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Supplementary Note | Methods for characterization

Textual properties of catalysts were measured with a Micromeritics Tristar 3000 analyzer
by nitrogen adsorption at -196 <C. Prior to measurements, the catalysts were outgassed at
200 <C for 3 h. The Brunauer-Emmett-Teller (BET) method was employed to determine the
specific surface area (Sget) by measuring the quantity of nitrogen adsorbed at -196 <C.

Elemental composition of the catalysts was analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (VISTA-MPX, Varian). Before measurements, the
catalysts were digested in the mixed solutions of HsPO4and aqua regia.

The X-ray diffraction (XRD) measurements were performed on a Bruker D8
diffractometer operating at 200 mA and 40 kV, employing the graphite filtered Cu Ka as the
radiation source. The data points were collected by step scanning with a rate of 6 min from
260 = 25 to 85< The crystallite size (d) of copper was calculated by X-ray broadening technique

using the Scherrer’s equation:

d =0.891/ (B cosb) (1)

Here, / is the wavelength of the radiation source (0.15418 nm); B is the half width of the
strongest diffraction peak in the radian unit; and @ is its diffraction angle.

Raman spectra were collected to investigate the coke deposited on the surface of the

catalysts after propane dehydrogenation by a Renishaw inVia Reflex Raman spectrometer

equipped with 532 nm Ar-ion laser beam.

H»-O titration method was used to determine the dispersion of Pt with a Micromeritics
AutoChem 11 2920 apparatus with a thermal conductivity detector based on our prior works.!
For every test, 100 mg of sample was reduced at 600 <T with a flow rate of 30 mL min of 10
vol% Ha/Ar for 1h, and then cooled down to 50 <T under Ar purging. Subsequently, 10 vol%
O./He was introduced to the sample by injection pulses until the consumption peaks became
stable. Finally, H2> chemisorption was performed by injection pulses of 10 vol% H2/Ar. It can
be presumed that the adsorption stoichiometry factor of Pt/H, was equal to 2/3. The platinum

dispersion is calculated by the following equation:

Dispersion (%) = 100 xVn2 %<2/3 xMWopt/ (Wpt x22414) (2)
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Where Vi is the volume of adsorbed Hz (mL), MWe: is the atomic weight of Pt (g mol™), and

W is the weight of Pt supported on the sample (g).

Temperature-programmed experiments were all carried out with a Micromeritics
AutoChem 2920 apparatus. For H>-TPR tests, 100 mg of sample was heated at 300 <C for 1 h
and cooled down to 50 <T in a flow of Ar (30 mL min!) and then reduced in a stream of 10 vol%
Hz/Ar (30 mL min™) at a heating rate of 10 <T min! up to 800 <C. For C3Hs-TPD experiments,
100 mg of sample was first reduced in flowing 10 vol% H/Ar at 600 <C for 1h. Then, the
sample was cooled down to 50 <C and the gas was switched to flowing Ar to flush the
apparatus. Subsequently, the adsorption of C3Hs was achieved by the introduction of flowing
CsHs for 45 min, and then the system was purged with flowing He for 30 min. After that, the
sample was raised at a rate of 10 T min™ up to 600 <T in flowing He. The exhaust from the

reactor was analysed by a TCD detector.

Supplementary Note | Results of extended X-ray absorption fine structure (EXAFS)
Supplementary Table 1 shows the XANES edge energies and EXAFS fitting results for
0.1Pt/Al>03 and 0.1Pt6.7Cu/Al.O3 catalysts at the Pt L3 edge. Pt L3 edge XANES spectra are
shown in Supplementary Figure 12. For the 0.1Pt6.7Cu/Al>Os catalyst, the XANES edge
energy was above that of Pt foil, which can be attributed to both oxidation and alloy formation.
The white line intensity of the bimetallic Pt-Cu catalyst was also higher than the foil, which is
typical of oxidized platinum. Pt-Cu alloy formation typically makes the white line shorter and
broader than platinum foil?>. R space spectra of the bimetallic catalyst (Supplementary Figure
13) showed peaks typical of Pt-O and Pt-3d scattering. Fits of the first shell gave a Pt-O
coordination of 1.4 at a bond distance of 2.04 angstroms and a Pt-Cu coordination of 4.4 at a
bond distance of 2.53 angstroms. Platinum in the sample had no platinum nearest neighbours.
First shell EXAFS R space fits at the Pt L3 edge of 0.1Pt6.7Cu/AlOz are shown in

Supplementary Figure 14.

For the monometallic platinum catalyst, the XANES edge energy was 11564.4 eV, above
that of the foil. Similar to the bimetallic sample, the white line intensity was above that of the

foil. R space spectra showed peaks typical of Pt-O and Pt-Pt scattering. Fits of the first shell
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gave a Pt-O coordination number of 1.6 at a bond distance of 2.03 angstroms and a Pt-Pt
coordination number of 4.4 at a bond distance of 2.73 angstroms. Accounting for the fraction
of the sample in the metallic state, the true Pt-Pt coordination number is 7.3, corresponding to a

metal particle size of approximately 2.5 nanometers.

