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Table S1 Physical properties of desolvated IRMOF-3, M/IRMOF-3, desolvated IRMOF-1, and M/IRMOF-1 materials.

. 3 3
material  Sxiorr (0Y€) ¢ Ve (€MY2) ¢ Vi (MY/2) ¢ Viore (cm¥/g) 40 Sy (migye Vi (CMV8) - Vineso (cmg) (o e
desolvated
fesolvad 900 0.4 039 0.83 980 046 042 0.88
desolvated
jpsoated. 1240 0.70 028 0.98 1500 0.7 021 091
RwIRMOF-3 460 0.17 034 051 420 0.18 036 0.54
W/IRMOF-3/ 430 0.16 035 051 400 0.16 037 0.53
V/IRMOF-3¢ 840 0.40 022 0.62 890 0.41 023 0.64
Ti/IRMOF-3/ 340 0.13 023 036 320 0.14 025 039
desolvated
o 1090 037 007 0.44 800 039 0.01 040
RwIRMOF-1 370 0.14 0.06 020 330 0.14 0.05 0.19
W/IRMOF-1" 400 0.16 0.03 0.19 360 0.17 0.02 0.19
V/IRMOF-1/ 810 028 0.02 030 610 030 0.02 032
Ti/IRMOF-1 690 028 0.02 030 600 029 0.02 031

“ by non-localized density functional theory (NLDFT). ? Vyore = Viniero T Vineso- ¢ by BET theory. ¢ by t-plot equation. ¢ by BJH method using N, desorption
isotherm. / prepared using IRMOF-3-1. ¢ prepared using IRMOF-3-II. # prepared using same molar ratio of metal precursor to organic linker as those of
corresponding M/IRMOF-3.



Table S2 Molar ratios of metal to organic linker for M/IRMOF-3, M/IRMOF-1-C, and M/IRMOF-1 materials obtained via ICP-OES.

M/IRMOF-3 ¢ M/IRMOF-1-C¢ M/IRMOF-1 b¢
Ru 0.014 0.001 0.014
w 0.015 0.001 0.015
A% 0.010 0.001 0.010
Ti 0.040 0.002 0.040

 prepared via PSM. ? prepared via IMP. ¢ prepared using same molar ratio of metal precursor to organic linker as those of corresponding M/IRMOF-3.



Table S3 Comparison of surface phases of nitrogen and metal in M/NC3 materials with those of metal nitride using
XPS spectra.

binding energy (eV)
metal in M/NC3 metal nitride
W N 1s W4f7/2 N Is W4f7/2
n/d ¢ 31.8 (1.1 % %) 397.5 32.7-33.6
v N 1s V2p 3/2 N1 V2p 3/2
398.7 ¢and 401.1 ¢ 513.7 (0.7 %?) 3973 514.2-514.5
Ti N 1Is Ti 2p 32 N Is Ti 2p 32
397.3 ¢and 400.7 ¢ 454.9 (1.6 %?) 396.5 455.5-456.0

2not detected. ? surface composition of metal. ¢ pyridinic N functionality. ¢ quarternary N functionality. ¢ pyrollic N
functionality.
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Fig. S1 XRD patterns of a) desolvated IRMOF-3 and b) desolvated IRMOF-1
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Fig. S2 N, isotherms (adsorption (solid symbol) and desorption (empty symbol)) of a) desolvated IRMOF-3-1

(square), desolvated IRMOF-3-II (circle), and b) desolvated IRMOF-1 (diamond).
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Fig. S3 Pore size distributions of desolvated IRMOF materials obtained based on NLDFT theory: a) IRMOF-3-I, b)

IRMOF-3-II, and c¢) IRMOF-1.
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Fig. S4 XRD patterns of a) desolvated IRMOF-3, b) desolvated IRMOF-1, M/IRMOF-3 materials (c for
Ruw/IRMOF-3; e for WIRMOF-3; g for V/IRMOF-3; 1 for T/IRMOF-3), and M/IRMOF-1 materials (d for

Ru/IRMOF-1; f for WIRMOF-1; h for V/IRMOF-1; j for TI/IRMOF-1).



w
1

[200)/[220]

A\\Q

Fig. S5 Area ratio ([200]/[220]) of peaks indicating [200] and [220] in XRD patterns of desolvated IRMOF-1 and

