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S1. Materials and General methods

Materials:  All reagents and solvents used here were of high purity grade and purchased from Merck company. 

Only, 4-ethynylaniline, 1-chloro-4-ethynylbenzene and 1-chloro-3-ethynylbenzene were purchased from TCI 

company.

S2. Synthesis and characterization

S2.1. Palladium complex (H4L) and derived materials.1 

S2.1.1. Palladium complex synthesis (H4L)

Pd-based metal-ligand was prepared by the ligand exchange process. 1 mmol of bis(benzonitrile)palladium(II) 

chloride (C6H5CN)2PdCl2 and 2 mmol of pyridine-3,5-dicarboxylic acid were dissolved in 150 mL dry THF 

under inert atmosphere (Ar). Then, the mixture was stirred for 5 h at room temperature to yield a yellow 

solution. Then, the resulting mixture was concentrated, and the final product was precipitated using 250 mL 

of hexane. The product was collected by vacuum filtration, washed with THF/hexane and hexane and finally 

vacuum dried. The purity of the resulting metal complex has been checked by NMR 1H in CD3OD (Figure S1).

Figure S1. 1H NMR spectra of synthesized Pd complex
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S2.1.2. Preparation of H4L-T

200 mg of H4L was transformed by direct pyrolysis in a tubular fixed-bed reactor under N2 flow (20 mL.min-

1) at 800 °C for 2 h (ramp 25 °C·min-1). Then, the material was cooled down to room temperature under a 

higher N2 flow (40 mL·min-1).

S2.1.3. Preparation of H4L-Q

H4L (400 mg) were placed into a 300 mL hydrogenation reactor with a solution of 80 mmol of nitrobenzene 

and 80 mL of toluene (yellow mixture). The system was sealed and pressurized at 5 H2 bar at room temperature. 

After 24 h of vigorous magnetic stirring, the resulting dark solution was filtrated under vacuum to recover the 

material. Then, the material was washed several times with methanol and activated at 300 °C under vacuum 

for 6 h.  

S2.1.4. Preparation and characterization of H4L-QT

In order to synthesize H4L-QT, a pyrolytic thermal treatment was applied to the previously depicted material 

(H4L-Q). Accordingly, 200 mg of PdIn-Q (before the activation step) were pyrolyzed in a tubular fixed-bed 

reactor under N2 flow (20 mL·min-1) at 800 °C for 2h (ramp 25 °C·min-1). Then, the material was cooled down 

to room temperature with a higher N2 flow (40 mL·min-1).

2.2. PdIn-MOF

See Main Text (Experimental Section) for detailed synthesis procedure.

Table S1. ICP and EA results for PdIn-MOF sample.

Material Pd wt%a In wt%a N wt%b C wt%b H wt%b

PdIn MOF 9.3 18.5 5.1 22.0 2.6

a From ICP. b From EA.
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Figure S2. PdIn-MOF characterization. (a) SEM picture showing nanocrystals and the corresponding EDS 
analysis of Pd, In, C, N and O elements. (b) PXRD after immersion in different solutions during 24h (c) Black: 
Thermogravimetric analysis (TGA) using a heating rate of 25 ⁰C·min-1 under air flow. Mustard: The 
derivative of weight loss with temperature. (d) CO2 gas adsorption isotherm measured at 273K.
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S2.3. PdIn derived materials

See Main Text (Experimental Section) for complete synthesis protocols.

Figure S3. Raman spectra of PdIn-Q (red), PdIn-T (blue) and PdIn-QT (green) samples. ID/IG= 0.37, ID/IG= 
0.74, ID/IG= 0.75. 

Figure S4. HR-HAADF STEM image of the PdIn-T catalyst showing the presence of an outer layer 
surrounding the intermetallic nanoparticle. Note the lower intensity of this layer, as expected from its content 
in light elements (C, N, O) as compared to those in the core (Pd, In).
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Figure S5. Total Free Energy Evolution during the reaction  nPd + mIn  PdnInm considering  an availability 
of reactants corresponding to a Pd/In molar ratio value of 1. The whole range of Pd-In stoichiometries are 
considered. 