Cu K edge XANES spectra of 0.1Pt6.7Cu/Al2Os after hydrogen and propane treatments
are shown in Supplementary Figure S16. The XANES edge energy of both the hydrogen
treated and propane treated bimetallic Pt-Cu catalyst matched the foil value of 8979 eV, which
is consistent with metallic copper nanoparticles. The R space spectra at the copper edge of the
bimetallic catalysts (Supplementary Figure 17) show a single Cu-Cu scattering peak in the first
shell, and higher shell scattering lower in intensity but identical in shape to that of the foil. The
hydrogen treated sample (Supplementary Figure 18) had a Cu-Cu coordination number of 7 at
a bond distance of 2.55 angstroms. After treatment with propane, the Cu-Cu coordination
number increased to 8.4 and the bond distance changed to 2.56 angstroms (fit shown in
Supplementary Figure 19). The change is consistent with sintering of the Cu particles in the

sample due to the high temperature treatment.
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Supplementary Figure 1 | Alternative deep dehydrogenation pathways via CH2CCHjs

intermediate. The first two dehydrogenation steps are the same as shown in Fig. 1c in the

main text.
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Supplementary Figure 2 | The calculated CHs binding energy over Pt/Cu SAA
nanoparticles and Pt/Cu SAA (111) slab model. The number in the figure indicates the total
number of metal atoms of the model cuboctahedron nanoparticle.

The Convergence test was done with nanoparticles modelled by truncated octahedra and
cuboctahedron exposing (111), (100) surfaces and (211) like edges. One Cu atom, located at
the middle of (111) facets, was replaced by a Pt atom and the CHz was binding on top site of
this Pt atom. Supplementary Figure 2 shows that the CHs binding energy coverages when the
nanoparticle diameter is larger than 2 nm (Pt/Cuaos), indicating our (111) slab model could well

represent Pt/Cu SAA nanoparticles which are larger than 2 nm.
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Supplementary Figure 3 | Energy profile for propane dehydrogenation over (a) Pt(211)
and Pt/Cu(211) SAA; (b) Pt(100) and Pt/Cu(100) SAA. For both Pt/Cu SAA surfaces, a
dramatic increase of the propylene dehydrogenation barrier has been observed, indicating their
coke resistance ability similar as Pt/Cu(111) SAA. However, the Pt/Cu(100) might have a low

PDH activity due to its relative high propane dehydrogenation barrier.
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Supplementary Figure 4 | Comparison of the first two dehydrogenation steps over Pt/Ag
SAA, Pt/Cu SAA and Pt(111). Energy profiles of the first two dehydrogenation steps over
Pt/Ag SAA, Pt/Cu SAA and Pt(111).

Supplementary Figure 4 shows very close reaction barriers of the first two dehydrogenation
steps over Pt/Ag SAA and Pt/Cu SAA, demonstrating that Pt/Ag SAA has similar intrinsic
activity with Pt/Cu SAA. According to the results of TPSR of P-D scrambling (Supplementary
Figure 20a), the C-H activation starts at about 188 <C on Pt nanoparticles, 204 <C on Pt/Cu
SAA, and 214 T on Pt/Ag SAA, which confirms single atoms of Pt dispersed on Ag and Cu
nanoparticles have a comparable intrinsic activity with Pt nanoparticles. Although the
conversion of propane over Pt/Ag SAA under reaction conditions was lower than that over
Pt/Cu SAA (Supplementary Figure 20b), this can be attributed to the higher stability for single
atoms of Pt on the subsurface than on the surface of Ag nanoparticles, leading to less exposed
Pt active sites (Supplementary Table 6). The results of DFT calculations and TPSR of P-D
scrambling experiments suggest a promotion of breaking scaling relationship by forming single

Pt atoms on metal nanoparticles.

S10



>
w

P € y-alumina € y-alumina
—_ . o + cu(in)
3 :
& le S
>
= |d >
m - —
c |c -
Q
« |h (]
= c
25 30 35 40 45 50 55 60 65 70 75 25 30 35 40 45 50 55 60 65 70 75
20 (°) 26 (°)

Supplementary Figure 5 | XRD patterns of the catalysts before and after reduction. XRD
patterns of (a) 0.1Pt/Al.Os, (b) 0.1Pt3Cu/Al203, (c) 0.1Pt5Cu/Al203, (d) 0.1Pt6.7Cu/Al203, and
(e) 0.1Pt10Cu/Al,O3 after calcination at 600 <C for 2 h (A) and after reduction at 600 <C for 1
h (B).

