Si or O, Cu/RhCu particles
appear as brighter areas on the SiO; support. Note that the scale bars for A and B are 50 nm and the scale
bars for C and D are 1 pm. This 20x difference demonstrates a significant sintering of the pure Cu catalyst
that is drastically reduced by the presence of 1% Rh.
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Chloride Residues on Catalysts

To determine if catalyst samples contained a significant amount of remnant chlorine that could
influence reactivity, wavelength dispersive x-ray fluorescence (WDXRF) was performed using a
Rigaku ZSX Primus 1V spectrometer. Powder catalysts were pressed into self-supporting pellets
and spectra of the Ko fluorescence lines were recorded for Si, O, Cu, and CI. A PET crystal (8.742
A) was used for Si and CI while a graphite crystal (6.708 A) and LiF 200 crystal (4.027 A) were
used for O and Cu, respectively. Rh was not scanned due to interference with the Rh X-ray source.

The XRF analysis showed ~200 ppm of Cl in the freshly reduced RhCu/SiO2 SAA catalyst (Fig.
S9) and that CI species have two orders of magnitude lower abundance than in Cu. Given the ~3
nm diameter metal particles with ~33% dispersion, if all the CI in the sample were at the surface
of metal nanoparticles this would result in ~3% of a monolayer of Cl. This amount of Cl is unlikely
to have a significant impact on the catalysis as previous studies have shown that ClI has a minimal
effect as a promoter until concentrations approach a significant fraction of a monolayer (58).
Furthermore, CI typically acts to either block active sites and/or promote sintering, which in the
context of the current reaction chemistry, would act to decrease activity and stability. Therefore,
we do not expect that CI plays a significant role on the observed catalytic behavior.
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Fig. S9. WDXREF analysis of RhCu/SiO; catalyst. XRF spectra of the region corresponding to the Cl Ka
fluorescence (92.76° with a PET crystal, 8.742 A) and the semi-quantitative sample composition (inset).
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CO Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements, using CO
as a probe molecule, were conducted on a Thermo Scientific Nicolet iS50 DRIFTS spectrometer
with a Praying Mantis high temperature reaction chamber. The samples were first reduced in the
DRIFTS cell under 20% H: in Ar at 673 K for 1 hour. The cell was then purged with He and CO
was introduced into the cell at room temperature. Background spectra were collected before and
after reduction, as well as after CO chemisorption. Fig. SI0A shows the DRIFTS spectra for the
RhCu/SiO2 SAA with CO chemisorption at room temperature. The peak at 2122 cm™! is assigned
to linearly adsorbed CO on the Cu NPs. This assignment was verified by similar experiments on
Cu/SiO; (Fig. S10B). The higher wavenumber peak (2134 cm™) is ascribed to Cu*-CO interactions
(59). Similar IR features have previously been reported on other RhCu alloys (24, 60). By
examining the region below 2100 cm™, we can draw conclusions about the Rh structures present
on the catalyst surface. For comparison, the DRIFTS spectra for pure Rh NPs and atomically
dispersed Rh species in a Rh/SiO, sample (Fig. S10C) show peaks at 2033 and 2094 cm,
corresponding to the symmetric and antisymmetric stretching of CO in Rh gem-dicarbonyl
(Rh(CO)y) species (61, 62). The feature at 2063 cm’! that shifts with coverage is attributed to atop
adsorption of CO on Rh atoms in Rh aggregates. Furthermore, a broad peak at 1895 cm,
characteristic of bridge bound CO on contiguous Rh surfaces is observed for the Rh/SiO, samples
(63). In contrast to Rh NPs, none of these features are observed for RhCu/SiO2 SAA catalysts.
This result provides verification that Rh aggregates are not present on the surface of the RhCu/SiO»
SAA samples, as well as a lack of Rh atoms deposited on the support during the synthesis process,
confirming the suitability of the galvanic replacement reaction for the selective decoration of Cu
NPs with Rh atoms. The lack of Rh-related peaks from Fig. SIOA indicates that Rh atoms are not
present in the surface of Cu when the IR experiment is performed at room temperature, in
agreement with the Extended X-ray absorption fine structure (EXAFS) results (see below).
However, surface segregation of Rh atoms can be induced by CO. Fig. S10D shows the DRIFTS
spectra of RhCu/Si0: treated at 373 K under CO. Comparing these spectra to Fig. S10A, a sharp
feature at 2089 cm! is seen, consistent with CO binding atop to isolated Rh atoms (67). The full
width at half maximum (FWHM) value for this peak (Fig. S10D inset) is ~15 cm’!, indicative of
site homogeneity, and consistent with Rh atoms that are isolated from one another in the copper
surface (64). Furthermore, this CO peak does not shift as the CO coverage is changed, which
indicates small dipole-dipole interactions, as would be expected for highly dispersed Rh atoms in
Cu.
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Fig. S10. DRIFTS spectra of room temperature adsorbed CO on (A) RhCu/SiO; SAA, (B) Cu/SiO,, and
(C) Rh/Si0;. (D) RhCu/Si0, SAA exposed to CO at 373 K. All spectra were collected at room temperature.
The time values on the graphs represent the length of the He gas purge after CO exposure.

