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FigureS1 Conversion from literature data to network for N-1. This is an example of network construction for 
one data(Base: Ni, Base wt%: 10.0, Base 2: None, Base 2 wt%: 0.0, Support: Al2O3, Support: wt%: 90.0, 

Calcination Temperature (C): 600, Calcination time (h): 4.0, Temperature(C): 350, W/F: 5.26, Inert in feed 
%: 21.0, CO2 Conversion %: 25.552). The data points transformed by the corresponding clusters for each 

variable are shown in red.
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FigureS2 Conversion from literature data to network for N-2. This is an example of network construction for 
one data(Base: Ni, Base wt%: 10.0, Base 2: None, Base 2 wt%: 0.0, Support: Al2O3, Support: wt%: 90.0, 

Calcination Temperature (C): 600, Calcination time (h): 4.0, Temperature(C): 350, W/F: 5.26, Inert in feed 
%: 21.0, CO2 Conversion %: 25.552). The data points transformed by the corresponding clusters for each 

variable are shown in red.
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FigureS3 Details of low CO2 conversion area in the N-2 network. Catalyst(pink), Support(green), and CO2 

conversion(gray) are highlighted. Note that labels are adjusted, and node size is determined by degree 
ranking within a range of 10 to 40 for visualization purposes.
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FigureS4 (a)CO2 conversion, %, (b)CH4 yield, %, (c)CO yield, %, (d)CH4 selectivity, %,
and (e)CO selectivity, % as a function of temperature for catalysts including Pr. Ternary, binary, and unary 

catalysts are represented by circles, squares, and triangles, respectively. Note that the plots and error
bars at each temperature represent the average and standard deviation of two measurements

to ensure reproducibility.
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FigureS5 XRD for (a)NiMnCe/Al2O3, (b)NiCe/Al2O3, (c)NiMnBa/Al2O3, (d)NiMnCo/Al2O3, (e)NiMnNa/Al2O3, 
(f)NiMnFe/Al2O3. The reference patterns shown in red and green are obtained from the built-in database of 

the Rigaku Miniflex 600-C software.
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 FigureS6 SEM-EDS for (a)Ni/Al2O3, (b)Mn/Al2O3, (c)Pr/Al2O3, (d)NiMn/Al2O3, and (e)MnPr/Al2O3
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 FigureS7 SEM-EDS for (a)NiPr/Al2O3, (b)NiCe/Al2O3, and (c)NiMnCe/Al2O3.
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 FigureS8 SEM-EDS for (a)NiMnBa/Al2O3, (b)NiMnCo/Al2O3, (c)NiMnFe/Al2O3, and (d)NiMnNa/Al2O3.
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Table S1 Comparison of CO₂ conversion activities reported in the literature at 450 °C
with a Ni loading of 5 wt%.

M1 M2 M3 M2
wt%

Suppor
t

Prepar
ation 

Metho
d

Red 
Temp, 
℃

Red 
Time, 

h

Inert 
Gas, %

H2/
CO2 

ratio

CO2 Conv, 
%

Ref

Ni Mn Pr 5 Al₂O₃ CI None None 50 4 64.73 This Work

Ni Mn Ce 5 Al₂O₃ CI None None 50 4 65.85 This Work

Ni Mn Co 5 Al₂O₃ CI None None 50 4 51.62 This Work

Ni Mn Fe 5 Al₂O₃ CI None None 50 4 42.78 This Work

Ni Mn Na 5 Al₂O₃ CI None None 50 4 48.50 This Work

Ni Mn Ba 5 Al₂O₃ CI None None 50 4 61.93 This Work

Ni None None 5 Al₂O₃ MC 500 2 0 4 6.87 S1

Ni None None 10 Al₂O₃ MC 500 2 0 4 59.34 S1

Ni None None 10 Al₂O₃ MC 500 2 0 4 22.33 S1

Ni None None 0 Al₂O₃ MC 500 2 0 4 53.31 S1

Ni None None 0 Al₂O₃ WI 600 1 21 4 46.97 S2

Ni Ce None 15 Zeolite IWI 470 1 18.2 4 60.50 S3

Ni None None 0 Al₂O₃ EISA 500 3 15 5 69.16 S4

Ni None None 0 Na-
Zeolite

WI 470 1 18.2 4 36.3 S5

Ni Ce None 3 Na-
Zeolite

WI 470 1 18.2 4 55.67 S5

Ni Ce None 3 Na-
Zeolite

CI 470 1 18.2 4 52.67 S5

Ni None None 5 Al₂O₃ IWI 700 2 45.45 5 38.72 S6

Ni None None 0 Zeolite IWI 500 2 16.7 4 57 S7

Ni None None 0 CeO₂ WI 550 1 25 4 74.26 S8

Ni None None 0 Y₂O₅ WI 550 1 25 4 73.35 S8

Note: Red Temp:  Reduction Temperature, Red Time: Reduction Time, WI: Wet Impregnation, MC: Mechano 
Chemical, IWI:Incipient to wetness impregnation, CI: Co-impregnation
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K-means clusters

