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Supplementary Figure 1 | Calculated equilibrium conversion of C3Hs (a) and COz (b)
in PDH and CO2-PDH as a function of temperature. Calculating conditions:
atmospheric pressure, PDH: (C3Hs : N2 = 5 : 30 mL-min™!, C3Hg = C3Hs + Hz). COz-
PDH (C3Hs : CO2 : N2 =5:3 : 27 mL-min’!, Indirect (PDH in tandem with RWGS):
CsHs = CsHe + H2, H2 + CO2 = CO + H20. Direct: CsHs + CO2 = C3He + CO + H20).
DRP (C3Hg : CO2: N2=5:3:27 mL-min"', C3Hs + 3CO2 = 6CO + 4H>). Calculation
was done by Aspen Plus V12.
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Supplementary Figure 2 | XRD patterns. For CeOx/Al203 supports and Pt1Sn7/CeOx-
ALOs catalysts, all XRD patterns could be indexed to a mixture phase of CeO2 and
Al0Os. In addition, XRD patterns show only the diffraction peaks of CeO2 and Al20Os3,

suggesting the well dispersion of Pt on the support.
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Supplementary Figure 3 | Morphology of tandem catalyst. (a) The HAADF-STEM
image of PtiSn7/CeOx-Al20s. Elemental maps of platinum (b), tin (c), cerium (d),
aluminum (e), oxygen (f), acquired by EDX. (g) Particle-size distribution. (h-j) The
representative HAADF-STEM image for PtiSn7/CeOx-Al20:s.
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Supplementary Figure 4 | (a-e¢) XPS spectra for CeO2/Al203 at different reduction
temperatures, (f) The surface Ce*" and Ce*' concentration at different reduction
temperatures on CeOx/Al203 calculated from XPS spectra, (g) CO2-TPD, and (h) The
CO2 chemical adsorption relative to unreduced state at different surface Ce**
concentration (the calculated ratio of CO2 chemical adsorption capacity (peak areas) at
other reduction temperatures to the unreduced state).

Based on the systematic XPS analysis, which demonstrate a monotonic increase in Ce**
surface concentration with rising reduction temperature of the CeO2/Al203 support
under 10% H2/Ar. This progression directly correlates with oxygen vacancy generation,
as substantiated by CO2-TPD measurements showing an increasing in CO2 chemical
adsorption capacity (~317°C and ~478°C, the physical adsorption at ~100°C). The
chemical adsorption capacity of CO: increases significantly with increasing Ce*"
concentration confirms that oxygen vacancies serve as dominant COz activation sites,

validating our strategy to engineer CO2 activation sites via oxygen vacancies.
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Supplementary Figure 5 | Results of product peaks from Shimadzu GC 2014C (From
computer screenshot). FID and TCD chart of the outlet gas from CO2-PDH on
Pt1Sn7/CeOx-Al203 at 500 °C. No products other than CO, CO2, N2, H2 and

hydrocarbons were detected in the outlet gas.
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Supplementary Figure 6 | (a) CO2 conversion and (b) The relative CO from
hydrocarbons to PtiSn7/CeOx-Al203 of the CO2-PDH reaction at different Sn/Pt molar
ratios on Pt1Snx/CeOx-Al20s3. Catalytic testing conditions: 550 °C, atmospheric pressure,
150 mg of catalyst, C3Hg : CO2 : N2 =5 : 3 : 27 mL-min"!. There was no significant
alteration in COz2 conversion as the molar ratio of Sn to Pt gradually increased. However,
it demonstrates that the contribution of dry reforming showed a reverse volcano peak
relationship when Sn to Pt was gradually increased. as compared to Pt1Sn7/CeOx-Al203,
the reverse volcano peak relationship shows the lowest CO production from
hydrocarbons, indicating the PtiSn7/CeOx-Al203 catalysts have the strongest ability to

inhibit the dry reforming.
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Supplementary Figure 7. The estimated distance (dptsn-cecox) between PtSn and CeOx
with different integrated modes using the Monte Carlo method on the MATLAB
software.

For these modes, inter-particle distances were computationally analyzed using
MATLAB.

Monte Carlo method: Generated random point samples within/spherical surfaces of
radius R.

Distance calculation: Euclidean distances between corresponding points computed.
Statistical analysis: Distance distribution profiling.

Visualization: MATLAB plotting functions mapped distances as functions of R1 and Ro.
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141 Supplementary Table 1. The values of distance (dptsn-cc0x) between PtSn and CeOx with
142 different integration modes. Calculated based on the Monte Carlo method on the

143  MATLAB software.

Sample Models Actual distance Th?oretlcal
distance
o
dual-bed (T1) f}; 3 mm 3.4 mm
T
granule-mix (T2) § 0.4-0.8 mm 0.472 mm
12
X
powder-mix (T3) I 0.05-0.075 mm 0.059 mm
T3
mortar-mix (T4) § 100-200 nm 118 nm

144
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146 Supplementary Figure 8 | The TOS profiles for dual-bed (T1), granule-mix (T2),
147 powder-mix (T3) and mortar-mix (T4). Catalytic testing conditions: integral reactor,
148 atmospheric pressure, 150 mg catalyst, WHSV of propane = 4.6 h™!, C3Hs : CO2 : N2 =

149  5:3:27 mL-min’.
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Supplementary Table 2. The calculated effluent compositions under DRP, PDH-RWGS
and the experimental data of this work.

CO/CO2 CO/C3Hs CsHe/H2

Scenario

500°C | 550°c | 500°c | 550°c | 500°c | 550°C
Full Dry 0.93 1.57 0.56 0.95 0.50 0.50
Reforming
Hybrid 1.19 0.93 0.33 0.57 1.54 1.51
Pathway
Experimental® |  0.20 0.87 0.12 0.46 1.70 1.34

%he CO/CO2, CO/C3Hs and C3sHe/H2 ratios at 15 minutes at 500/550 °C. Catalytic
testing conditions: atmospheric pressure, WHSV of propane = 4.6 h!, C3Hs : CO» :
N2=5:3:27 mL-min".

Assuming two scenarios:

1. Full dry reforming dominance: All CO2 conversion attributed to dry reforming.

2. Hybrid pathway: at 550 °C, 35.4% COz2 conversion via RWGS + 8.6% via dry
reforming; at 500 °C, 25.8% CO2 conversion via RWGS + 6% via dry

reforming.

Under these two hypothetical scenarios, at 500°C and 550°C, the CO/CO2 and CO/C3Hs
ratios, and the CsHe¢/H2 ratios as well as the experimental values to elucidate the
minimal contribution of dry reforming. The experimental results reveal close alignment
when RWGS dominates with minor dry reforming contributions at all temperature.
Therefore, in this work, the RWGS dominates instead of dry reforming.
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Supplementary Figure 9 | (a) The C3Hs to H2 ratio and Hydrogen partial pressure at the
reactor outlet (15 min). (b) The STY-TOS profiles tandem catalyst (T4). Catalytic
testing conditions: PtiSn7/CeOx-Al203, 500°C, atmospheric pressure, 150 mg of catalyst,
CO2-PDH, C3Hs : CO2: N2=5:3:27 mL-min’'; PDH, C3Hs : N2 =5 : 30 mL-min"'.
(c) RWGS on tandem catalyst (T4) at 500 °C. Catalytic testing conditions: PtiSn7/CeOx-
AL203, 500°C, atmospheric pressure, 100 mg of catalyst, Ho : CO2 : N2 =45:15:5
mL-min"!. Under the PDH and CO2-PDH reaction conditions, it is noteworthy that a
lower Ha partial pressure and higher C3He to H> ratio at the outlet in CO2-PDH (1.7)
versus PDH (0.9, lower than 1 might due to the extent of coking). Furthermore, we
observed no significant methane formation under the reaction conditions, and the
RWGS reaction exhibited nearly 100% selectivity toward CO. Therefore, the C3Hs to
Ha ratio greater than 1 indicates in situ H2 consumption via RWGS. This suggests that
more hydrogen is consumed in situ by the RWGS reaction during the CO2-PDH reaction.
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178  Supplementary Figure 10. (a) Different reaction temperature on PtiSn7/CeOx-Al20s.
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Supplementary Figure 11 | O2-TPO (a), Raman spectroscopy (b) and TGA (c) after 3
hours of PDH or CO2-PDH on PtiSn7/CeOx-Al203. O2-TPO results demonstrate
significantly higher coke deposition in CO2-PDH compared to PDH after 3 hours of
reaction. Raman spectroscopy further corroborates this observation, revealing a notably
higher D/G band ratio for CO2-PDH, indicative of accelerated carbon accumulation
during the reaction process. TGA quantitatively confirms these findings, showing that
coke formation in CO2-PDH reaches approximately 1.7 times that of PDH after 3 hours

of reaction.
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Supplementary Figure 12 | Long-term stability test with