To probe the composition of the surface layer of the catalyst after the propane dehydrogenation
reaction we performed room temperature CO-IR measurements after exposure to reaction
conditions. Specifically, after reaction the RhCu/SiO, sample was cooled to room temperature in
helium before exposure to CO in order to decouple the well-known tendency of CO to induce
surface segregation in alloys. The data shows the presence of an IR peak at 2089 cm! consistent
with CO adsorption atop Rh atoms in the surface of Cu that was not present in the as synthesized
samples, demonstrating that the Rh atoms are stabilized at the surface under reaction conditions
due to the effect of iso-propyl intermediates reversing the tendency of Rh to exist in the bulk (see

Figs. 1, S1, S2, and S11).
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Fig. S11. DRIFTS spectra of CO on the RhCu/SiO, SAA after in situ exposure to reaction mixture (5 kPa
propane, 5 kPa H», balance in He) at 623 K. The reduced sample was exposed to reaction conditions at 623
K for 1 hr in the DRIFTS cell, followed by cooling to room temperature under reactants. Subsequently, the
cell was purged with He for 30 min, followed by CO adsorption at room temperature. Spectra were
obtained at room temperature during CO desorption (cell purged with He). The time values on the graph
represent the length of the He gas purge after CO exposure.
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Extended X-Ray Absorption Fine Structure

X-ray absorption spectroscopy (XAS) measurements of the Rh K-edge (23,220 eV)
were conducted at beamline 12-BM at the Applied Photon Source, Argonne National
Laboratory. The RhCu/SiO2> SAA catalyst sample was reduced in situ at 673 K under Ho> for 1
hour, cooled to room temperature and purged with He. Spectra were collected in fluorescence
mode under He flow at room temperature. Rh foil was scanned simultaneously for energy
calibration.

The raw data were processed using the Athena interface of the Demeter software package, (65)
where spectra were energy calibrated, merged, and normalized. EXAFS fitting was performed
taking into account k'-, k*-, and k*- weighting using the Artemis interface of Demeter. Phase shifts
and amplitude for relevant backscattering paths were calculated using FEFF6 (66). So> was
determined to be 0.74 +/- 0.04 by fitting a Rh foil standard (Fig. S12). A RhCu alloy model was
used to generate Rh-Cu and Rh-Rh scattering paths by modifying a face-centered cubic (FCC) Cu
crystal structure (mp-30).

The model that gave the best fit to the RhCu catalyst data after a 673 K H» reduction consisted of
2 scattering paths: Rh-Cu (coordination number 9.0 +/- 1.1) and Rh-Rh (coordination number 3.1
+/- 0.9) for a total coordination number of 12.1 +/- 1.4 (Fig. S13 and Table S3). Typically for such
small particles (see Fig. S8) we would expect a lower total coordination number. However, this
data is consistent with bulk Rh in a FCC lattice after high temperature H> reduction. This suggests
that pretreatment in H> does not stabilize Rh atoms in the surface of the Cu NPs (in agreement
with our earlier theoretical results and the infrared spectroscopy experiments above). In the bulk,
Rh atoms aggregate, resulting in some Rh-Rh coordination as observed from this sample
averaged EXAFS measurement. The EXAFS analysis is consistent with the IR spectra in Fig.
S10A, as well as the calculations in Fig. S1, where CO adsorption on Rh was not observed
following reduction in Hp, indicating that Rh resides in the bulk of the Cu particles after high
temperature H» reduction.