Supplementary Figure 5A shows the XRD patterns of the catalysts after calcination at 600 <.
Only diffraction lines due to y-alumina (JCPDS 10-0425) were detected, suggesting that Cu
oxide species exist as highly dispersed species on the surface of alumina. The XRD patterns of
the catalysts after reduction at 600 <C are shown in Supplementary Figure 5B. The diffraction
line of Cu (111) becomes apparent as the content of Cu increases to 6.7 wt%, demonstrating
the formation of Cu nanoparticles on y-alumina. Besides, the average crystalline size “of Cu
derived from diffraction line corresponding to Cu (111) at 43.3<are 3.4 nm and 4.1 nm for
0.1Pt6.7Cu/Al>03 and 0.1Pt10Cu/Al20s3. Note that no diffraction lines assigned as Pt species

were detected due to its extremely low loading.
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Supplementary Figure 6 | H2-TPR profiles. H>-TPR profiles of (a) 0.1Pt/Al;Os, (b)
0.1Pt3Cu/Al,0s, (c) 0.1Pt5Cu/AlOs, (d) 0.1Pt6.7Cu/Al,03, and (e) 0.1Pt10Cu/Al.Os after
calcination at 600 <C for 2 h.

Supplementary Figure 6 shows the H>-TPR profiles of the catalysts with different content of
Cu. The monometallic Pt catalyst exhibits one high-temperature reduction peak at around
436 T, which is assigned as the reduction of Pt oxide species strongly interacting with
y-alumina. Compared with 0.1Pt/Al;O3, the bimetallic PtCu catalysts presents one
low-temperature reduction peak due to co-reduction of highly dispersed Cu oxide species and
Pt oxide species. Moreover, the peak temperature decreases from 196 <C to 172 <C as the
content of Cu increases from 3 wt% to 10 wt%, which is fairly consistent with the previous
study.® Considering that the appearance of the co-reduction peaks means the close contact
between Cu oxide species and Pt oxide species, it seems that the formation of PtCu bimetallic
nanoparticles is preferred rather than two metal phases with Pt and Cu apart from each other
during reduction. When treated under H-rich condition at 600 <C for 1h, the oxide species of
Pt and Cu on y-alumina can be fully reduced since the highest reduction peak temperature for

PtCu bimetallic catalysts is below 200 <C.
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Supplementary Figure 7 | DRIFTS of CO adsorbed on the catalysts. DRIFTS of
bridge-bond CO adsorbed on (a) 0.1Pt/Al20s3, (b) 0.1Pt0.1Cu/Al>O3, (c) 0.1Pt0.3Cu/Al203, (d)
0.1Pt3Cu/AlOs3, (e) 0.1Pt6.7Cu/Al203, and (f) 0.1Pt10Cu/AlOa.
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Supplementary Figure 8 | Morphology of the reduced 0.1Pt/Al.O3. TEM images of
0.1Pt/Al20s3 after reduction in the flow of 18 vol% H2/N2 at 600 <T for 1h. Scale bars, 20 nm
(@), (b), (d) and 5 nm (c).

Typical TEM images of the reduced 0.1Pt/Al.O3 catalyst are shown in Supplementary Figure 8.
The lattice spacing of Pt facets in Supplementary Figure 8c is consistent with that of metallic

Pt (111). Moreover, the mean diameter of Pt nanoparticles was estimated to be about 2.3 nm.

S14



204

o O

Frequency (%)

1 2 3 4 5 6 7 8
Particle size (nm)

d=3.8 + 0.7 nm

Supplementary Figure 9 | Morphology of the reduced 0.1Pt10Cu/Al2O3. TEM images of
0.1Pt10Cu/Al203 after reduction in the flow of 18 vol% H2/N; at 600 <C for 1h. Scale bars, 20
nm (a), (b), (c) and 5 nm (d).

Typical images of the reduced 0.1Pt10Cu/AlOs catalyst are shown in Supplementary Figure 9.
The lattice spacing of Cu facets in Supplementary Figure 9c is in line with that of metallic Cu
(111), which suggests that the addition of 0.1 wt% Pt did not change the lattice structure of Cu.
The average crystalline size of 0.1Pt10Cu/Al>Os was found to be 3.8 nm, which is similar to

that based on FWHM of Cu (111) as determined by the Scherrer equation (Supplementary
Figure 5B).
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Supplementary Figure 10 | Morphology of the reduced 0.1Pt10Cu/Al20s. Typical

HAADF-STEM images of 0.1Pt10Cu/Al,Oz3 after reduction in the flow of 18 vol% H/N; at
700 <C for 1h, showing single atoms of Pt dispersed on Cu nanoparticles and no formation of
Pt clusters or Pt nanoparticles. Single atoms of Pt are highlighted by red arrows. Scale bars, 1
nm (a), (b) and (c).