Time on stream (min)

catalyst regeneration:

Pt1Sn7/CeOx-Al203, C3Hs : CO2 : N2 =5 : 3 : 27 mL-min!. Time course of (a) C3Hs

conversion, C3He selectivity in CxHy, CO2 conversion, (b) carbon balance derived C3Hs

and (c) net C3He selectivity at 500 °C, (d) C3Hs conversion and C3He selectivity in CxHy,

(e) COz2 conversion and carbon balance derived C3Hs and (f) net C3He selectivity at 550

°C.
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199  Supplementary Figure 13 | The performance at different C3Hs partial pressure on
200  Pt1Sn7/CeOx-Al20s. Catalytic testing conditions: 500°C, atmospheric pressure, 150 mg
201 catalyst. 14.3 kPa, C3Hs : CO2 : N2 =5 : 3 : 27 mL-min’!; 28.6 kPa, C3Hg : CO2 : N2
202 =10:6:19 mL-min"'; 42.9 kPa, C3Hs : CO2:N2=15:9: 11 mL-min’".
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Supplementary Figure 14 | Long-term stability test with catalyst regeneration:
Pt1Sn7/CeOx-AL203, C3Hs : CO2 : N2 =5 : 3 : 27 mL-min’'. Time course of C3Hg and
CO:z conversion, C3Hs selecivity and CsHe formation rate. Catalytic testing conditions:
500 °C, integral reactors, atmospheric pressure, 150 mg catalyst, WHSV of propane =
4.6 h!, C3Hg : CO2: N2 =5 : 3 : 27 mL-min’!, regeneration: 45 min regeneration at 500
°C in flowing 20 % O2/N2 (35 mL-min), and 1 h reduction at 500/600 °C in flowing
40 % H2/N2 (35 mL-min™).
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212 Supplementary Figure 15 | The performance of CO2-PDH at different reduction
213 temperature on PtiSn7/CeOx-Al20s. Catalytic testing conditions: 500°C, atmospheric
214  pressure, 150 mg catalyst, WHSV of propane = 4.6 h™!, C3Hg : CO2: N2 =5:3:27

215  mL-min’.
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Supplementary Figure 16 | C-H bond activation. (a) Mass spectral (MS) signals of C3Hs,
CsHe and H2 (m/z equals 41, 29 and 2, respectively) in TPSR experiments with fresh
(a) PtiSn7/Al203 or (b) PtiSn7/CeOx-Al203 catalysts. Catalytic condition: All carried
out on a fixed-bed reactor equipped with a Mass Spectrometry OmniStar from Pfeiffer
Vacuum. 100 mg of sample was treated in a flow rate of 35 mL-min™' of 40 vol% Ha/Ar
at 600 °C for 1 h and cooled down to 50 °C in Ar (35 mL-min™"). After switching to
C3Hg/Ar (5 mL-min™! C3Hs, 30 mL-min™' Ar) for 30 min, the sample was heated at a
rate of 10 °C'min' up to 600 °C. Which shows that on the Pt;Sn7/Al2O3 and
Pt1Sn7/CeOx-Al203 catalysts revealed initial activation temperatures of 279 °C and
282 °C. This demonstrated that adding CeO2 did not alter the activation ability of C-H
bonds.
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Supplementary Figure 17 | In situ CO-DRIFTS for the catalysts with (a) Fresh
Pti1Sn7/A1203, (b) Fresh PtiSn7/CeOx-Al20s, (c) PtiSn7/CeOx-Al2Os: fresh, after 3h
RWGS reaction, after regeneration of 3h PDH and after regeneration of 3h CO2-PDH.
The band at 2083 cm™' is ascribed to CO linearly adsorbed on Pt. Based on the
consistent Pt-CO* band position at 2083 cm™! across all tested conditions, we conclude
that no Pt-Ce alloy formation. Test condition of (a) and (b): the fresh catalysts in (a) and
(b) were heated from ambient temperature to 600°C at a rate of 10 °C-min™' and retained
at 600 °C in a flow rate of 35 mL-min ! of 40 vol% Ha/Ar.

Test condition of (c): For catalysts after 3h RWGS reaction, catalytic testing
conditions: 500°C, atmospheric pressure, CO2 : H2 : N2=6: 2 : 27 mL-min"'. For after
regeneration of 3h PDH and after regeneration of 3h CO2-PDH, catalytic testing
conditions: 500°C, atmospheric pressure, C3Hs : N2 =5 : 30 mL-min’!, C3Hs : CO2 : N2
=5:3:27 mL-min’!, regeneration: 45 min regeneration at 500°C in flowing 20% O2/N>
(35 mL-min™"), and 1 h reduction at 600°C in flowing 40% H2/N2 (35 mL-min™). For
catalysts that need to undergo RWGS, PDH, and CO:-PDH reactions, after
characterizing the CO-DRIFTS of the fresh catalyst, they are directly heated to the
reaction temperature for testing.

All of catalysts were cooled down to 30°C and the backgrounds (8 cm™ resolution,
64 scans) were collected after Ar purging in a flow rate of 35 mL-min"! for at least 1 h.
With the addition of a flow of 3 mL-min! of CO, the adsorption of CO molecules on
the surface of the catalysts continued for 45 min. After that, the DRIFTS spectra were
recorded till no visible change in the absorption band intensities under Ar purging.
Which shows that both the PtiSn7/Al203 and Pt1Sn7/CeOx-Al203 catalysts displayed the

1

same infrared characteristic peak at 2083 cm™, suggesting identical Pt coordination
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254

255
256

environments in both. From figure (c), the results confirm consistent Pt-CO* band
positions across all states, indicating preservation of the catalyst's geometric and

electronic structure throughout reaction cycles.
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257
258  Supplementary Figure 18 | (a) H2-TPR and (b) H2-TPD for the catalysts with

259  Pt1Sn7/Al203 and CeOx/Al203 in different modes.
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260  Supplementary Table 3. Quantitative H2 consumption profiles in H2-TPR with varied
261  configurations.

Mode Peak Center Hz Peak Center H>
(°O) (cm?/geat. STP) (°O) (cm?/geat. STP)
T1 (dual-bed) 232 1.39 491 0.27
T2 (granule-mix) 219 1.36 486 0.44
T3 (powder-mix) 210 1.41 405 1.28
T4 (mortar-mix) 199 1.34 346 1.62

262
263
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Mean Size: 1.99 + 0.3 nm

1 2 3 4
Particle size (nm)

264
265  Supplementary Figure 19 | Morphology of PtiSn7/Al2O3 catalyst. (a) The HAADF-

266  STEM image of PtiSn7/Al20s. (b) Particle-size distribution. Which exhibits the same
267  particle size distribution as the PtiSn7/CeOx-Al203 catalyst shown in Supplementary

268  Figure 3.
269
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270
271 Supplementary Figure 20 | Correlation between the maximum absorbance of the