Previous calculations indicate that it is energetically unfavorable for Rh atoms at the surface of a
RhCu dilute alloy to aggregate (16). Additionally, the presence of carbonaceous adsorbates, such
as those present under reaction conditions, further stabilize dispersed dopant species at the particle
surface as was shown previously for RuCu SAAs (67). Taken together, the DRIFTS data and XAS
analysis provide strong evidence that Rh exists as isolated atoms in the Cu NP surface when
exposed to carbonaceous species at elevated temperature.
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Fig. S13. (A) EXAFS spectra in k-space of RhCu/SiO; after in-situ reduction at 673 K under H; for 1 hour.
The fit is shown as a red dotted line and was performed using a Hanning window over a k range 3-12 A™.
(B) The Fourier transform (FT) EXAFS spectra of the spectra in panel (A) with fits performed over an R
range 1.3-2.8 A. Black dashed line shows the imaginary portion of the FT while the red dashed line shows

the fit to the imaginary portion.

Table S3. Structural parameters for EXAFS fits of standard Rh foil (1 shell fit), and the model including

Rh-Cu and Rh-Rh scattering paths for the RhCu/SiO; catalyst after H, reduction at 673 K.

Sample Path So? N AEy R ¢’ 103
Rh Foil Rh-Rh | 0.74 +/- 0.04 12 34+4/-04 | 2.681 +/-0.002 | 4.2+/-0.3
RhCu/SiO2 | Rh-Cu 9.0+/-1.1 2.57 +/- 0.01
0.74 1.8+/-1.7 6.6+/-14
(H», 673 K) | Rh-Rh 3.14+/-0.9 2.64 +/- 0.02
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Propane Dehydrogenation without Hydrogen in the Feed

Pt/Al,03 catalysts deactivated quickly under non-oxidative propane dehydrogenation conditions
(when no H; is co-fed), as shown by the red trace in Fig. S14 (68). In contrast, an initial induction
period was observed for the RhCu/Si0> SAA, followed by a gradual decrease of the catalytic
activity, which was significantly less rapid than for Pt/Al>O3 as shown by the black line in Fig.
S14. The RhCu/Si0; SAA catalyst exhibited not only higher propylene activity per mol of active
metal under these conditions but also had a much higher resistance to coking than Pt/Al>Os.
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Fig. S14. Propene formation rate under the non-oxidative propane dehydrogenation reaction on RhCu/SiO,
SAA and Pt/Al,Os catalysts. Gas composition: 1.4 kPa propane, 90 mL/min, 10 mg of catalyst, 623 K.
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Propene Selectivity with Hydrogen in the Feed

Selectivity to propene during the stability test in the presence of hydrogen (main text Fig. 3A inset)
was monitored for the Pt/Al,0O3 and RhCu/SiO2> SAA catalysts and is shown in Fig. S15. No trace
of methane, ethylene or other products was detected in the reactor outlet for RhCu/SiO2 SAAs
when operating at 623 K for more than 50 hours on stream putting the propene selectivity at 100%.
In contrast, Pt/Al>O3 samples showed a considerably lower selectivity to propene (~65%), which
despite increasing gradually, remained ~80% for the duration of the stability test (14 hours). The
gradual increase is explained by the poisoning of the over-active and unselective sites by coke,
leading to reduced reactivity and increased selectivity (69, 70).
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Fig. S15. Propene selectivity in the non-oxidative propane dehydrogenation reaction on RhCu/SiO; SAA
and Pt/Al,Os catalysts at 623 K. Gas composition: 1.4 kPa propane, 0.7kPa hydrogen, 90 mL/min.
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Thermogravimetric Analysis

