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1. General information of materials

MCM-41 was obtained from ACS Material LLC with a purity of 99%. Nickel(II) nitrate
hexahydrate (Ni(NO;),"6H,O, CARLO ERBA, purity > 98.5%) and ammonium perrhenate
(NH4ReOy, Sigma-Aldrich Pte. Ltd., purity > 99%) were used as the respective metal precursors
for Ni and Re. Levulinic acid (Sigma-Aldrich Pte. Ltd., 98% purity) and 2-propanol (QREC
Chemical, analytical reagent grade, >99%) were used as the reactant and solvent, respectively. All

chemicals were of analytical grade and used as received.

2. Catalyst characterizations information

The textural properties of the calcined catalysts were characterized by N, adsorption—
desorption measurements at —196 °C using a BELSORP Mini II gas sorption analyzer
(MicrotracBEL, Japan). The specific surface area was calculated using the Brunauer—Emmett—
Teller (BET) method, while the total pore volume and pore size distribution were derived from the
desorption branch employing the Barrett—Joyner—Halenda (BJH) model. The actual metal loadings
of the calcined samples were determined by inductively coupled plasma—optical emission
spectroscopy (ICP—OES, PerkinElmer NexION® 2000) after complete acid digestion of the
samples under microwave irradiation. The reducibility, hydrogen adsorption capacity, and surface
acidity of the catalysts were investigated by temperature-programmed techniques using a
Quantachrome TPRWin v4.10 analyzer. H, temperature-programmed reduction (H,—TPR), H,
temperature-programmed desorption (H,—TPD), and NH; temperature-programmed desorption
(NH5-TPD) experiments were conducted following standard procedures as similar to previous
experiments. ! 2 The crystalline phases of both calcined and reduced catalysts were analyzed by X-
ray diffraction (XRD) over a 20 range of 10°-80° with a step time of 0.5 s. The structural evolution
of the catalysts was examined by ex situ X-ray absorption spectroscopy (XAS) at Beamline 8 of
the Synchrotron Light Research Institute (Thailand). Prior to XAS measurements, the reduced
samples were diluted with boron nitride, pelletized, and analyzed in transmission mode at the Ni
K-edge and Re L;-edge, with corresponding metal foils used for energy calibration. The XAS data
were processed using the ATHENA software package, and linear combination fitting (LCF) was

employed to quantify the relative fractions of metallic and oxidized species. Wavelet transform
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(WT) analyses were performed using the HAMA program with a Morlet wavelet over a k-range
of 0-15 A-! and an R-range of 0-6 A. The surface chemical states of the catalysts were analyzed
by X-ray photoelectron spectroscopy (XPS) using an AXIS SUPRA spectrometer (Kratos
Analytical) equipped with a monochromatic Al Ko X-ray source. Prior to XPS measurements, the
calcined samples were reduced ex situ at 600 °C for 3 h and subsequently passivated in 1% O,/Ar
for 1 h. Binding energies were calibrated against the C 1s peak at 284.6 eV, and spectral
deconvolution was performed using XPSPEAK41 software. The morphology, particle size
distribution, and lattice structure of the reduced catalysts were examined by a field emission
scanning electron microscope (FE-SEM, JEOL JSM-7610FPLUS) and a transmission electron
microscopy (TEM) coupled with energy-dispersive X-ray spectroscopy (EDS) using a JEOL JEM-
3100F microscope operated at 300 kV. Finally, the thermal stability and coke deposition behavior
of the reduced and spent catalysts were evaluated by thermogravimetric analysis (TGA) using a

Mettler Toledo instrument (Switzerland).
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Table S1 Summary of the XPS results obtained from the reduced Ni based catalysts.

Binding energy (eV) Atomic concentration (%) ? Metallic fraction
Sample Ni2p Ni b
Ni Si O

Ni® Ni2* Sat. (©)
852.5 856.3 861.9

Ni-CS 1.74 21.02 77.23 0.15
869.4 874.1 880.5
852.9 856.1 862.1

Ni-IM-mSiO, 1.85 28.32 69.82 0.20
869.8 873.8 880.5
853.0 856.5 862.2

Ni-IM-SiO, 0.46 29.97 69.56 0.23
869.4 873.8 880.4
852.9 856.2 862.2

Ni-IM-MCM-41 2.65 28.31 69.03 0.27
869.2 873.5 880.4

aatomic concentration calculated from XPS survey; ® Ni (0) fraction calculated from the ratio of Ni (0) / (Ni (0) + Ni (2+)).

S5



Table S2 Summary of Ni composition (%) by LCF fitting from XANES data obtained from the reduced Ni based catalysts

Ni composition (%) by LCF fitting from XANES data

Sample
Ni¢ Ni2*
Ni-CS 38 62
Ni-Si0,-IMP 94 6
Ni-mSiO,-IMP 93 7
Ni-MCM-41-IMP 94 6
NipRey 43-CS 34 66
Used NijsReq 63-CS 70 30
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Table S3 Summary of the XPS results obtained from the reduced Ni and Ni—Re based core-shell catalysts.