272 normalized from -OH and Ce*" in the DRIFTS spectra of PtiSn7/CeOx-Al203 from Fig.
273 4candd.
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Supplementary Figure 21 | DRIFTS spectra for the (a) hydroxyl, (b) Ce** region and (c)
correlation between the maximum absorbance of the normalised from -OH and Ce*" in

the DRIFTS spectra of CeOx/Al203 collected under Hz at 500 °C.
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Supplementary Figure 22 | In situ DRIFTS during RWGS for Pt1Sn7/CeOx-Al203. Test
condition: the fresh catalyst (50 mg powdered sample) was filled into the reactor and
flushed with Ar (50 mL-min') at 300 °C for 1 h to remove the adsorbates. Then, the
catalysts were heated from 300 °C to 600 °C at a rate of 10 °C-min’' and retained at
600 °C in a flow rate of 35 mL-min™! of 40 vol% Haz/Ar. After this, the catalysts were
cooled down to 500 °C and the backgrounds (8 cm™! resolution, 64 scans) were collected
after Ar purging in a flow rate of 35 mL-min™! for at least 1 h. the background spectra
(aresolution of 8 cm’!, 64 scans) were collected. Afterwards, a H2/CO2/Ar mixture with
a flow rate of 35 mL-min! (5 mL-min"! H2, 5 mL-min"! CO2, 25 mL-min™' Ar) was

introduced into the reactor for 58 min. DRIFTS spectra were collected every 1 min.
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Supplementary Figure 23 | In situ DRIFTS during CO2-PDH for PtiSn7/CeOx-Al20s.
Test condition: the fresh catalyst (50 mg powdered sample) was filled into the reactor
and flushed with Ar (50 mL-min") at 300 °C for 1 h to remove the adsorbates. Then,
the catalysts were heated from 300 °C to 600 °C at a rate of 10 °C-min™' and retained at
600 °C in a flow rate of 35 mL-min™! of 40 vol% Haz/Ar. After this, the catalysts were
cooled down to 500 °C and the backgrounds (8 cm™! resolution, 64 scans) were collected
after Ar purging in a flow rate of 35 mL-min™! for at least 1 h. the background spectra
(a resolution of 8 cm™, 64 scans) were collected. Afterwards, a C3Hs/CO2/Ar mixture
with a flow rate of 35 mL-min! (5 mL-min"! C3Hg, 3 mL-min™! CO2, 27 mL-min™' Ar)
was introduced into the reactor for 32 min directly after pre-reduced. DRIFTS spectra

were collected every 1 min.

S30



303

304

305
306
307
308
309
310

311
312
313
314

315
316
317
318
319
320
321
322
323
324
325
326

Kinetic analysis of CO,-PDH

(A) Kinetic modeling of CO2-PDH on Pt1Sn7/CeOx-Al203

Based on the PDH+RWGS pathways on the PtiSn7/CeOx-Al203, and in order to
further understand the effect of CO: on the rate of propylene production in this reaction
systems, we have carried out the derivation of the reaction kinetics and the fitting of the
corresponding kinetic equations, and matched the fitting results with the experiments
to accurately obtain the rate-determining step of the CO2-PDH reaction on the
Pt1Sn7/CeOx-Al203 catalyst.

The kinetics for this reaction has been previously studied, combined with the
PDH+RWGS pathways, we conducted conventional quasi-stationary approximation
approaches for kinetic analysis to understand the RDS on PtiSn7/CeOx-Al203 catalyst,
and considered the following Langmuir-Hinshelwood type mechanism:

CsHs adsorption CiHs+o0 2 CiHs - o (1)
1** C-H activation CiHso+0 2 C3H7-0+H 0o )
274 C—H activation CH7-0+0 2 C3He-0+H 0 3)
CO2 physisorption CO2+0 2 CO2-0 4)
CO2 chemisorption CO2-02CO 0 (5)
HCOO" formation COy"-0+H-0 2 HCOO -0 +o (6)
OH decomposition HCOO 0+0 2 CO-0+0OH" 0o (7)
H20 formation OH-6+H-0 2 H2O-0+0 (8)
CsHe desorption CisHe-0 2 CsHe+ o 9)
CO desorption CO-02CO+0o (10)
H20 desorption HO0:-0 2 HoO+o (11)

Such a primitive step in the elementary step can be divided into four parts: the first
part: for the propane dehydrogenation reaction, the Propane is firstly physically
adsorbed at the Pt site, followed by the first and second dehydrogenation steps to
produce adsorbed propylene and H. In the second part, for the activation of COz2, the
first step occurs by physical adsorption of CO2 in the reactive oxygen vacancies, and it
is worth noting that CO2 is a thermodynamically stable molecule with the standard
formation enthalpy of -393.5 kJ-mol !, therefore, the chemisorption step is necessary.
What then occurs is the chemical activation of CO2; part 3: the generation of HCOO"
from hydrogen produced by propane dehydrogenation and the chemical activated COx,
and the HCOO" further decomposition, the OH* and CO* were generated, OH* and H*
further generate H20, the product of the RWGS reaction; and part 4: the desorption of
the products C3Hs, CO, and H20.
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Based on the raw of mass action, the reaction rate of each elementary step as

follows,
n=rn-n=k||F]]|o-&]]|7]]8 @
] ] ] ]

In equation (12), E is the rate constants for forward and (I?l is the reverse

reactions in step 1. E(E) and (F_’l(b—l) are the pressure (coverage) of the reactant and

product species in step i, respectively. Pressure and coverage were used for gas-phase
molecules and surface adsorbates, respectively. The specific representation of each
reaction rate is shown below:

. o ry = Eecgng 1-6)
= kyPc,u,(1—0) — k40c,p, (13) _ (14)
— k20c,4,0H

= k3Oc,n,(1—0) N o
_ (15) 14 = k4Pco,(1—6) — k4O, (16)
— k30c,n,0H

. o Te = k_6)0*COzeH
= ksOco, — ksO¢o, (17) _ (18)
— ke¢Opcoo-(1-6)

= k70uc00-(1— 6) . o
(19) 1rg= kgOouOy — kgby,o(1—6) (20)

- k700H9C0

= k_9)0C3H6 - EPCgHa(l —0) 1) rio= kygOco— kioPco(1—6) (22)

i = k—11)9H20 - Epﬂzo(l -0) (23)

In equation (13) to (23), all of the P;, 6;, (1 —6) are dimensionless values. P;
0;, (1 — @) are the relative pressure of i to the standard pressure, coverage of i, and
the fraction of vacant adsorption site.

(B) Kinetic Analysis based on quasi-stationary approximation

According to the quasi-stationary approximation, when a certain step is considered
as the rate-determining step, other steps can be regarded to be in equilibrium. Therefore,
the equilibrium constants are provided as follows:
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K. = Oc.n,0u
2 0C3H8(1 - 9)
0*
Ky = co,
0co,
K — 0"20(1 - 0)
7 Oouby
Py,0o(1-0)
Ky =—2-"— 2
11 00

(25)

(28)

(€1)

(34)

Oc,u,On

Ky =—— ol H
3 0C3H7 (1 - 0)
K
_ Oncoo-(1—0)
0¢0,0n
_ Pcyp(1-0)
K Oc,u,

(26)

(29)

(32)

Note that K; cannot be defined when the step i is considered as the RDS (ten
equilibrium constants can be used). Besides, the conservation of the number of

OC H
Ki=—-"238% _ 24
L Pomd-0 @Y
BCO
Ky=—-—7"—
‘= Pga-o @
BOHGCO
K- = 30
7 Ohcoo-(1—0) (39)
Pco(1-0)
Ky = T 0y (33)
341
342
343

adsorption site is considered as follows:

Zei+(1—9)=1

0C3H8 + 0C3H7 + BH + 0C3H6 + 0502 + 0*(:02 + OH + GHCOO_ + GOH + BCO + 01.120 + (1 - 0)

344

345
346

347

348

349

350

351
352

353

354

=1

Each 6; except (1 — ) is expressed as a function of K;, P;,and (1 — 8), then

the site conservation equation is solved for (1 — @). Thus, each coverage and reaction
rate can be expressed as a function of K;, and P;:

Om = fm(Kif P])

(37)

"= Tm— Tm=kn| | Pu| | fu®oP)—Teu| [ ] [ gmKeP)  G9)
m j m m

Then, K; and P; except Py, which makes 7, a function of Pc py, or P,

are regarded as constants in a series of catalytic experiments, which makes 7, a

function of Py, or Pgg,. This function can be approximated to a simplified form at

a certain limit of coefficients included in the equation as follows:

_ B
'm= k- P¢y, Pco,

(39)

where, k is an apparent rate constant. a, and f represent kinetic parameters that
can be obtained by regressing the measured rate data to these rate equations.