Table S2. Free energy of formation of the different Pd-In stoichiometries (data extracted from https://next-
gen.materialsproject.org/materials/mp-21215?chemsys=Pd-In#thermodynamic_stability)2

Pd-In stoichiometries (ΔGf
0 (kJ/mol)

Pd3In -189.9

Pd2In -159.8

Pd5In3 -438.4

PdIn -105.9

Pd2In3 -262.9

Pd3In7 -428.4

https://next-gen.materialsproject.org/materials/mp-21215?chemsys=Pd-In#thermodynamic_stability
https://next-gen.materialsproject.org/materials/mp-21215?chemsys=Pd-In#thermodynamic_stability


S7

Figure S6. PdIn-Q material microscopy results, a) STEM-HAADF image and nanoparticle size distribution, 
b) and c) Representative HR-TEM image of the PdIn-Q catalyst. d) and e) HR-TEM images with measured 
interplanar distances.
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Figure S7. Results of the STEM-EDX and STEM-EELS of PdIn-Q sample a) HAADF image and the 
corresponding chemical maps Pd b) and In c), and d) a representative EDS spectra. STEM-EELS study 
including a HAADF image e) and the images corresponding to the three components of the ICA analysis of 
the whole set of STEM-EELS-SI data f), g) and h). EELS spectra corresponding to the three independent 
components i).

Figure S8. HRTEM image with zoom of carbon coated nanoparticle of PdIn-QT material. Both C-N-O and 
C-O layers are detected.
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Figure S9. a) C1s, b) O1s, c) N1s, d) Pd3d, e) In3d, XPS regions of Pd-H4L and MOF-derived PdIn samples.
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Figure S10. XANES spectra at Pd K-edge (a) and k3-weighted |FT| EXAFS spectra (b) of PdIn-MOF, PdIn-
Q and Pd-based references.
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Figure S11. Linear combination fitting of PdIn-Q sample using Pd foil and PdIn-MOF spectra as references. 
No constrains have been applied to the fit.
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Figure S12. Curve-fittings and |FT| of the k3-weighted χ(k) functions of PdIn-MOF and PdIn-Q at Pd and In 
K-edges. Coloured circles refer to experimental data while solid lines represent the fits.

Figure S13. Curve-fittings and |FT| of the k3-weighted χ(k) functions of PdIn-T and PdIn-QT at Pd and In K-
edges. Coloured circles refer to experimental data while solid lines represent the fits.
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Table S3. Summary of EXAFS fits of PdIn-MOF and PdIn-Q samples.

Sample Path N Debye-Waller (Å2) R (Å) ΔE (eV) R-factor
Pd-L 1.8(3) 1.99(2)
Pd-Cl 1.8(3) 0.002(1) 2.307(2) 5.5(1.7)PdIn-MOF
In-O 7.0(3) 0.0078(7) 2.159(5) 3.6(6)

0.0055

Pd-L 2.0(8) 1.99a

Pd-Cl 1.2(3) 0.011(3) 2.307a

Pd-Pd 4.2(7) 0.007(1) 2.772(7)
0.8(7)PdIn-Q

In-O 6.7(8) 0.008(2) 2.169(13) 4.6(1.4)

0.0181

Pd edge: S0
2 = 0.80 from Pd metal; Δk=3.6-14.5 Å-1; ΔR=1.0-2.2 Å for sample PdIn-MOF, ΔR=1.0-3.0 Å for 

sample PdIn-Q. In edge: S0
2 = 0.93 from In2O3; Δk=3.0-14.0 Å-1; ΔR=1.1-2.0 Å. a fix from fit on PdIn-MOF

S3. Catalytic activity

Figure S14. a), b) Kinetic curves and hot filtration of PdIn-Q, PdIn-QT catalyst and c) Kinetic curve of PdIn-
T catalyst. d) Alkene and alkyne conversion with PdIn-QT catalyst during an experiment with a mix of 
substrate (9:1 eq respectively) e) comparison of PdIn-QT activity between phenylacetylene hydrogenation 
and styrene hydrogenation independently. f) Activity and selectivity of PdIn-QT catalyst at different 
temperature (24°C, 40°C and 60°C).
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Figure S15. Conversion and Selectivity of PdIn-QT catalyst in phenylacetylene hydrogenation until 12h.

Figure S16. a) Kinetic curves of Pd@C commercial, b) Kinetic curve comparison of Pd@C commercial 
activity between phenylacetylene hydrogenation and styrene hydrogenation independently and c) Alkene and 
alkyne conversion with Pd@C commercial catalyst during an experiment with a mix of substrate (9:1 eq 
respectively). 
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Figure S17. Activity and selectivity comparison of Pd/C commercial and PdIn-QT at high conversion of 
phenylacetylene in the semihydrogenation reaction. Reaction Conditions: 5 mmol of phenylacetylene, 
substrate/Pd molar ratio: 323/1, 5 mL EtOH, R.T., 1 bar H2, 1000 rpm.  

Figure S18. Conversion and Selectivity kinetic curves of PdIn-QT catalyst in selective hydrogenation of 
various alkyne compounds.
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Table S4. State of the art of Pd-based monometallic and bimetallic catalysts in selective hydrogenation of 

phenylacetylene under analogous reaction conditions to those used in this work.

