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Gas compositions during hydrogenation with impure H,

Table S1: Partial pressures and concentrations in hydrogenation experiments with impure H,. Pt mixea: total
pressure of mixture added to reactor; ¢;mixea: cOncentration of compound i in mixture; p; mixeqa: calculated
partial pressure of compound i added via mixture; puz pure: H, pressure added to reactor via pure Hy; pya ot
total H, pressure in reactor via mixture and pure Hj; Cjreaction: €alculated concentration of compound i
during reaction; ol impurities: total impurity concentration.

H,/CO H,/mixed — 12 % H,/mixed — 22 % H,/mixed — 36 %
Prot.mixed / Dar 25.0 11.7 23.4 46.8
Ccoz,mixed / VO1%0 - 32.0 32.0 32.0
CCH4,mixed /vol% - 3.0 3.0 3.0
CCO,mixed / vol% 2.0 1.0 1.0 1.0
CH2,mixed / VO1% 98.0 64.0 64.0 64.0
Pco2.mixed / bar - 3.7 7.5 15.0
PCH4.mixed / bAr - 0.4 0.7 1.4
PCO.mixed / bar 0.5 0.1 0.2 0.5
PH2.mixed / bar 24.5 7.5 15.0 30.0
Pr2,pure / bar 5.5 22.5 15.0 -
Ph2.tot / bar 30.0 30.0 30.0 30.0
Cco2 reaction / VO1% - 10.9 19.5 32.0
CCH4reaction / VO1% - 1.0 1.8 3.0
CCO reaction / VO1% 1.6 0.3 0.6 1.0
Ctotal impurities / VO1%0 1.6 12.3 21.9 36.0
CH2 reaction / VO1% 98.4 87.7 78.1 64.0




Synthesis and XRD of Pd;P/SiO,

A commercial Si0, powder (Thermo Scientific) was impregnated with a specific amount of
Pd(NOs), - 2H,0 (Merck KGaA) in aqueous solution to reach 4 wt% Pd loading. After drying,
the powder was calcined in 70 mL min! air for 2 hours at 400 °C (10 K min!). The calcined
Pd/Si0, was impregnated with H;PO; in aqueous solution to reach np:npg = 4. After drying, the
powder was reduced in a tubular furnace in a 10% H,/N, mixture (total flow: 500 mL min")
for 2 hours at 400 °C (10 K min").
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Figure S1: XRD patterns of Pd;P/SiO, with Pd and Pd;P reference.



In situ DRIFTS procedure
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Figure S2: Schematic representation of the experimental procedure

experiments.
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Synthesis and performance of H;PO3-modified Pd/SiO, and Pd/C

A commercial Si0, powder (Thermo Scientific) was impregnated with a specific amount of
Pd(NOs), - 2H,0 (Merck KGaA) in aqueous solution to reach 4 wt% Pd loading. After drying,
the powder was calcined in 70 mL min™! air for 2 hours at 400 °C (10 K min™'). To yield
Pd/Si0,, the powder was reduced in a tubular furnace in a 10% H,/N, mixture (total flow:
500 mL min~") for 2 hours at 400 °C (10 K min™!"). For H;PO; modification, the calcined
Pd/Si0, powder was impregnated with H;PO; in aqueous solution to reach the desired np:npg.
After drying, the powder was reduced in a tubular furnace in a 10% H,/N, mixture (total flow:
500 mL min™') for 2 hours at 600 °C (10 K min™!).

A commercial Pd/C powder catalyst containing 4 wt% Pd was purchased (Merck KGaA) and
used as received. For H3;PO; modification, Pd/C powder was impregnated with H;PO; in
aqueous solution to reach the desired np:npgy. After drying, the powder was reduced in a tubular
furnace in a 10% H,/N, mixture (total flow: 500 mL min!) for 2 hours at 600 °C (10 K min").
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Figure S3: Pyy30, of Pd/SiO, and Pd/C (unmodified and modified with H3;PO;) during HO-BT

4
hydrogenation at 240 °C, 30 bar H,-pressure and npq:ngopr — 4.1 - 10  at different Np:Npy ratios.



Variation of np:npq with lot 2 of commercial Pd/Al,O;
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Figure S4: Pyy_3¢0, of Pd/AL,O; and Pd-PO,-600/A1,0; during HO-BT hydrogenation at 240 °C, 30 bar

4
H,-pressure and npg:ngopr = 4.1 - 10 at different np:np, ratios (lot 2).



Kinetics under pure H,

T/°C

250 240 230
= 16 . ! ‘
£ 14 Pd-PO,-1.7-600/A1,0,
g 71 el E, = 68,5 kJ mol"
"-6:; 1.2 e . R?=0,978
g 1.04 \\\\1\
&) L
E 0.8 \\\\\ -
= 064
= P REE
3 0.4 -Pd/ALO, i
2 2 ]E.=63.8kimol -.
o 027~
= R?=0,966
£ oo ;

1.91x107° 1.93x107° 1.95x107° 1.97x107° 1.99x1073
T1/K1

Figure S5: Arrhenius plot for Pd/AL,O; (lot 1) and Pd-PO,-1.7-600/A1,03 (np:npg = 1.7£0.3, lot 2) during
4
HO-BT hydrogenation at 230-250 °C, 30 bar H,-pressure and npg:nggpr — 4110 |



Productivity comparison with literature under CO-contaminated H,
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Figure S6: Productivity for hydrogenation of aromatic rings in EH28meta

Table S2: Catalyst, reaction temperature and substrate for hydrogenation of the respective studies from
Figure Sé6.