In this work, based on the experimentally obtained the reaction orders for

Pe,uga =1, Peo,, B = 0.5, and for step (1): CsHs physisorption, step (4-5): CO2
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355  physisorption, CO2 chemisorption, step (7-11): OH formation, H2O formation, C3He
356  desorption, CO desorption, H20 desorption, Since the mathematically derived reaction
357  orders when they are used as RDS are far from the experimental results, they will not
358  be shown and discussed here. So, no further derivation of the above steps will be made
359  in this part.

360 In the following section, full derivation of the rate equation is shown for steps (3)
361  for better understanding.

362 The contribution of each reverse reaction was ignored because the experimental
363  reactions were done in differential conditions (Heat and mass transport limitations at
364  the catalyst pellet and the bed scale have been eliminated in order to measure rates of
365  intrinsic chemical origins. In this reaction conditions, the C3Hs conversion at very low

366 leVel: < 10%, Where PC3H85 PCOZ >> PC3H69 Pco, PHZO)‘

367  Assuming step (3) as the RDS:

368 When step (3) (2™ C-H activation) as the RDS, the overall reaction rate can be
369  expressed using equation

r3 = k_3)063H7(1 —0)— k30,404 (15)
370 In this condition, the K; (except K3) can be defined using quasi-stationary

371  approximation, so that 8; can be obtained by K;:

0co, = K4Pco, (40)
Oc,u, = Ko'Pc,n, (41)
8co = K15 Pco (42)
On,0 = KhlPHZO (43)
0*602 = K4K5Pcoz (44)
OHcoo- = (K4K5K6)0-5(K7K8K10K11)‘0'5P23P%250Pg'32 (45)
Oy = (K4KsKoK,KgK10K11) " PeoPY oPCo; (46)
Oon = (K4K5K6K7K§1K10KI11)0'5P53'5P21'50P%052 47)
Oc,n, = (KIK3K4KsKsK7KgK 10K 11) P °Pydo P,y POo, (48)
Oc,ng = K1Pc,ny (49)
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372 We were able to notice that each equation (40-49) have in its final result,

373 and in this kinetic reaction conditions, where Pc,y,, Pco, >> Peu,» Pcos Phyo-
374 Meanwhile, the equation (13) can be regarded as a function of Py, and/or Pgg,. So,

375 based on equation (40-49), each red-colored part is decomposed into P¢o,, Pc,n, and

376  aconstant F; as follows:

ecoz = FcoZPco2 '(Fco2 = K4) (50)
Oc.ny, = Feang Feun, = Ko'Pcn,) (51
Oco =Fco Fco = K10 Pco) (52)
On,0 = Fy,o Fu,0 = K11 Ph,0) (53)
6*(:02 = F*COZPCOZ , (F*COZ = K4K5) (54)

_ 0.5
0Hcoo- = Fucoo-Pco, )

(55)
Fucoo- = (K4K5K4)**(K7KgK19K11) *° P23 HZO)
On = FyPco; , (Fy = (K4KsKcK7KgK10K11)"**P¢3P}i%0) (56)
Oon = FouPls, ,(Fon = (K4KsK¢K,K5" K10K11)**Pcg°Ph>)) (57)
0C3H7 = FC3H7PC3H8P232
(58)
(Feyn, = (KIK3K4KsKoK7KgK10K11)**Pcd°Pyli)
963118 = FC3H8P63H3 ’(FC3H8 =K,) (59)
377 we can use equation (35-36) to solve . The red-colored part in the final

378  results at equation (50-59) can be defined as F; Pm’ Pcn(; , Where m;, n; are the

379 indices of P¢,y, and Pp, corresponding to each 6; in equation (50-59):

D 0i+(1-0)= ) FPL, P, +

(60)
= (1+ZFPC‘3H8 o,)

380 Simplifying Equation (60) gives as follows:
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-1
(1-0)=(1+ ) FiPEy Ply) (61)
381 Where, the equation (15) can be regarded as a function of Py, or Pgo,. Based

382  on equation (61) and equation (50-59), the equation (15) can be simplified as follows:

r3 = k—3)063H7(1 -0) - (k_30(,‘3H60H

ks (KiK3 KyKsKoK7KgK10K11)"*Pc,uy Ped° Pryo PEs,
~ 2

(1+ X F:Pgy Peo)

k3(KiK3K4K5KeK7KgK10K11)**Pco®Pro P, PLs,
(1 + (Feung + Fco + Fyo) + (Feo, + Feo,)Pco, + FuPzo, + (Fucoo- + Fon)Pe, + FeungPeyny + Feun, PoyugPls,)?

(63)
B 3P, P25,
(a3 + b3PC02 + Cgpgg'zs + dBP(C)'OSZ + e3PC3H8 + f3PCSH8P(C)~'052)2
— 05 055 .
(Ms = k3(KiK3 K4KsKsK7KgK10K11) Pco°Ppls,as = (1+ Feyp, + Foo + Fyo), b3 = (Feo, + Fcoz)'
¢3 =Fy,d3 = Fycoo- + Fon, €3 = FC3H8:f3 = Fc,n,)
383 Therefore, when step (3) (2" C-H activation) as the RDS, based on this derivation,
384  the rate equation for the reaction is as equation (64), the reaction orders for Py, o =
385 1,—1, P¢p,, B =0.5-15,15,-0.5,0.5. Pcy () , Peo,(B) cannot be determined
386  and requires further fitting and coupling with experimental data.
387  When assuming step (2) (1% C-H activation) as the RDS, based on the same
388  derivation process:
r, = k0 (1-06)—- k6 0 —38
2 20¢3Hg 20¢3H,00 = 1134,
(64)
k:K1Pc,ng

(1 + (Feyug + Feo + Fryo) + (Feo, + Feo,)Pco, + (Fy + F63H7)Png + (Fou + FHcoo-)Pg'g2 + Fe,ngPeang)?
389 the rate equation for the reaction is as equation (65), the reaction orders for
390 Pepg,a=1,—1, Peo,, f =0,—2,1,—1, Since the value of  does not agree with the
391  experimental results, the step (2) should not be the RDS.
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392  When assuming step (6) (CO; activation) as the RDS, Based on the same derivation
393 process:

. — keK,K5Pco,
Te = k¢Oco,(1—0) — keOco0p = —(1 YA
(65)
keK4KsPco,

1+ (Fezug + Feo + Fryo) + FeangPeyng + (Feo,tFco,)Pco, + (Fy + FC3H7)P2'35H8 + (Fon + FHcoo-)PE;]ilss

394 the rate equation for the reaction is as equation (65), the reaction orders for
395 PC3H8,0( =0,-2,0-1,1,2, PCOZ,,[)’ = 1,—1. Since the value of f does not agree
396  with the experimental results, the step (6) should not be the RDS.

397 When we substitute the experimentally measured data related to the kinetics into
398  the formulas mathematically derived in the step (3) for fitting, we obtained the values
399  ofthe relevant kinetic parameters in Eq. 63, as shown in Supplementary Table 4. Further,
400  the fitted kinetic parameters were inserted into Eq. 63 to predict the rate of propylene
401  formation under different conditions, and the predicted values were plotted against the
402  actual measured values, with the horizontal coordinates being the experimentally
403  measured true values and the vertical coordinates being the predicted values based on
404  the kinetic equations, and the value of the linear relationship with R? = 0.99 was
405  obtained, as shown in Fig. 4d. This fully justifies the step (3) (2" C-H activation) as the
406  RDS.
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407 Supplementary Table 4. Kinetic equations and fitted parameter values of CO2-PDH.