The reduced 0.1Pt10Cu/Al>Oz catalyst is clearly imaged by the AC-HAADF-STEM. The
single Pt atoms can be identified from their higher brightness comparing to their surrounding
area since Pt atoms are brighter than Cu atoms in the dark field STEM images. As shown
vividly in Supplementary Figure 10, mainly single atoms of Pt are dispersed on Cu (111). The
Pt atoms are highlighted by the red arrows. In contrast, there are no bright Pt atoms exist on Cu
nanoparticles in the reduced 10Cu/Al.Oz catalyst (Supplementary Figure 11). Additionally, no
fine clusters of Pt on y-alumina were observed. It is worth noting that it is easy for Cu
nanoparticles to melt when irradiated by high energy electron beams. The reduction
temperature of 0.1Pt10Cu/AlOz for AC-HAADF-STEM was raised to 700 <C to obtain a
relatively large Cu nanoparticle so as to withstand radiation. Note that the catalyst of
0.1Pt10Cu/Al>03 has the same catalytic performance after reduction at 600 <C and 700 <C,
which means that the structure of the catalyst have no change when reduced at the two

reduction temperatures (Supplementary Figure 23).
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Supplementary Figure 11 | Morphology of the reduced 10Cu/Al.0s. HAADF-STEM

images with typical regions of 10Cu/Al;O3 after reduction in the flow of 18 vol% H2/N; at
700 <C for 1h. Scale bars, 1 nm (a), (b) and (c).
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Supplementary Figure 12 | Pt L3 edge XANES of Pt foil (black), 0.1Pt/Al>Os (blue) and
0.1Pt6.7Cu/Al203 (red). Spectra were recorded at 100 <C in 3% H> after a 30 min reduction in
3% H: at 550 <C.
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Supplementary Figure 13 | R space Pt L3 edge EXAFS of Pt foil (black), 0.1Pt/Al>O3 (blue)
and 0.1Pt6.7Cu/Al>O3 (red). Spectra were recorded at 100 < in 3% H. after a 30 min
reduction at 550 T in 3% Ho.
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Supplementary Figure 14 | R space Pt L3 edge EXAFS spectra of 0.1Pt6.7Cu/Al.O3
magnitude (solid black) and imaginary (dashed black) component and R space fit of the

EXAFS magnitude (solid blue) and imaginary (dashed blue) components.
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Supplementary Figure 15 | R space Pt L3 edge EXAFS spectra of 0.1Pt/Al,Os magnitude
(solid black) and imaginary (dashed black) component and R space fit of the EXAFS

magnitude (solid blue) and imaginary (dashed blue) components.
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Supplementary Figure 16 | Cu K edge XANES of Cu foil (black) and 0.1Pt6.7Cu/Al.O3 after
treatment in 3% H> (red) and 1% CsHs (blue). Spectra were taken at room temperature, the
hydrogen treated sample was measured in He, while the propane treated sample was measured

in 1% propane.
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Supplementary Figure 17 | R space Cu K edge EXAFS spectra of Cu foil (black) and
0.1Pt6.7Cu/Al>O3 after treatment in 3% H» (red) and 1% CsHg (blue). Spectra were taken at
room temperature, the hydrogen treated sample was measured in He, while the propane treated

sample was measured in 1% propane.
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Supplementary Figure 18 | R space Cu L3 edge EXAFS spectra of Hydrogen treated
0.1Pt6.7Cu/Al203 magnitude (solid black) and imaginary (dashed black) component and R
space fit of the EXAFS magnitude (solid blue) and imaginary (dashed blue) components.
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Supplementary Figure 19 | R space Cu L3 edge EXAFS spectra of propane treated
0.1Pt6.7Cu/Al203 magnitude (solid black) and imaginary (dashed black) component and R
space fit of the EXAFS magnitude (solid blue) and imaginary (dashed blue) components.
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Supplementary Figure 20 | Comparison of the ability to activate C-H bonds and the
catalytic performances of the catalysts. (a) Signals of C3H7D during TPSR over 0.3Pt/Al>O3,
0.1Pt6.7Cu/Al,O3 and 0.1Pt11Ag/Al,O3 (atom ratio of Pt/M = 1/200, M = Ag and Cu) for
propane-deuterium isotope scrambling (P-D scrambling). The mass ratio of 45/44 represents
the level of C3H7D. (b) The catalytic performances of 0.1Pt6.7Cu/Al>O3 and 0.1Pt11Ag/Al.O3
at the initial period of propane dehydrogenation. Catalytic test conditions: atmospheric
pressure, 550 <T and 600 T, WHSV of propane = 4 h, 250 mg of sample, CsHs/H2 = 1/1,

with balance N, for total flow rate of 50 mL mint.
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Supplementary Figure 21 | Raman spectra for the spent catalysts. Raman spectra of the
catalysts of 0.1Pt/Al>O3, 0.1Pt10Cu/Al;O3 and 10Cu/Al>O3 after 12 hours on stream propane
dehydrogenation. Catalytic test conditions: atmospheric pressure, 520 <C, WHSV of propane =
4 h', 250 mg of sample, CsHs/H2 = 1/1, with balance N for total flow rate of 50 mL min™.
Raman spectra of the spent catalysts were obtained to examine the degree of graphitization of
the coke. The peaks at around 1326 and 1598 cm! were marked as D and G and the peak
intensity ratio of D band to G band is usually used as an important index of the degree of
graphitization of carbon materials!®. The Io/lc values of 0.1Pt/Al,Os, 0.1Pt10Cu/Al,O3 and
10Cu/Al2O3 are 0.76, 0.82 and 0.87, repectively.