Pt/Al,03 and RhCu/SiO; samples were exposed to a propane:H> mixture for more than 20 hours
on stream at 773 K. The same amount of active metal was used for the Pt/Al,03 and RhCu/SiO>
catalysts and the residence time was varied such that ~30% equilibrium conversion was achieved
for both catalysts. For Cu/SiO2, excess catalyst was used to achieve initial reaction rates
comparable to the other two catalysts. Two Pt/SiO, samples with different Pt loadings (0.5 wt.%
and 0.1 wt.%) were also tested in order to provide a more direct comparison between the pure Pt
and RhCu SAA catalysts on the same silica support, because alumina can enhance coke deposition
during propane dehydrogenation (77). The results from these catalytic tests at reference conditions
are shown in Table S4.

The thermogravimetric analysis (TGA) measurements themselves were performed on a TA
instruments Q500 TGA. The samples were first pretreated under nitrogen flow (50 cc/min) up to
773 K and subsequently cooled to room temperature. The gas inlet was changed to Oz (1% in He,
50 cc/min total flow) and the temperature was ramped up to 973 K (10 K/min) and kept there for
1 hr. Clear evidence for coke formation on Pt/Al,O3; was observed, while RhCu/SiO; SAA
catalysts showed much lower coke formation, similar to that of the Cu/SiO> samples. The Pt/SiO>
samples showed slightly lower coke deposition than Pt/Al,Os, which is consistent with the
tendency of the strong Lewis acid sites present on alumina to enhance coke deposition.

Table S4. Results of thermogravimetric analysis on used Cu/SiO,, RhCu/SiO, SAA, Pt/Al,O3, and Pt/SiO»
(both 0.1 and 0.5 wt.%) catalysts.

Catalyst mg C/ g catalyst
Cu/SiO2 70
RhCu/Si02 SAA 69
Pt/S102 (0.5 wt.%) 272
Pt/SiO7 (0.1 wt. %) 243
Pt/A1,O3 412
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Propane DFT

Free energies of gas phase species were calculated at a temperature T of 500 K and gas pressures
of 1 kPa (CsHg, H2) and 0.01 Pa (CsHs) respectively in the ideal-gas limit assuming all spatial
degrees of freedom are independent and separable into translational, rotational and vibrational
degrees of freedom using the IdealGasThermo class implemented in atomic simulation
environment (ASE). Free energy corrections of adsorbed species were calculated in the harmonic
limit using the HarmonicThermo class in ASE (72). In the harmonic limit, all degrees of freedom
are treated harmonically and correspond to the number of vibrational frequencies v; of the
adsorbate (3xn). For transition states the imaginary frequency mode, which corresponds to the
reaction coordinate, were not included and the number of degrees of freedom is (3xn)-1. The free
energy of adsorbates can be calculated from the harmonic vibrational energies v; according to the
following formulas.

F=U-TXS
U = Eppr + Ezpg + Gy, (0> T)

with Ezpg = 0.5v;, C 0-T) = ¥i——

Vharm =
ekT—

andS=Zil 1}1‘:_; —1In (1—e;_1;i)l

ekT-1

To compare the performance of the RhCu SAA to that of pure Cu, Pt and Rh, we calculated a free
energy diagram for propane dehydrogenation to propene over Pt(111) and Rh(111). This is shown
in Fig. S16, S17, and Table S5.
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Fig. S16. Free energy diagrams for the non-oxidative dehydrogenation of propane on the RhCu(111) SAA,
Cu(111), Pt(111) and Rh(111) surfaces. Free energies are calculated at 500 K and partial pressures of 1 kPa
for CsHsg and H», and 0.01 Pa for CsHe. The energies are referenced with respect to the clean slabs, C3Hs(g)
and H»(g). In the case of RhCu, H refers to an H atom adsorbed on the Cu host metal.
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Fig. S17. Transition state structures for propane dehydrogenation on RhCu(111) SAAs. Top view (left) and
side view (right) of CsHs-H (first dehydrogenation, upper panel) and CsHe-H (second dehydrogenation,
lower panel).