M3P63H8P2'32
rs = ~05 05 05 \2 (63)
(a3 + b3PC02 + C3PC02 + d3PC02 + e3PC3H8 + f3PC3H8PC02)
Us 58.04 as 2.23
b 0.03 o 0.67
d 283 e 20.48
7, 0.12
408
409
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410  Kinetic analysis of PDH

411 (A) Kinetic modeling of PDH on PtiSn7/CeOx-Al203

412 As with CO2-PDH, we derived the kinetic equation for the PDH on PtiSn7/CeOx-
413 ALOs reaction based on the same principle.

CsHs physisorption CsHs+ 0 2 CsHs - o (66)
1* C-H activation CiHs-0+0 2 CiH7-0+H 0o (67)
2" C—H activation CH7-0+0 2 CHe-0+H:0o (68)
CsHs desorption CsHe 0 2 CiHs+ o (69)
H:> desorption 2H-0 2 Ho+o (70)
414 The elementary steps for propane dehydrogenation are shown in equation (66-70),

415  which establish the surface concentrations of all intermediates involved. The
416  conservation of the number of adsorption site is considered as follows:

Ye+a-0=1 (35)
417 The specific representation of each reaction rate is shown below:
PP = KiPe,u,(1-8) = kibeyu, T 8P = KB, (1-0) = Kabe, 05 (72)
5P = kgOcu,(1-0) ~ kebcu 0 (1) "= kyOcyu, — kaPeyu, (1-6) (74)
rE = ks6f — ksPy,(1-0)? (75)

418  (B) Kinetic Analysis based on quasi-stationary approximation

419 According to the quasi-stationary approximation, when a certain step is considered
420  as the rate-determining step, other steps can be regarded to be in equilibrium. Therefore,
421 the equilibrium constants are provided as follows:

OC H 0(,' H eH BC H aH
K,=—-38 76 K,=—237 = 77 K,=—>23%6 "~ 78
Y Py, (1-6) (76) 27 Oc,u,(1—0) " * 7 Oc,n,(1-0) (78)
Pc.u,(1—6) Py,(1—6)*
=— 79 Ke=—2_—-—"— 80
4 Ocun, (79) 5 oz (80)
422 The kinetics of propane dehydrogenation has been widely reported in previous

423  studies, The kinetics of propane dehydrogenation has been extensively reported in
424  previous studies, and the first or second C-H bond activation is the RDS in this reaction.
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436

Assuming step (2) as the RDS:

When step (2) (1% C-H activation) as the RDS, the site coverages of surface
species are:

9c3H8 = K1PC3H8 (81)
Oc,n, = Ki'Pc,n, (82)
On = K5*°Pl; (83)
Ocsn, = K3 K3 K5" Py Py (84)
We were able to notice that each equation (81-84) have in its final result,

and in this kinetic reaction conditions, where Py, >> Pc.p,, Py, Meanwhile, the
equation (72) can be regarded as a function of Pg,y, and/or Py,.So, based on equation

(81-84), each red-colored part is decomposed into Py,, Pc,p, and a constant F; as

follows:
9c3H8 = FC3H3P63H3 ) (F63H8 = K1) (81)
Ocing = Feyng , (Feung = Ki'Peyng) (82)
0y = FyPY? , (Fy = K5%) (83)
Ocsn, = Feyn,Pli; , (Feyn, = K3' K3 K5**Peyp,) (84)
We can use equation (35-36) to solve . The red-colored part in the final

results at equation (81-84) can be defined as Fl-Pg: Fils P:Z ! 'Where m;, n; are the indices

of Pc,u, and Py, corresponding to each 6; in equation (81-84):

; ; (85)
=1+ z FiPeiy Py
Simplifying Equation (85) gives as follows:
m; n; -1
1-6=>01+ Z FPeiy Py (86)
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437 Based on equation (86), the equation (72) can be expressed as follows:

ryPf = ky0c,n,(1—6) — ky0c,4,04

= 87
3 oK1 Pe,, 87)
(1+ K1Pepy + Ki'Peyng + K5O° P + K3'K 'K %5 Pe y PY)?
438 The experiments were carried out under rather low conversions. The site coverage

439  of propylene and other intermediates are expected to be rather small, which can be
440  ignored. Assuming that hydrogen is the most abundant intermediates, the forward
441  dehydrogenation reaction rates equation (87) can be simplified to eequation (88).

rIZ)DH = k_2)0C3H8(1 - 0) - k20C3H70H

_ k:K1Pc,hy,
~ 2
(1 + KyPcypy + K Peoy, + K5%° P2 + K3 'K 'K %Py PY>
L SUN
- -0.5p0.5)2 (88)
(1+K5%°P);
_ uzP C3Hg
(1 + K3°5PY5)”
(3" = koK)
442 Assuming step (3) as the RDS:
443 When step (3) (2™ C-H activation) as the RDS, the site coverages of surface
444 species are:
Oc.ng = K1Pc,ny (39)
Oc,u, = Ki'Pe,n, (90)
On = K5"°Pj; o1
Oc.,n, = K1K2Kg'5P1_1(Z)'5PC3H8 (92)

445 the equation (73) can be expressed as follows:
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446
447
448
449
450
451
452
453
454
455
456
457

riP" = k30c,y,(1—0) — k30,404

k3K1K2Kg'5P;12'5P63H8

~ _ _ 1o p
(1 +KyPc,py + K" Peyy, + K3%°PY> + K3 'K 'K %Py PP

_ 93)
_ k3K1K2K(5)'5P1_12'5Pc3H8 B M‘::DHPFI(Z)'SPCE;HB

(1+K°5P3S)" (1+K505P3)’

(5P = ksK1K,KS®)

When we substitute the experimentally measured data related to the kinetics into
the formulas mathematically derived in the step (2) and step (3) for fitting, we obtained
the values of the relevant kinetic parameters in Eq. 88 and Eq. 93, as shown in
Supplementary Table 5. Further, the fitted kinetic parameters were inserted into Eq. 88
and Eq. 93 to predict the rate of propylene formation under different conditions, and the
predicted values were plotted against the actual measured values, with the horizontal
coordinates being the experimentally measured true values and the vertical coordinates
being the predicted values based on the kinetic equations. When step (2) (1 C-H
activation) as the RDS, large differences between projected and actual values. But when
step (3) (2" C—H activation) as the RDS, the value of the linear relationship with R? =
0.99 was obtained, as shown in Fig. S17. This fully justifies the step (3) (2™ C-H
activation) as the RDS.
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458  Supplementary Table 5. Kinetic equations and fitted parameter values of PDH.

PDH
PDH __ K2 PCsHs
2= —0.5p0.5)2 (88)
(1+K; P
L EDH 2.0
K5‘°'5 30.41
PDH _ MgDHPIJZO'SPCsHs
N —0.5p0.5)2 (93)
(14 K5°%P2?)
ygDH 2.47
K5‘°'5 3.93 x 101

459
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461  Supplementary Figure 24 | Comparison of predicted (from Eq. (93)) and experimental

462  CsHs formation rates (obtained under differential reactor).
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464

465

466
467

468

469
470

471

472

473

Kinetic analysis of RWGS

I Mars-van Krevelen (MvK) mechanism

The elementary step:

H: adsorption and
Step 1 ' o Ho +2* & 2H* M1
dissociation

2H* + Olattice = HZO + Lvac +

Step 2 Lattice oxygen depletion " M2
CO2 adsorption and
Step 3 . Lo COZ + Uvac = CO + Olattice M3
dissociation

Where the H*, Ouatiice and [vac represent H* coverage, lattice oxygen and oxygen
vacancies respectively.

The rate equation expression for each elementary step is:
Step 1 H, + 2% < 2H* r, = ki Py, (1—0y)% — ki6y° M4

r,=k3i6,*(1-6,)
Step 2 ZH* + Olattice : HZO + Dvac + 2*
— k3 Py,00. (1 — 0)?
Step 3 C02 + [ac = CO+ Olattice r3 = k;PCOZH - k3_PCO(1 -0 ) M6

Key Simplification: For most metal oxides (e.g., CeO2), the catalytic sites for
lattice oxygen and oxygen vacancies are distinct from those for H2 adsorption, therefore:

0, + 0y =1 M7

When the consumption of lattice oxygen by H: is the RDS (step 2).
Assumptions:

1. The dissociative adsorption of H> reaches rapid equilibrium.
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474

475

476

477

478

479

0>

Ki=——"—
VT Py, (1—-6p)?