S27



0.1Pt

0.1Pt10Cu

10Cu

Intensity (a.u.)

i

0 100 200 300 400 500 600 700 800
Temperature (°C)

Supplementary Figure 22 | The desorption capacity of CsHes over the catalysts. TPD of
CsHe adsorbed on the reduced catalysts of 0.1Pt/Al,O3, 0.1Pt10Cu/Al>0O3 and 10Cu/Al>Oz.
Supplementary Figure 22 shows one broad desorption peak of CzHs on 0.1Pt/Al>Oz centred at
about 280 <C. For 0.1Pt10Cu/Al>0Os and 10Cu/Al>Os, two separated desorption peaks of CzaHs
appear. The small low-temperature peak at around 90 <C can be attributed to desorption of
CsHs adsorbed on metal. While the main high-temperature peak centred at about 300 <C can be
assigned as desorption of C3Hs on Al2Os. The CsHe desorption property of 0.1Pt10Cu/Al20s3 is
as similar as that of 10Cu/Al2Os.
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Supplementary Figure 23 | Comparison of the catalytic performances of 0.1Pt10Cu/Al2O3
after reduction at 600 <C and 700 <C. Catalytic test conditions: atmospheric pressure, 550 <C,
WHSV of propane = 4 h', 250 mg of sample, CsHs/Hz = 1/1, with balance N for total flow

rate of 50 mL mint.
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Supplementary Figure 24 | Comparison of the catalytic performances of 0.1Pt/Al.Os and
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0.1Pt10Cu/Al2Os. Catalytic test conditions: atmospheric pressure, 520 <C and 550 C, WHSV
of propane = 4 h', 250 mg of sample, CsHs/H, = 1/1, with balance N for total flow rate of 50

mL min.
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Supplementary Figure 25 | Catalytic performances on the 0.1Pt10Cu/Al2Os catalyst for
each of the five successive dehydrogenation cycles. Each cycle consists of a 8 h propane
dehydrogenation step at 520 <C, followed by a treatment in air at 520 <C for 45 min. The
reactor is flushed with N2 between these steps. Catalytic test conditions: atmospheric pressure,
520 T, WHSV of propane = 4 h', 250 mg of sample, CsHs/H2 = 1/1, with balance N for total
flow rate of 50 mL min™,

Five succesive dehydrogenation-regeneration cycles for the 0.1Pt10Cu/Al>O3 catalyst was
carried out. At the end of the fifth propane dehydrogenation cycle, the conversion and

selectivity of the catalyst did not drop, verifing its good stablility at 520 <C.
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Supplementary Figure 26 | Elemental mapping of the 0.1Pt10Cu/Al2Os catalyst after
five successive dehydrogenation-regeneration cycles at 520 <C. (a) HAADF STEM
image of the 0.1Pt10Cu/Al>O3 catalyst. (b) EDS of the sample. (c) O, (d) Al, (e) Cu and
(f) Pt elemental maps obtained from the same region on the sample. (b) EDS of the

sample. Scale bar, 10 nm (a).

Supplementary Figure 26 shows the elemental maps by energy dispersive X-ray spectroscopy
(EDS) of the 0.1Pt10Cu/Al;O3 catalyst, suggesting that Pt is mainly distributed on the Cu

nanoparticles and not on the Al.O3 support by comparing the elemental maps of Pt and Cu.
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Supplementary Figure 27 | Morphology of the 0.1Pt10Cu/Al203 catalyst after five
successive dehydrogenation-regeneration cycles at 520 <C. (a) HAADF-STEM image
with typical region of the 0.1Pt10Cu/Al2Os catalyst. (b) The enlarged image from the selected
region in (a). (c) The enlarged image from the selected region in (b), showing Pt atoms
individually dispersed on Cu nanoparticle clearly. (d) HAADF-STEM image with typical
region of the 0.1Pt10Cu/Al>Os catalyst. (e,f) The enlarged images from the selected regions in
(d), showing Pt atoms individually dispersed on Cu nanoparticles clearly. Scale bars, 20 nm (a)

and (d), 5 nm (b), 2 nm (c), (e) and (f).