Study Catalyst Temperature / °C Substrate Comment
Wang et al.? RuNi/TiO, 170 Toluene Decreasing activity
at> 170 °C
Jorschick et al.3 Pd/ALLO4 240 Dibenzyltoluene
Danjo et al.# Pd/AIPO, 150 Naphthalene
Danjo et al.# Pd/Si0,-Al,04 150 Naphthalene
Gonda et al.? Pd/Ti0O,-SiO, 200 Toluene
Sekine et al.! Ni/Si0,-Al,0; 155 Naphthalene
This study Pd/ALLO; 240 Benzyltoluene
This study Pd-PO,/Al,04 240 Benzyltoluene




Effect of CO, and CH,4
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N, physisorption

Table S3: BET surface area, total pore volume and average pore diameter of Pd/Al,O; and Pd-PO,-1.7-
600/A1,0; (lot 2).

BET surface area/ m? g!  Total pore volume / cm®  Average pore diameter /

g! nm
Pd/AlLO; 114 0.273 9.59
Pd-PO4-1.7-600/A1,04 96.8 0.243 10.0
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Figure S8: N, physisorption isotherms of (a) Pd/ALO; (b) Pd-PO,-1.7-600/A1,0; corresponding to the results
shown in Table S3.
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CO-pulse chemisorption

Table S4: Pd dispersion according to CO-pulse chemisorption for Pd/Al,Os, Pd-600/A1,0; and Pd-PO,-1.7-
600/A1,0; (lot 2).

Pd dispersion according

to CO-pulse
chemisorption / %
Pd/AlO; 18.5
Pd-600/A1,04 12.2
Pd-PO,-1.7-600/A1,0; 13.0
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HR-TEM
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Figure S9: HR-TEM and particle size distribution of (a,b) Pd-PO,-1.7-500/A1,0; and (c,d) Pd-PO,-1.7-
700/A1,0; (lot 2).
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Figure S10: Fraction of particles <4 nm, 4-8 nm and >8 nm of (a) Pd/Al,O; and Pd-PO,-600/A1,0; with
different np:npy ratios (based on data from Figure 7) and (b) Pd/Al,O; and Pd-PO,-1.7/A1,0; with varied
thermal treatment temperature (np:npg = 1.7+0.3; based on data from Figure 7 and Figure S9).
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XANES & EXAFS
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Figure S11: 1t derivative of normalized Pd L;-edge XANES spectra of (a) Pd foil, PdO and (b) Pd-400/A1,03,
Pd-PO,-1.2-600/A1,0;, Pd-PO,-1.7-600/A1,0; and Pd-PO,-2.1-600/A1,0; (from Figure 8a; lot 2). The dashed
lines and given excitation energies correspond to the obtained edge positions.
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Figure S12: Normalized Pd L,-edge EXAFS spectra of (a) Pd foil, PdO, Pd;P/SiO,, and (b) Pd-400/Al,0;,
Pd-PO,-1.2-600/A1,0;, Pd-PO,-1.7-600/A1,03, Pd-PO,-2.1-600/A1,0; and Pd-PO,-4.2-600/A1,0; (lot 2).
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Figure S13: k2>-weighted Pd L,-edge EXAFS spectra (k-space) of (a) Pd foil, PdO, Pd;P/SiO,, and (b)
Pd-400/A1,03;, Pd-PO,-1.2-600/A1,0;, Pd-PO,-1.7-600/A1,0;, Pd-PO,-2.1-600/A1,0; and Pd-PO,-4.2-
600/A1,0; (lot 2).
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Figure S14: Fits of the EXAFS spectra of (a) Pd-400/Al,0;,
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Figure S15: (a) 1% derivative of normalized P K-edge XANES spectra of H;PO; H;PO4 AIPO,,
Pd-PO,-1.7/Al,0; and Pd-PO,-5.1/A1,0; (from Figure 9; lot 2). The dashed line and given excitation energies
correspond to the obtained edge positions. (b) Zoom-in of normalized P K-edge XANES spectra of AIPO,,
Pd-PO,-1.7-600/A1,03 and Pd-PO,-5.1-600/A1,0; (from Figure 9; lot 2).
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