Table SS5. Free energies of intermediates and transition states for propane dehydrogenation as plotted in
Fig. 3B and S16, respectively. Energies are given at 500 K and gas pressures of 1 kPa (each C3Hg and H»)
and 0.01 Pa (CsHg) respectively. All energies are given in eV. For the RhCu(111) SAA, the H adsorption
energy is taken as adsorption on Cu host.

CsHs (g) 0
H> (g) 0
CsHs (g) -0.38
RhCu(111) | Cu(111) | Pt(111) Rh(111)
CsHs 0.35 0.36 0.34 0.31
CsH7-H (TS) 0.92 1.75 1.02 0.94
CsH7 +H 0.79 1.33 0.11 0.25
CsHe-H (TS) + H 0.88 1.94 0.86 0.63
CsHe+2H 0.45 1.14 0.00 -0.27
CsHs + Ha(g) -0.25 0.45 -0.25 -0.35
CsHs (g) + Ha(g) -0.38
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Apparent Activation Energy Measurements

Measurements of the apparent activation energy for the non-oxidative propane dehydrogenation
to propene on RhCu/SiO> SAAs were performed both in the presence and in the absence of H» in
the feed, as shown in Fig. S18. In both cases, an apparent activation energy of ~0.7 eV was

measured.
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Fig. S18. Arrhenius plot for RhCu/SiO: in the presence and absence of hydrogen. (A) With
hydrogen: CsHg:Hz (2:1), 1.4 kPa C3Hg 100 cc/min. (B) Without hydrogen: 1.4 kPa C3Hg 100

cc/min.
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Reactor Tests at 773 K

Reactor tests were also performed at elevated temperatures to compare the RhCu SAA catalyst
performance to Pt/Al,Os. It should be noted that both catalysts deactivate under these conditions,
but for different reasons. Pt/Al2O3; deactivates due to coke formation (see thermogravimetric
analysis section above), while RhCu/SiO> SAAs undergo host particle sintering (27, 73).
Regardless, the initial specific activity of RhCu/SiOz is higher than that of monometallic Pt/Al203
and Pt/SiO; on a per mol of active metal basis, as shown in Table S6. To provide context, a
comparison to other catalysts reported in the literature is given.

Table S6. Comparison of the catalytic performance of RhCu/SiO, SAA to Pt/Al,O3 and Pt/SiO- tested at
773 K as well as to other catalysts reported in the literature for the non-oxidative propane dehydrogenation
reaction.

Temperature | WHSV Reactor Feed Initial Specific Activity
Catalyst (ht) | C3Hs:Hz:Inert 1 1 Ref.
(K) (molc3ns mol'rgm s™)
(%)
RhCu/SiO» s This
SAA 773 12 1.4:0.7:97.9 0.379 work
Pt/ALL,O .
2 773 12 1.4:0.7:97.9 0.261 This
0.5 wt.% work
Pt/SiO .
? 773 12 | 1.4:0.7:97.9 0.193 This
0.5 wt.% work
Pt/SiO .
? 773 12 | 1.4:0.7:97.9 0.231 This
0.1 wt.% Work
Pt/A1,O3
793 4 16:16:68 0.2 (28)
0.1 wt.%

PtCu/AlLOs 793 4 16:16:68 0.41 (28)
PtSn/MgALO4 823 36.6 50:50:0 0.497 (74)
PtCu/MgALO4 853 6.8 47.5:47.5:5 0.188 (75)
PtSn/MgAlLO4 853 2.4 10:10:80 0.34 (76)
PtFe/SBA-15 873 3.43 26:24:50 0.162 (77)

PtSn/ALOs 793 35 30:0:70 0.109 (78)

PtGa/Al,O5 848 5.9 10:0:90 0.165 (79)

PtZn/SiO» 823 32 20:0:80 0.43 (80)

PtZn/NaY 828 2.6 100:0:0 0.145 (81)

Rhi/ZrO; 823 1 40:0:60 0.38 (82)
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