Simplified, we obtain:

1 1

K15PH25
Oy =————=
1+ K15PH25

1 1
Under most experimental conditions, since K;2Py,% < 1, therefore:

1 1
91_1 = KIEPHZE

2. The CO2 adsorption and dissociation reaches rapid equilibrium.

v _Peol=6)
3 PCOZH*
P,
9. co

- _K3Pcoz + Pco
Using M11 and M13, simplify M5 to obtain:

r = k;HHz(l —0,) — k3 P00 (1 - 0n)* ~ k;QHz(l -0,

_ k;KlKBZPHZPCOZZ
= 2
(K3P602 + Pco)

M9

MI10

MI1

MI12

M13

M14

Since the Pgy K Peo,, Py, ,here we can let Py = 0, the M14 allow to express:

r, = k;HHz(l —6)= k;Klsz

When the CO; adsorption and dissociation is the RDS (step 3).

 Pu,oB.(1 - 6,)?
2 6,2(1-6))
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480

481

482

483

484

485
486

K1 Ky Py,

o= 2 M17
PH20(1 - 1[K1PH2) + K1K2PH2
Using M11 and M 17, simplify M6 to obtain:
T3 = k3P0 — k3Pco(1—6,) = k3Pco,0-
k;Pc02K1K2PH2 M18

Puo(1 = JKiP)" + KiKyPy,

Since the Py,o < Pco,, Py, ,here wecanlet Py o =~ 0, the M18 allow to express:
T'3 =k;—PCO20*=k;—PCO2 M19

When the H; adsorption and dissociation is the RDS (step 1).

_ Py,p8(1—6y)?

— M20
2T 8,°(1-6)
PCO(l - 6:)

3= —Pcoz 6 M21

Using M20 and M21, the 8 allow to express:

\ Pry0Pco M22

01‘1 =
VEK2K5Pco, + \/Pu,0Pco

Using M22, simplify M4 to obtain:

rn= kaHZ(l — 0% — kl_eHZ ~ kaHz(l — 6y)?
kif Py, Ko K3Peo, M22
= 2
(\/K2K3Pc02 + /Pu,0Pco)

Since the Py, Pco <K Peo,, Py, ,here we canlet Py, o, Pco = 0, the M22 allow
to express:
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Tl - kil—PHz(l - 9H)2 = kii-PHz M22

487 Based on the preceding mechanistic formulations, the reaction orders for
488  components CO2 and Hz under different rate-determining step (RDS) assumptions are
489  derived as follows:

490  Supplementary Table 6. The reaction orders for RWGS derived from the Mars-van
491  Krevelen (MvK) mechanism.

Reaction Orders

Poo.® or Py P

RDS Scenario Rate Equation (Peo, H')

o B

H:> adsorption and o=kt Py, 0 1

dissociation
Lattice oxygen depletion 1, = k3K, Py, 1 0
COz adsorption and
. rp ) r3 = k3P CO, 0 1
dissociation
492 Il Langmuir-Hinshelwood (L-H) mechanism
493 The elementary step:

Step 1 CO2 Chemisorption CO, + * = CO,” L1
Step 2 H: Dissociative Adsorption H,+ 2% = 2H" L2

) ) CO,"+ H* = HCOO*
Step 3 Surface Reaction (Formate Formation) L3

+ *
o HCOO* + * = CO*
Step 4 Formate Decomposition L4
+ OH"

Step 5 OH Hydrogenation OH"+H" = H,0"+ x LS5
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Step 6 CO Desorption CO*=CO + = L6

Step 7 H20 Desorption H,0* = H,0 + * L7
494 The rate equation expression for each elementary step is:

Step 1 CO, + * = CO,” r = kiPco,(1—6) —ki6co, L8

Step 2 Hy+2* = 2H* ry = k3 Py, (1 — 0)? — k36, L9

Step 3 o7+ H i oo™+ 3 =k30c0,0n — k30uc00(1—6) LI10

HCOO* + = CO*

Step 4 . oH- Ty = kiOpcoo(1 —0) — ki 000600y L1l

Step5 OH*+ H* = H,0" + * s = ki Oouby — k5 0y,0(1—6)  LI2

Step 6 CO* = CO + * Te = kdOco — kg Pco(1 —0) L13

Step 7 H,0* = H,0 + = r; = k3 0u,0 — k7 Py,0(1—6) L14
495 According to the quasi-stationary approximation, when a certain step is considered

496  as the rate-determining step, other steps can be regarded to be in equilibrium. Therefore,
497  the equilibrium constants are provided as follows:

Step 1 CO, + * = CO;" K:E:L L15
2 2 1 kT Pcoz(l—e)
Step 2 H, + 2 2H* K. ky On” L16
x = _f2__ %%
cp 2 2 kZ_ PH2(1_6)2
CO," + H* = HCO00* Kt o 1_0
Step3 k, = K5 _ Oncoo(1=6) -
+ox ks Oco,0n
HEOO™+ = = Co” ki __ Bcobon
Step 4 K, =4 _ _ YcoYon _ L1g
’ + OH T ki Oucoo(1—0)
ki Op0(1—6
StepS  OH"+H" = H0" + » K, = K5 _ Or01=0) L19

kg 0010k
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498
499
500

501

502
503

504
505
506
507

508
509

510

ki Po(1-6)

Step 6 CO* = CO + * K, =6 T2 79 120
k6 QCO
ki Pyo(1—6

Step7  H0" = Hy0 + ol Puo(=6) L21
k7 01,0

Note that K; cannot be defined when the step i is considered as the RDS (six
equilibrium constants can be used). Besides, the conservation of the number of
adsorption site is considered as follows:

0H+0C02 +0Hco0+eoy+eco+9H20+(1—9) =1 L22

Each 6; except (1 —8) isexpressed as a function of K;, P;,and (1 — 6), then
the site conservation equation is solved for (1 — @). Thus, each coverage and reaction
rate can be expressed as a function of K;, and P;:

0, = fL(Ki'Pj) L23

r= T~ Fi=kn| | Pu| | fu(KeP)—Ten| | P/| | gm(KoP)  L24
m -j m m

Then, K; and P; except Pgo, and Py, which makes 7, a function of P¢q, or
Py, are regarded as constants in a series of catalytic experiments, which makes 1, a
function of Pgy, or Py,. This function can be approximated to a simplified form at a
certain limit of coefficients included in the equation as follows:

ro= k-Pg, Pl L25

where, k is an apparent rate constant. a, and [ represent Kinetic parameters that
can be obtained by regressing the measured rate data to these rate equations.

Assuming step (3) as the RDS:

ecoz = K1PCOZ(1 -6)= Lcozpco2 (Lco2 =K;) L26
Oy = K,*°Py (1 — 0) = Ly, Py,°® (Ly = K,*%) L27
eHCOO (L

_ — _ _ _ _ HCOO
=K, *°K, K5 Ko ' Ky PeoPy,oPu, "0 (1 L28

—os = K2_0'5K4_1K5_1K6_1K7_1PCOPH20)
-0)= LHCOOPHZ

Oon = Kz_O'SKS_1K7_1PHzOPHz_0'5(1 —6) -05p -1, —1
—05 (Lon = K; Ks K, PHZO) L29
= LOHPHZ

S50



511

512

513

514

515
516

517
518

519
520

521
522

523
524

Oco = Ks_lpco (Leo = Ke_l) L30

91120 = K7_1PH20 (LH20 = K7_1) L31

we can use equation L22 to solve . Equation (L26-L31) can be defined as
Ll-ng"z P;Z", Where m;, n; are the indices of Py, and Py, corresponding to each 6;

in equation (L26-L31):

Z 0, +(1—8) = Z F.PT P +

R L32
=(1+ z FiPg6 Py
=1
Simplifying Equation L32 gives as follows:
m; n; -1
1-6=01+ Z FiPco,Py.) L33

Where, the equation (15) can be regarded as a function of Py, or Py,.Based on
equation L33 and equation L.26-L.31, the equation L10 can be simplified as follows:

r3 = k300,04 — k30hc00(1 — 0)

~ kﬁLgco2 0y
L34

+ 0.5
k3Pco, Py,

P
[(1 + Lo + LHZO) + L¢o,Pco, T+ LHPHZO'5 + (Lucoo + Lon) Py, 0'5]

Therefore, when step (3) (Surface Reaction (Formate Formation)) as the RDS,
based on this derivation, the rate equation for the reaction is as equation L34.