Base wt% 0.0-7.0%, 7.5-15.0%, 17.0-26.0%, 27.5-40.0%, 47.0-100.0%
Base 2 wt% 0.0-3.0%, 4.0-10.0%, 12.5-17.0%, 25.0-37.5%
Supportwt%  |0.0-60.7%, 62.5-80.0%, 81.0-91.5%, 92.0-100.0%

CO2 Conversion |0.0-5.61%, 5.63-14.15%, 14.19-24.52%, 24.62-35.37%, 35.4-46.03%, 46.08-56.88%, 57.0-67.53%, 67.59-77.5%, 77.52-88.38%, 88.41-
% 100.0%)

Knowledge network built from the literature

features Value features clusters
Base Ni Base Ni Nodes Labels
Base wt% 10.0 Base wit% 7.5-15.0% Catalyst Ni(7.5-15.0)
None()
Base? None Sase 2 None Support 5-Al203:81.0-
Base 2 wt% 0.0 Base 2 wt% 0.0-3.0% 915 o
Support AlO3 Support Al:0s Calcination cTemp:600
Support wt % 90.0 ‘ Support wt % 81.0-91.5% - Temperature (C)
Calcination 600 Calcination 600 Calcination time (h) cTime:4.0
Temperature (C) Temperature (C) Temperature (C) 1350
Calcination time (h) Calcination time (h)  |4.0 WIE WIF5.26
Temperature (C) Temperature (C) 350 Inert in feed % inert:21.0
WIF WIF 5.26 CO: Conversion % conv:24.62-
Inert in feed % Inert in feed % 21.0 35.37
CO:Conversion % CO; Conversion % 24.62-35.37%





K-means clusters

Base wt% 0.0-7.0%, 7.5-15.0%, 17.0-26.0%, 27.5-40.0%
Base 2wt%  |0.0-3.0%, 4.0-10.0%, 12.5-17.0%, 25.0-37.5%
Support wt%  |0.0-60.7%, 62.5-80.0%, 81.0-91.5%, 92.0-100.0%

CO; Conversion (0.0-5.61%, 5.63-14.15%, 14.19-24.52%, 24.62-35.37%, 35.4-46.03%, 46.08-56.88%, 57.0-67.53%, 67.59-77.5%, 77.52-88.38%, 88.41-
% 100.0%

Knowledge network built from the literature

features Value features clusters

Base Ni Base Ni Nodes Labels
Base W% 100 Base wt% 7.5-15.0% Base b-Ni:7.5-15.0
Base 2 None Base 2 None Base 2 b2-None
Base 2 wi% 0.0 Base 2 wt% 0.0-3.0% Support 5-Al05:81.0-
Support Al,O5 Support Al,05 915

- Calcination cTemp:600
Support wt % 90.0 - Support wt % 81.0-915% ‘ e (©)
Calcination 600 Calcination 600 ——— -
Temperature (C) Temperature (C) Calcination time (h)  |cTime:4.0
Calcination time (h)  |4.0 Calcination time (h)  |4.0 Temperature (C) T:350
Temperature (C) 350 Temperature (C) 350 WIF WIF:5.26
\WIF 5.26 WIF 526 Inertin feed % inert:21.0
Inert in feed % 210 Inert in feed % 21.0 CO: Conversion % ggn;lﬂ.sz-
CO2 Conversion % 25.552 CO2 Conversion % 24.62-35.37% .
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FigureS1 Conversion from literature data to network for N-1. This is an example of network construction for one data(Base: Ni, Base wt%: 10.0, Base 2: None, Base 2 wt%: 0.0, Support: Al2O3, Support: wt%: 90.0, Calcination Temperature (C): 600, Calcination time (h): 4.0, Temperature(C): 350, W/F: 5.26, Inert in feed %: 21.0, CO2 Conversion %: 25.552). The data points transformed by the corresponding clusters for each variable are shown in red.





FigureS2 Conversion from literature data to network for N-2. This is an example of network construction for one data(Base: Ni, Base wt%: 10.0, Base 2: None, Base 2 wt%: 0.0, Support: Al2O3, Support: wt%: 90.0, Calcination Temperature (C): 600, Calcination time (h): 4.0, Temperature(C): 350, W/F: 5.26, Inert in feed %: 21.0, CO2 Conversion %: 25.552). The data points transformed by the corresponding clusters for each variable are shown in red.