The 0.1Pt10Cu/Al;Os catalyst after five cycles at 520 <C is clearly imaged by the
AC-HAADF-STEM. Pt atoms identified from their higher brightness comparing to their
surrounding area are individually dispersed on the Cu nanoparticles (Supplementary Figure 27),
which is consistent with the state of Pt and Cu before oxidation-reduction cycles as shown in

Figure 3 and Supplementary Figure 10.
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Supplementary Figure 28 | Catalytic performances on the 0.1Pt10Cu/Al2Os catalyst for
each of the four successive dehydrogenation cycles. Each cycle consists of a 4 h propane
dehydrogenation step at 600 <C, followed by a treatment in air at 600 <C for 45 min. The
reactor is flushed with N2 between these steps. Catalytic test conditions: atmospheric pressure,
600 T, WHSV of propane = 4 h', 250 mg of sample, CsHs/H2 = 1/1, with balance N for total
flow rate of 50 mL min™,

We raised the conversion level and carried out the catalytic test at 600 <C, the catalyst
deactivated quickly during each cycle and the initial activity of each cycle could be largely
restored. The slightly drop of the initial activity after four cycles may be caused by the
irreversible sintering of metal nanoparticles. As can be seen from Supplementary Figure 33, the
sintering of PtCu SAA nanoparticles was noticed after reaction at 600 <C for 4 h. Although
most of the sintered particles can be dispersed again after regeneration, there are still a few
particles that were not well dispersed, leading to less exposed Pt atoms on the surface of Cu

nanoparticles.
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Supplementary Figure 29 | Elemental mapping of the 0.1Pt10Cu/Al203 catalyst after
five successive dehydrogenation-regeneration cycles at 600 <C. (a) HAADF STEM
image of the 0.1Pt10Cu/Al>O3 catalyst. (b) EDS of the sample. (c) O, (d) Al, (e) Cu and

(f) Pt elemental maps obtained from the same region on the sample. Scale bar, 10 nm

().

As shown in Supplementary Figure 29, EDS of the 0.1Pt10Cu/Al2Os catalyst indicates that Pt
was mainly distributed on the Cu nanoparticles and not on the Al>Os support by comparing the

elemental maps of Pt and Cu.
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Supplementary Figure 30 | Morphology of the 0.1Pt10Cu/Al20O3 catalyst after five

successive dehydrogenation-regeneration cycles at 600 <T. (a-f) HAADF-STEM
images with typical region of the 0.1Pt10Cu/Al2Os catalyst. (c-f) The enlarged images showing
Pt atoms individually dispersed on Cu nanoparticles clearly. Scale bars, 50 nm (a), 20 nm (b), 2

nm (c), (d), (e) and (f).

Since Pt atoms are brighter than Cu atoms in the dark field STEM images, single Pt atoms
identified from their higher brightness comparing to their surrounding area are dispersed on the

Cu nanoparticles (Supplementary Figure 30).
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Supplementary Figure 31 | Catalytic performances of the 10Cu/Al2Os catalyst.. Catalytic
test conditions: atmospheric pressure, 520 T, WHSV of propane = 4 h', 250 mg of sample,
CsHs/H2 = 1/1, with balance N for total flow rate of 50 mL min™.

The 10Cu/Al>Oz catalyst exhibited very low activity, which can be neglected compared to the
0.1Pt10Cu/Al203 system.
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Supplementary Figure 32 | Morphology of the 0.1Pt10Cu/Al203 catalyst after reaction at
520 <C for 120 h. Scale bars, 20 nm (a) and (d), 10 nm (b), 5 nm (c). Catalytic test conditions:
atmospheric pressure, 520 T, WHSV of propane = 4 h', 250 mg of sample, CsHs/H2 = 1/1,
with balance N for total flow rate of 50 mL min™.

The slightly increased particle size of the bimetallic nanoparticles on Al,O3 after reaction

indicates the thermal stability of the catalyst at 520 <C (Supplementary Figure 32).
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Supplementary Figure 33 | Morphology of the 0.1Pt10Cu/Al203 catalyst before and after
reaction. (a) TEM image of 0.1Pt10Cu/Al>O3 after pre-reduction at 600 <C for 1 h. (b) TEM
image of 0.1Pt10Cu/Al,Os after reaction at 600 <C for 4 h. Scale bars, 20 nm (a) and (b).

When we raised the reaction temperature to 600 °C, the sintering of copper nanoparticles was
obvious, which may contribute to the deactivation of the 0.1Pt10Cu/Al,Oz catalyst at 600 °C.
Now, we are studying the stabilization of copper nanoparticles at high temperature by

confinement effects.
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Supplementary Table 1 | Calculated propylene adsorption energy (eV) over Pt(111),
PtzCu(111) and Pt/Cu SAA

Propylene adsorption mode

Slab
di-o T
Pt(111) -1.10 -0.84
PtsCu(111) -0.88 -0.62
Pt/Cu SAA N.A2 -0.57

% N.A.: not applicable.
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Supplementary Table 2 | Relative stability (eV) of single atom Pt with Cu surfaces and

surface energies of clean Cu surfaces.