Note: Aimed at establishing a meaningful consideration and due to the lack of complete kinetic data, TON, 
TOF and productivity values were all calculated at the highest level of conversion and selectivity reported for 
each catalyst under consideration. 

Catalyst T
(°C) Solvent P

(bar)
C

(mol%)
S

(mol%) TON TOF
(h-1)

Productivity
(galkyne · 
gcat

-1 · h-1)
Ref

Pd2Ni2/NC R.T. EtOH 1 98 95 371 279 14.6 3

PdNi@γAl2O3 25 EtOH 1 98 94 1485 2250 29.0 4

PdIn@Mg Al2O3 R.T. Hexane 1 92 97 127 36 1.3 5

PdPb/C 30 CH3CN 1 97 98 465 232 9.0 6

PdCu/NPCNs 25 EtOH 1 97 93 230 173 7.1 7

Pd-NC@NC 28 EtOH 1 68 97 73 73 0.7 8

PdIn-QT-RUN 5 R.T. EtOH 1 96 95 150 21 9.4 This 
work



S16

S4. Catalytic stability

Figure S19. Conversion and Selectivity kinetic curves of PdIn-QT catalyst in each cycles of the stability 
study.
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Figure S20.  STEM-EDX and STEM-EELS of PdIn-QT after 5 catalytic cycles a) HAADF image and the 

corresponding chemical maps extracted from the STEM-SI-EDS Pd b) and In c).  STEM-EELS study including 

a HAADF image d) and the images corresponding to the two components of the ICA analysis of the whole set 

of STEM-EELS-SI data e) and f). EELS spectra corresponding to the two independent components g), a Pd-

In component and a C-N-O component.

Figure S21. XRD patterns of PdIn-QT fresh, after 1 cycle and after 5 cycles.
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Figure S22. Raman spectra of PdIn-QT fresh, after 1 cycle and after 5 cycles.

Figure S23. a) C1s, b) O1s, c) N1s, d) Pd3d, and e) In3d XPS regions of PdIn-QT fresh sample, and after 1 

and 5 catalytic cycles.
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ANNEX 1. XPS B.E. assignment and semi-quantitative assessment of MOF-derived PdIn samples:

Material // Elemental composition // Position, eV  (Species atomic %)* // 

Bond assignment
PdIn-MOF PdIn-Q PdIn-T PdIn-QT

PdIn-QT 
(after 1st 

run)

PdIn-QT 
(after 5th 

run)

C1s 71.3 72.1 80.9 88.3 86.9 85.6
C‒C, C‒H 284.5 (71) 284.5 (67) 284.5 (59) 284.5 (75) 284.5 (73) 284.5 (76)
C‒N, C‒O 286.0 (15) 285.9 (24) 286.3 (31) 286.3 (18) 286.2 (20) 286.2 (17)

O‒C=O 288.5 (14) 288.7 (9) 288.3 (7) 288.7 (7) 288.7 (7) 288.6 (7)
Carbonate, π-electrons in aromatic ring - - 290.1 (3) - - -

N1s 4.3 3.3 2.8 2.4 2.1 1.9
Pyridinic N (uncoord.) - 398.4 (19) 397.9 (40) 397.8 (43) 398.0 (38) 398.2 (36)
Pyridinic N (coord.) 400.1 - - - -
Anilinic N (coord.) - 400.0 (81) - - - -

Graphitic N - - 400.5 (60) 400.4 (57) 400.3 (62) 400.3 (64)
O1s 19.2 21.1 11.8 8.0 9.4 10.7

In(µ3-O) 528.6 (9) 528.5 (6) - - - -
M‒O (M: In, Pd) - - 529.6 (23) 529.5 (16) 529.5 (11) 529.6 (7)

OCO (coord.), C=O 531.6 (85) 532.0 (91) 531.8 (43) 531.8 (45) 531.9 (52) 531.8 (60)
‒O‒ (in carboxyl, H2O or chemisorbed species) 534.6 (6) 534.5 (3) 533.9 (34) 533.5 (39) 533.6 (37) 533.5 (33)

Pd3d5/2 1.7 0.6 1.7 0.6 0.7 0.9
Pd0 - 335.7 (26) 335.1 (80) 335.3 (82) 335.2 (82) 335.2 (85)
PdII - - 337 (20) 337.4 (17) 336.9 (18) 337.1 (15)

PdII --- Cl,   PdIV 338,0 338.4 (74) - -   
In3d5/2 3.5 2.9 2.8 0.8 0.9 0.9

In0 - - 443.5 (76) 443.6 (81) 443.6 (68) 443.3 (43)
InIII --- O 445,0 445,4 444.7 (24) 444.9 (19) 444.5 (32) 444.5 (57)
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