FigureS3 Details of low CO2 conversion area in the N-2 network. Catalyst(pink), Support(green), and CO2 conversion(gray) are highlighted. Note that labels are adjusted, and node size is determined by degree ranking within a range of 10 to 40 for visualization purposes.
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FigureS4 (a)CO2 conversion, %, (b)CH4 yield, %, (c)CO yield, %, (d)CH4 selectivity, %,

and (e)CO selectivity, % as a function of temperature for catalysts including Pr. Ternary, binary, and unary catalysts are represented by circles, squares, and triangles, respectively. Note that the plots and error

bars at each temperature represent the average and standard deviation of two measurements

to ensure reproducibility.
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FigureS5 XRD for (a)NiMnCe/Al2O3, (b)NiCe/Al2O3, (c)NiMnBa/Al2O3, (d)NiMnCo/Al2O3, (e)NiMnNa/Al2O3, (f)NiMnFe/Al2O3. The reference patterns shown in red and green are obtained from the built-in database of the Rigaku Miniflex 600-C software.
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 FigureS6 SEM-EDS for (a)Ni/Al2O3, (b)Mn/Al2O3, (c)Pr/Al2O3, (d)NiMn/Al2O3, and (e)MnPr/Al2O3

 FigureS7 SEM-EDS for (a)NiPr/Al2O3, (b)NiCe/Al2O3, and (c)NiMnCe/Al2O3.



 FigureS8 SEM-EDS for (a)NiMnBa/Al2O3, (b)NiMnCo/Al2O3, (c)NiMnFe/Al2O3, and (d)NiMnNa/Al2O3.

Table S1 Comparison of CO₂ conversion activities reported in the literature at 450 °C

with a Ni loading of 5 wt%.

		M1

		M2

		M3

		M2

wt%

		Support

		Preparation Method

		Red Temp, ℃

		Red Time, h

		Inert Gas, %

		H2/CO2 ratio

		CO2 Conv, %

		Ref



		Ni

		Mn

		Pr

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		64.73

		This Work



		Ni

		Mn

		Ce

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		65.85

		This Work



		Ni

		Mn

		Co

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		51.62

		This Work



		Ni

		Mn

		Fe

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		42.78

		This Work



		Ni

		Mn

		Na

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		48.50

		This Work



		Ni

		Mn

		Ba

		5

		Al₂O₃

		CI

		None

		None

		50

		4

		61.93

		This Work



		Ni

		None

		None

		5

		Al₂O₃

		MC

		500

		2

		0

		4

		6.87

		S1



		Ni

		None

		None

		10

		Al₂O₃

		MC

		500

		2

		0

		4

		59.34

		S1



		Ni

		None

		None

		10

		Al₂O₃

		MC

		500

		2

		0

		4

		22.33

		S1



		Ni

		None

		None

		0

		Al₂O₃

		MC

		500

		2

		0

		4

		53.31

		S1



		Ni

		None

		None

		0

		Al₂O₃

		WI

		600

		1

		21

		4

		46.97

		S2



		Ni

		Ce

		None

		15

		Zeolite

		IWI

		470

		1

		18.2

		4

		60.50

		S3





		Ni

		None

		None

		0

		Al₂O₃

		EISA

		500

		3

		15

		5

		69.16

		S4



		Ni

		None

		None

		0

		Na-Zeolite

		WI

		470

		1

		18.2

		4

		36.3

		S5



		Ni

		Ce

		None

		3

		Na-Zeolite

		WI

		470

		1

		18.2

		4

		55.67

		S5



		Ni

		Ce

		None

		3

		Na-Zeolite

		CI

		470

		1

		18.2

		4

		52.67

		S5



		Ni

		None

		None

		5

		Al₂O₃

		IWI

		700

		2

		45.45

		5

		38.72

		S6



		Ni

		None

		None

		0

		Zeolite

		IWI

		500

		2

		16.7

		4

		57

		S7



		Ni

		None

		None

		0

		CeO₂

		WI

		550

		1

		25

		4

		74.26

		S8



		Ni

		None

		None

		0

		Y₂O₅

		WI

		550

		1

		25

		4

		73.35

		S8





Note: Red Temp:  Reduction Temperature, Red Time: Reduction Time, WI: Wet Impregnation, MC: Mechano Chemical, IWI:Incipient to wetness impregnation, CI: Co-impregnation
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