Surface Energy? Pt location
Slab
eV A? Surface Subsurface
Cu(111) 0.082 0 +0.18 (+0.04)
Cu(100) 0.092 +0.25 +0.14
Cu(211) 0.102 +0.40 +0.22

& Ref: R. Tran, Z. Xu, B. Radhakrishnan, D. Winston, W. Sun, K. A. Persson, S. P. Ong,
Surface Energies of Elemental Crystals, Scientific Data, 2016, 3:160080, doi:
10.1038/sdata.2016.80.

b- Calculated with (2x2) unit cell.
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Supplementary Table 3 | Relative stability (eV) of single atom Pt on Cu nanoparticles

diameter  size of Pt location
nano- Shape
(nm) particle 111 100 edge corner Subsurface of (111)
11 79 truncated octahedra  0.00 N.A? -0.08 0.23 -0.09
15 147 cuboctahedra 0.00 0.13 016 0.26 0.05
1.6 201 truncated octahedra  0.00 0.28 0.25 0.30 0.15
2.0 309 cuboctahedra 0.00 -0.09 0.01 031 -0.07
2.1 405 truncated octahedra  0.00 0.30 0.27 0.35 0.12
2.6 711 truncated octahedra  0.00 0.16 0.22 0.31 0.12

% N.A.: not applicable.
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Supplementary Table 4 | Relative stability (eV) of dimer Pt on Cu nanoparticles (> 2.1 nm)

diameter Two Pt atoms on Cu particles

size of nano-
(nm) particle Separated Pt atoms on Cu (111)  Surface dimers on Cu (111)
2.1 405 0.00 0.14
2.6 711 0.00 0.10
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Supplementary Table 5 | Calculated top adsorbed CO frequency (cm™) over Pt(111),
PtsCu(111) and Pt/Cu SAA and experimentally measured frequencies.

Calculations Experiments
Slab ve-o/ cm Sample veolcm?
Pt(111) 2061 0.1Pt 2068
Pt/Cu SAA 2021 0.1Pt6.7Cu 2018
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Supplementary Table 6 | Relative stability (eV) of single atom Pt with Ag surfaces

Pt location
Slab
Surface Subsurface
Ag(111) 0 -0.15
Ag(100) 0 -0.39
Ag(211) 0 -0.52
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Supplementary Table 7 | XANES edge energies and EXAFS fitting results at the Pt L3
edge

XANES
Scattering  Coordination Ac? Eo°
Sample edge energy R? (A)
Pair number b(A%)  (eV)
(eV)
Pt-Pt 0 - - -
PtL3:
0.1Pt6.7Cu/Al2O3 Pt-Cu 4.4 2.53 0.004 -1.7
11564.6
Pt-O 14 2.04 0.004 1.9
ot 3: Pt-Pt 4.4 273 0001 -36
0.1Pt/Al203
11564.4 Pt-O 1.6 203 0001 04
PtL3:
Pt Foil Pt-Pt 12 2.77 0.000 0
11564.0
CuK:
0.1Pt-6.7Cu-Al203 Cu-Cu 7 2.55 0.001 -0.2
8979.0
CuK:
Cu Foll Cu-Cu 12 2.56 0.000 0.0
8979.0

a. R, distance between absorber and backscattered atoms.

b. Change in the Debye-Waller factor value relative to the Debye—Waller factor of the
reference compound,

c. Inner potential correction to account for the difference in the inner potential between the

sample and the reference compound.
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Supplementary Table 8 | Physicochemical parameters of 0.1Pt/Al>O3, 0.1Pt10Cu/Al2O3,
and 10Cu/Al>0s.

Loading? Average
Particle
(Wt %) Seer” VP pore Dispersion
Catalysts size of
(m?gl) (cm®g?l) diameter®  of Pt (%)
Pt Cu Pt (nm)
(nm)
0.1Pt/Al>O3 0.10 -- 144 0.22 4.2 29°¢ 2.3340.4¢
atom
0.1Pt10Cu/Al03  0.10 9.7 130 0.19 4.2 100°
size®
10Cu/Alz03 -- 95 129 0.19 4.2 -- --

a. Determined by ICP-OES.

b. Calculated from N, adsorption-desorption isotherms.

c. Measured by H»-O titration experiments. The particle size and dispersion can match very
well based on a hemisphere model considering that the Pt particles are partly embedded in the
support (shown in Supplementary Figure 8c).

d. Determined by the TEM images.

e. Combining the relative stability of single Pt atom on Cu nanoparticles based on DFT
calculations and CO-DRIFTS, AC-HAADF-STEM images and EXAFS results, we presume

that isolated Pt atoms are mainly dispersed on the surface of Cu nanoparticles.
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Supplementary Table 9 | Catalytic properties of propane dehydrogenation over 0.1Pt/Al;O3
and 0.1Pt10Cu/Al,0Os.