When assuming that (1 + Leo + LHZO) > Lco,, Ly and (Lycoo + Lon) » the

reaction orders are determined as follows: a =1, 8 = 0.5;

When assuming that LCOZ > (1 + LCO + LHZO)' LH and (LHCOO + LOH) , the

reaction orders are determined as follows: a = —1, 3 = 0.5;

When assuming that Ly > (14 L¢o + LHZO),LCOZ and (Lycoo + Lon) , the

reaction orders are determined as follows: a =1, f = —0.5;
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525
526

527
528

529

530
531

532
533

534

535

536

537

538

539

540

541

542

543

544
545

When assuming that (LHCOO + LOH) > (1 + LCO + LHZO)’ LC02 and LH , the

reaction orders are determined as follows: a = 1,3 = 1.5.

Thus, the possible reaction orders for CO2 () include: -1, 1; and possible reaction
orders for Hz () include: -0.5, 0.5, 1.5.

Assuming step (4) as the RDS:

We can derive the rate expression when Step 4 is the rate-determining step using
the same methodology, as demonstrated in L35:

T4 =ki0ycoo(1 —0) — k300004

~ k3 0ncoo(1—0)
L3

05 .
kiK1K;*°K3Pco, Pl

- 0.5 -05 057
[(1+Lco + Ly,o) + Leo,Pco, + LuPu,” + LouPu, "> + LucooPco,Pu," "]

Therefore, when step (4) (Formate Decomposition) as the RDS, based on this
derivation, the rate equation for the reaction is as equation L35.

When assuming that (1+LCO +LH20) > Lco,s Ly Loy and Lycoo > the

reaction orders are determined as follows: a =1, = 0.5;

When assuming that Lgo, > (1+Lco +LH20),LH,L0H and Lycoo , the

reaction orders are determined as follows: a = —1, 3 = 0.5;

When assuming that Ly > (1 + Lo +LH20),LCO2,LOH and Lycoo , the

reaction orders are determined as follows: a =1, f = —0.5;

When assuming that Lgy > (1+Lco +LH20),LCO2,LH and Lycoo , the

reaction orders are determined as follows: a = 1,3 = 1.5;

When assuming that Lycoo > (1 + Lco +LH20), Lco,, Ly and Loy , the

reaction orders are determined as follows: a = —1, = —0.5;

Thus, the possible reaction orders for CO2 () include: -1, 1; and possible reaction
orders for Hz () include: -0.5, 0.5, 1.5.
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546 We have compiled the reaction order analysis for scenarios where both Step 3 and
547  Step 4 serve as rate-determining steps (RDS) into Supplementary Table 6 when use L-
548  H mechanism, as listed below:
549  Supplementary Table 7. The reaction orders for RWGS derived from the Langmuir-
550  Hinshelwood (L-H) mechanism.
Reaction Orders
RDS
Rate Equation (P coza or Py, B)
Scenario
o p
0.5
Formate k3 Peo, P,‘}f’ -1 0.5
s = 0.5 ~0.512
Formation [(1 +Leo + Li,o) + Leo,Peo, + LuPu,™ + (Lucoo + Lou)Pu, | 1 -0.5
1 1.5
1 0.5
. -1 0.5
Formate _ ki KoK, 0'5K3Pcoz PI({).ZS 1 205
Decomposition [(1 + Leo + LHZO) + L¢o,Peo, + LHPHZO'S + LOHPHZ_O'S + LHCOOPCOZPHZO'S]Z | 15
-1 -0.5
551 To validate CO2 activation kinetics on CeQ2, we conducted RWGS kinetic
552 experiments over PtiSn7/CeOx-Al2Os3. As detailed below, the reaction exhibits non-
553  zero-order dependence for both CO2 (0.89) and Hz (0.48) across varied partial pressures,
554  excluding the Mars-van Krevelen (MvK) mechanism for COz activation on CeOy in the
555 ~ tandem system. Based on the derivation from the Langmuir-Hinshelwood (L-H)
556  mechanism, we obtain reaction orders (e.g., o = 1, B = 0.5) that closely align with
557  experimental values (o = 0.89, B = 0.48). Therefore, the L-H mechanism provides a
558  more appropriate description for the catalytic system studied herein.
a 0.7 b 0.5
> _e-
0.6 - P
P 0.4 -
e .20 e _--Te
= .- = - %
'g; 04 -8 § 303 e
EE."'“ . o ’ ‘_EEu.z ’;"
;: 0.24 7 ’ 5 f”
Il/ 014 1
019 7 H
0.0 ! - - T T T T 0.0 , T T T T T T
5 10 15 20 25 30 5 10 15 20 25 30
559 COZ pressure (kPa) Hz pressure (kPa)
560  Supplementary Figure 25 | Kinetic experiments for RWGS with different CO2 or H2
561  partial pressures on PtiSn7/CeOx-Al203. Test conditions: differential reactor, 7= 500 °C,
562 100 kPa, 0.05 g. For different CO: partial pressure, CO2 : H2 : N2 =x : 14.2 : (85.8-x)
563  kPa; For different H2 partial pressure, CO2 : H2 : No= 14.2 : x : (85.8-x) kPa. x =

S53



564  6/12/18/24/30 kPa. Total flow rate: 70 mL-min~".

565  Supplementary Table 8. Apparent reaction orders measured under varying Pgo, and
566 Py, for PtiSn7/CeOx-Al203 at RWGS reaction.

Reaction Orders

Variables Peo, Py,: B
Value 0.89 0.48

567
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569  Supplementary Figure 26 | Kinetic experiments with different propane partial pressures
570  on PtiSn7/CeOx-Al203. Rate of C3Hs production, hollow circle: rm, triangular: n, solid
571  circle: rf, pentagram: rc. Test conditions: differential reactor, 7= 500 °C, 100 kPa, CO2-
572 PDH: 0.05 g, CO2 : C3Hs : N2 = 8.6 : x : (77.4-x) kPa, Total flow rate: 35 mL-min"".
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574  Supplementary Figure 27 | Kinetic experiments with different propane partial pressures
575  on PtiSn7/CeOx-Al20s. Rate of C3Hs production, hollow circle: rm, triangular: n, solid
576  circle: rf, pentagram: re. Test conditions: differential reactor, 7= 500 °C, 100 kPa, PDH:

577 0.05 g, C3Hg : N2 = x : (86-x) kPa, Total flow rate: 35 mL-min ™"
578
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580  Supplementary Figure 28 | Kinetic experiments with different hydrogen partial
581  pressures on Pt;Sn7/CeOx-Al20s. Rate of C3He production, hollow circle: rm, triangular:
582 1, solid circle: rf, pentagram: rc. Test conditions: differential reactor, 7= 500 °C, 100

583  kPa, PDH: 0.05 g, C3Hs : H2 : N2 =14 : x : (86-x) kPa, Total flow rate: 35 mL-min™".
584
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586  Supplementary Figure 29 | Kinetic experiments with different hydrogen partial
587  pressures on Pt;Sn7/CeOx-Al20s. Rate of C3Hs production, hollow circle: rm, triangular:
588 1, solid circle: rf, pentagram: rc. Test conditions: differential reactor, 7= 500 °C, 100
589  kPa, CO2-PDH: 0.05 g, CO2 : C3Hs : H2 : N2 = 8.6 : 14 : x : (77.4-x) kPa, Total flow