M/IRMOF-1 materials.
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Fig S6 N, isotherms (adsorption (solid symbol) and desorption (empty symbol)) of a) M/IRMOF-3, b) M/IRMOF-1, ¢) M/NC3, and d) M/NC1 materials

(square: Ru; circle: W; triangle: V; diamond: Ti).
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Fig. S7 Pore size distributions of materials obtained based on NLDFT theory: a) Ru/IRMOF-3, b) W/IRMOF-3, ¢)

V/IRMOF-3, d) TI/IRMOF-3, e) Rw/IRMOF-1, f) WIRMOF-1, g) VIRMOF-1, and h) Ti/IRMOF-1.
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Fig. S8 FT-IR spectra (a and b) of desolvated IRMOF-3 (black) and M/IRMOF-3 materials (red for Ru/IRMOF-3;
green for W/IRMOF-3; blue for V/IRMOF-3; cyan for TVIRMOF-3). a) and b) showed the typical regions where

v(C-H) and v(N-H) stretching vibrations were observed, respectively.
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Fig. S9 Pore size distributions of materials obtained based on NLDFT: a) Ru/NC3, b) W/NC3, ¢) V/NC3, d)

Ti/NC3, ¢) RwNCI, f) W/NCI1, g) V/NCI, and h) Ti/NC1.

14



2 4 6 8 10 12 3 4 5
40. ©) particle size (nm) g0. 9 particle size (nm)
301 60
£ 20,
8
101
0 ; ; ; ‘
2 4 6 8 10 12 14 16 18 20

particle size (nm)

4

6

particle size (nm)

Fig. S10 Particle size distributions of M/NC3 materials (a for Ru/NC3, n=250; b for W/NC3, n=150; c for V/NC3,
n=75; d for Ti/NC3, n=250).
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Fig. S11 Particle size distributions of M/NC1 materials (a for Ru/NC1, n=250; b for W/NC1, n=150; ¢ for V/NCI,

n=75; d for Ti/NC1, n=250).
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Fig. S12 SAED patterns of a) Ru/NC3 and b) Ru/NCI1 materials. Square bracket indicates diffracted crystal plane of

metallic Ru.
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Fig. S13 XRD pattern of Ru/C (commercial).
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Fig. S14 XPS spectra showing W 4f and W 5p region for W/NC3 and W/NC1 materials a) before and b) after
calcination at 450 °C for 1 hour. Fitted regions indicate the following surface phases of tungsten: tungsten
carbide (1) and W®* (2). Relative abundances of surface phases of tungsten in W/NC3 and W/NC1 materials
before and after calcination were also shown as numbers with arrows. XRD patterns of W/NC3 and W/NC1

materials c¢) before and d) after calcination. Square brackets indicate the bulk phase of WC/,.
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Fig. S15 a) XRD pattern and b) XPS spectrum showing V 2p region of V/AC.
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Fig. S16 a) XRD pattern and b) XPS spectrum showing Ti 2p region of Ti/AC.
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Fig S17 XPS spectra of C 1s (left) and N 1s (right) region for desolvated IRMOF-3 (a, b), NC3 (c, d), W/NC3 (e),

V/NC3 (f, g), and Ti/NC3 (h, i), and Ru/NC3 ().
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Fig. S18 a) reaction scheme for the liquid phase catalytic hydrogenation of levulinic acid and b) typical 'H-NMR

spectroscopy (solvent: DMSO-d6) of reaction mixture after reaction in the chemical shift range between 0.5 to 4.0

ppm. Inset: general b) in entire chemical shift region.
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Fig. S19 HRTEM image of carbon-encapsulated Ru nanoparticles in Ru/NCI.
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Fig. S20 a) reaction scheme for the liquid phase catalytic esterification of levulinic acid and typical GC-MS results

of reaction mixture b) before and c) after reaction.
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Fig. S21 Representation of lignin in its proposed form in lignocellulosic biomass.
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Fig. S22 a) reaction scheme for the liquid phase catalytic oxidation of benzyl alcohol and magnified typical 'H-
NMR spectroscopy (solvent: DMSO-d6) of reaction mixtures after reaction in the chemical shift range between 3.25
to 10.25 ppm using b) Ti/NC and ¢) V/NC as catalysts. Inset: general b) and c) in entire chemical shift region.
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Fig. S23 Typical GC-MS results of reaction mixtures a) before, b) after reaction using Ti/NC, and c) after reaction

using V/NC.
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