Specific

activity of
T Conversion  Selectivity
Catalysts CsHs ka® (hY) 0 (h)
(T) ofCsHs (%) to CsHs (%)
formation@

C)
520 5.8(2.6)® 70(68) ® 0.21 0.070 14
0.1Pt/Al,03
550  13.6(5.0)® 68(69) ® 0.45 0.091 11
520 13.1(12.4)©  87(89)© 0.56 5E-4 2E4
0.1Pt10Cu/Al,03
550 24.1(21.6)®  88(90)® 0.95 0.012 83

a. Atmospheric pressure, WHSV propane = 4 h, 250 mg of catalyst, C3Hs/H2 = 1/1, with
balance N for total flow rate of 50 mL min™.,

b. The values outside and inside the brackets are the data obtained at 20 min and 12 h.

c. The values outside and inside the brackets are the data obtained at 20 min and 120 h.

d. Moles of C3He per mole Pt atom per second at 20 min.

e. kg, deactivation rate constant, calculated from In [(1-Xfinal)/Xfinal] = kda € + In
[(1-Xinitiar)/ Xinitiat]

f.  Time required for rates to decrease by e, 7 = 1/k.
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Supplementary Table 10 | Catalytic properties of propane dehydrogenation over some

representative Pt-based catalysts.

Specific
activity of
T WHSV Feed Conv Sel kg@ 7®
No Catalysts CsHe Ref
(C) ()  composition  (%)® (%) (h') (h)
formation
(3'1)(0)
0.9wt%Pt/ C3Hs=20,H>
1 600 2.6 16-11.4  99.2 0.0113 0.20 5 4
Mg(Ga)(Al)O =25,He=55
0.35Wt%Pt-1.26Wt% C3Hg=30,
2 519 35 31-20  95-98 0.109 029 34 °
Sn/A|203 N,=70
0.5Wt%Pt-Sn- C3Hs=75,
3 590 3.0 275-126 ~94 0.143 0.024 417 S
Na/Al-SBA-15 H,=25.
0.5Wt%Pt/Mg(Sn) CsHg/Ho/Ar 86.4-
4 600 14 48.3-43.0 1.44 0.0045 224 7
(A)O@AILO; =1/0.5/2 98.1
0.3wWt%Pt-0.2wt%Sn CsHg/Ho= 92.0-
5 600 4 39.9-38.2 0.602 0.0029 349 8
-0.5Wt%K/Al,03 1/0.5 95.5
0.46Wt%Pt-0.83wWt% CsHg/Ho= 92.5-
6 590 3 24.7-23.5 0.184 0.0094 106 °
Sn/15MAF 1/0.25 99.5
0.5Wt%Pt-0.6Wt%Sn CsHs/Ha/ 92.5-
7 590 3 53.5-47.7 0.40 0033 303 10
/TS-1 N,=1/1/4 93.0
1Wt%Pt-2wt%Sn/2 CsHg/Ar=
8 580 8.25 43.0-38.1 97.8 0.427 0.034 294 U
Mg-SBA-15 713
0.5Wt%Pt-2.0wt%Sn CsHg/Ho=
9 590 3 24-22  90-91 0.160 0011 88 12
-1.0wt%Na/SUZ-4 1/3
24.8-  91.6-
10  0.5wWt%Pt-Zn/Na-Y 555 2.6 C3Hs=100 0.145 0.048 208 13
15.7 90.6
11 0.6Wt%Pt-5wt%Ga/ 605 3.9 C3Hg=73, 31-30 97-98 0.176 0024 417 B
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12

13

14

15

16

|Wg/“204

0.7wt%oPt/
600
Mg(In)(ADHO

0.5wt%Pt-Na/
590
Sn-ZSM-5
0.5wt%Pt-0.6wWt%
550
Sn”wg/“204
0.1wt%Pt-Na-
520
[Fe]/ZSM-5
0.36wt%Pt-
0.68wt%Sn/ 590

Al;O3-sheet

2.6

36.6

15.1

9.4

H2=27

C3Hs=20,H>
=25,He=55
CsHg=75,
H,=25
CsHg=50,
H2=50
CsHg=25,
He=75
CsHg=16,
H,=20,

N2=64

20.4-

16.3

41.7-

39.1

12-11

33-13

48.7-

44.6

98

95.3-

98

92-95

98.3-

99.8

98.7

0.183

0.220

0.497

151

1.58

0.14

0.012

0.033

0.008

0.007

7.1

83.3

30.3

125

143

14

15

16

17

18

The catalsts included here are only the best performing ones from the articles considered.

Specific activity is defined as the moles of CzHs formation per mole Pt atoms per second.

kq, deactivation rate constant is calculated from In [(1-Xfinal)/Xfina] = ka £ + In

[(1-Xinitiar)/ Xinitiat]

Time required for rates to decrease by e, r = 1/Kq.
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