590  rate: 35 mL- min~'.
591
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593  Supplementary Figure 30 | Kinetic experiments with different carbon dioxide partial
594  pressures on Pt;Sn7/CeOx-Al20s. Rate of C3He production, hollow circle: rm, triangular:
595 1, solid circle: rf, pentagram: rc. Test conditions: differential reactor, 7= 500 °C, 100
596  kPa, CO2-PDH: 0.05 g, CO2: CsHs : N2 =x: 9 : (91-x) kPa, Total flow rate: 35 mL-min~

597 L
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Supplementary Figure 31 | (a) CO-TPD on PtiSn7/CeOx-Al203, and (b-c) kinetic
experiments with different carbon monoxide partial pressures on PtiSn7/CeOx-Al20:s.
Rate of CsHe production, hollow circle: rm, triangular: n, solid circle: rf, pentagram: re.
Test conditions: differential reactor, 7= 500 °C, 100 kPa, CO2-PDH: 0.05 g, CO : COz :
C3Hg : N2=x:8.6: 14 : (77.4-x) kPa, , Total flow rate: 35 mL-min"".
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606  Supplementary Figure 32 | KIEs obtained under differential reactor of CO2-PDH on
607  PtiSn7/CeOx-Al20s.
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Ln(Rate.sye) (mmol-g_,,*+h™)

3- ® Pt,Sn,/Ce0,Al CO,-PDH 73.6 kJimol
Pt,Sn,/CeO,Al PDH 85.4 kJ/mol
Pt,Sn,/AlLO, PDH 84.4 kJimol

2| ® PSnJALO, CO,PDH 96.7 kdimol
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Supplementary Figure 33 | Arrhenius plots of propylene formation in PDH and CO:-

PDH obtained under differential reactors.
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Supplementary Figure 34 | Tandem mode of different catalysts performance obtained
by integral reactor. (a) PtiSn7/Al203 + C=0 bond activated catalysts (CeOx/Al20s3,
CuOx/Al203, TiOx/Al203) and (b) C-H bond activated catalysts (PtSn/Al20Os,
Ga203/A1203, Cr203/A1203) + CeOx/Al203. To extend the coupling of PDH and RWGS
through hydrogen spillover, the tandem catalysts are investigated from two perspectives
as expected, we observed the intensified propylene production rates compared to the

apparent ones. These results support the such hydrogen spillover-mediated coupling

mechanism in a tandem fashion with proximity.
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623  Supplementary Figure 35 | The scheme of Oleflex technology (PDH) by ASPEN Plus

624  simulation. It was reproduced with permission from [1]. Copyright © 2022 American

625  Chemical Society.
626

S64



C, mixture

H, Product

Light Component Impurities

| Pressure Swing Adsorption

CO Product

Pressure Swing Adsorption

co,

Steam
Generator

Multi-stage
Compressors

Vapor

Propene-Propane Splitter

C;H; Product

co, co, Water | 777 TS D Zn}JrJg;n'm'o; Reactors |
= | and Interstage Heaters :
1
1
Dehydrogenationin | :
1> ‘ T
=
C3LPG Dehydrogenation Qut Regenerator
C..to Fuel - Propane Recycle
C,LPG co, Water T c,
CO,-PDH St Multi-sta .
Re:actor Gen:::tlor Co:lnpr:ssglsn Colciinen Deethente -
627 C,.to Fuel Water vapor H, and CO product C;H; product
628  Supplementary Figure 36 | The scheme of PDH-CO2R by ASPEN Plus simulation. It
629  was reproduced with permission from [1]. Copyright © 2022 American Chemical
630  Society.
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632  Supplementary Table 9. Simulation Settings (modules and methods) by ASPEN plus.

Aspen Plus modules, databanks and methods

Stream class

CONVEN

Databank

PURE, SOLIDS, INORGANIC

Property method

SRK, STEAMNBS

Unit operation models

Reactor

Rstoic

Pressure changers

Pump, MCompr & Valve

Heat exchangers

Heater,HeaterX

Distillation columns RadFrac
Separator, regenerator Sep
Flash unit Flash2
633
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635  Supplementary Table 10. Simulation conditions and assumptions by ASPEN plus.

Ambient condition

T=25 C, p=1atm

Oleflex process

Reacting at 550 °C

Reaction unit -
0z -PDH Reacting at 550 °C
process
Compression Compressor 3 stages with outlet pressure at 14.5 bar
& P Isentropic efficiency 0.72
refrigeration . .
Sni ¢ Cold box Refrigeration temperature at -95 °C
. 80 stages at 15 bar
Debutanizer Distillate feed ratio 0.98
70 stages at 12 bar
. Oleflex process Distillate feed ratio 0.043
Deethanizer
CO2 -PDH 70 stages at 13.5 bar
process Distillate feed ratio 0.341
Oleflex process 150 stages at 17 bar
Propylene P Distillate feed ratio 0.41
Separation tower CO2 -PDH 150 stages at 17 bar
unit process Distillate feed ratio 0.438
Oleflex process Hydrogen recoviry 4327.2
. kmol-h
Pressure swing Tod "
AdSOfptiOﬂ Yy rogen Separation
CO2 -PDH efficiency: 85%
(PSA) . .
process Carbon monoxide separation
efficiency: 90%
Carbon dioxide CO: -PDH Carbon dioxide separation
capture .
. process efficiency: 85%
operations
By-product
others Byproduct Steam Pressure :10 bar
steam generator
636
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638  Supplementary Table 11. Simulation Settings (feeds and yields).

Oleflex process

CO2 -PDH process

Factory feed wt%

3455.3 kmol-ht
(96 propane, 2 ethane, 2
butane)

3455.3 kmol-h?

(96 propane, 2 ethane, 2 butane)
2622.9 kmol-h! Carbon dioxide

Reactl feed wt%

12566.5 kmol-h*
(65 propane, 34 hydrogen,
1 other hydrocarbons)

12180.3 kmol/h

(59 propane, 40 carbon dioxide,

1 other hydrocarbons)

Carbon yield mole flow (kmol-h™)

Propane 4815.56 3889.94
Propylene 3058.31 2907.59
Methane 197.49 235.41
Ethylene 97.28 115.00
Ethane 169.31 189.51
Carbon monoxide 0 2306.57
Carbon dioxide 0 2764.80
Coke(graphite) 296.23 353.12
Carbon yield mole%
Propane 95.77 30.48
Propylene 35.42 22.78
Methane 2.29 1.84
Ethylene 1.13 0.90
Ethane 1.96 1.48
Carbon monoxide 0 18.07
Carbon dioxide 0 21.66
Coke(graphite) 3.43 2.77
Hydrogen yield mole flow (kmol-h')
Hydrogen 7617.18 1488.63
Water 0 1974.99
Hydrogen yield mole%
Hydrogen 100 42.98
Water 0 57.02
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641  Supplementary Table 12. Comparison of energy consumption and net CO2 emission of
642  PDH and CO2-PDH.
Oleflex process CO2 -PDH process
. CcoO . CcoO
section unit emissizon Total unit emissizon
Total MW | GJ/ton GJ/ton
roduct ton/ton MW roduct ton/ton
P product P product
Reaction 176.2 5.07 0.333 203.7 6.02 0.396
Compression 43.3 1.25 0.120 37.3 1.10 0.106
Separation 399.5 11.49 0.737 464.5 13.72 0911
Heat exchangers 43.1 1.24 0.082 454 1.34 0.088
By-product 441 | 127 | 0047 | 367 | -1.09 | -0.033
steam generator
Reaction COz 0 0 0 0 0o | -0.773
emission
Total 618.10 17.78 1.23 714.18 | 21.09 0.694
643
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645  Supplementary Table 13. Comparison of economics of PDH and CO2-PDH.

Oleflex process

CO2 -PDH process

section Total $/h Unit ($/h)/ton | $h Unit ($/h)/ton
product product
Reaction -2696 -21.55 -3117 -25.57
Compression -3422 -27.34 -2944 -24.15
Separation -4503 -35.98 -7754 -63.61
Heat exchangers -523 -4.18 -585 -4.80
By-product steam generator 171 1.37 119 0.97
Propane raw material -92943 -142.73 -92943 -762.46
Propylene Products 137650 1100 134089 1100
Total 33735 269.58 26864 220.38
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