Binding energy (eV) Atomic concentration (%) ? Metallic Fraction
Sampl .
ampie Ni2p Re 4f Nj b Re ¢
Ni Re Si O
Ni® Ni?* Sat. Re Re* Ref* Re™* (0) (0)

852.5 8563 8619 - - - -
Ni-CS 1.74 - 21.02 77.23 0.15 -
869.4 874.1 880.5 - - - -

852.7 856.4 862.2 409 41.7 454 46.8
NijpRe 75-CS 1.58 0.04 27.00 71.37 0.10 0.06
869.3 873.9 880.4 427 43.8 484 49.8

852.6 856.3 8623 409 41.6 454 46.8
NijpRe)93-CS 1.14 0.01 25.71 73.13 0.13 0.10
869.9 873.9 880.7 42.8 439 483 498

853.3 856.6 8624 40.8 41.5 455 46.8
NijRe; 63-CS 1.61 0.04 25.66 72.68 0.09 0.12
869.5 874.1 880.9 42.8 439 483 49.6

852.5 856.5 862.1 40.8 413 454 46.8
NijpRe; g-CS 2.12 0.01 25.67 72.19 0.06 0.09
869.5 874.1 880.5 429 439 48.6 49.8

a atomic concentration calculated from XPS survey; ® Ni (0) fraction calculated from the ratio of Ni (0) / (Ni (0) + Ni (2+)); ¢ Re (0)
fraction calculated from the ratio of Re (0) / (Re (0) + Re (4+) + Re (6+) + Re (7+)).
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Table S4 Catalytic performance comparison of Ni-based catalysts for levulinic acid (LA) hydrogenation to y-valerolactone (GVL),
highlighting LA conversion and GVL yield.

Metal T time LA G.VL TOF Rate (mmol
Entry Catalyst content Solvent ©C) (h) conv. yield () TON GVL/o. 1 bl Ref.
(Wt%) (%) (%) Boat
1 Nis-Zn@OMC N3 2w Water 140 2 74 6l 27 55 8.4 (T%%;)t}al'
2 NiRw@womc  NEPORY T opopanol 160 2 100 100 50 100 8.6 (Wzagzg;)ﬁ al
3 30%Ni/O-clay450N  Ni: 26.31 1,4-Dioxane 140 5 100 100 1.3 6.4 5.7 (Kagg’zlg)it al.
4 Ni-Al Ni: 53.30 Ethanol 140 2 100 97 45 9.1 412 (Sgggze)tfl'
Ethyl acetate, oo
5 S3MIS@NiPS-600  Ni: 243 dodecane 150 3 95 91 19 57 7.9 (Ltifszlgg’z;nd
(internal standard)
6  1-Ni/C-400 Ni: 6.6 water 160 3 100 95 72 217 8.1 (F%% 9e)t8a1'
500-NiFe NPs@C Ni: 14.95, . (Wang et al.
7 (3:1) Fe: 4.93 isopropanol 130 2 94 90 2.2 4.4 7.5 2018)°
water (1,4- .
8  Ni@FLG-600 Ni:57.5  dioxanesinternal 130 7 99 99 02 13 1.8 (zhare, SL)‘met al.
standard)
. Ni: 10.1 ,Re: (Y. Maneewong
9 NiReyos/ALO; 5 2-propanol 160 2 100 93 108  21.6 20.1 ot al. 2029)!
10 20Ni/ZAC-600 Ni:49.7 H,0 120 2 100 999 4.1 8.2 345 (XiOLz“Sl)aflal'
(Y. Maneewong
11 NiRe-PS Ni: 8.05 2-propanol 160 2 100 91.6 263 52.7 39.4 & P. Lakhani et
al. 20262
12 NipRe;3-CS Ni: 1126'2’R°: 2-propanol 160 2 434 403 153  30.6 34.7 This work
13 NipRe; ¢-CS Nz AR 9 propanl 180 2 926 912 345 691 78.5 This work
14 NipRe o-CS Ni: 1126'§’Re: 2-propanol 200 2 100 944 358 715 813 This work
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Table S5 Summary of the XPS results obtained from the used catalysts.

Binding energy (eV) Atomic concentration (%) ? Metallic Fraction
S 1
ampre Ni2p Re 4f Nib Re
Ni Re Si 0]
Ni® Ni** Sat. Re Re*" Ref* Re™ (0 (0

853.3 856.6 862.4 40.8 41.5 45.5 46.8
Reduced Nij2Req 63-CS 1.1 0.04 2566  72.68 0.09 0.12
869.5 874.1 880.9 42.8 43.9 48.3 49.6

852.2 856.2 8619 - - 452 46.8
Used Nij2Req 63-CS 0.89  0.01 2634 7275 0.13 0.12
869.5 874.2 880.7 42.7 43.8 48.5 49.8

aatomic concentration calculated from XPS survey; ® Ni (0) fraction calculated from the ratio of Ni (0) / (Ni (0) + Ni (2+));

¢ Re (0) fraction calculated from the ratio of Re (0) / (Re (0) + Re (4+) + Re (6+) + Re (7+))
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Fig. S1 (a to d) high-resolution TEM (HR-TEM) images and (a-i to d-i) diffraction pattern of the
reduced (a and a-i) Ni-CS, (b and b-i) Ni-IM-mSiO,, (c and c-1) Ni-IM-SiO,, and (d and d-i) Ni-
IM-MCM-41 catalysts, respectively.

S10



Fig. S2 (a to d) Field Emission Scanning Electron Microscope (FE-SEM) images of the calcined
(a) Ni-CS, (b) Ni-IM-mSiO,, (c) Ni-IM-SiO,, and (d) Ni-IM-MCM-41 catalysts.
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Fig. S3 X-ray photoelectron spectroscopy (XPS) Ni 2p spectra of reduced and passivated Ni-CS,
Ni-IM-mSiO,, Ni-IM-SiO,, and Ni-IM-MCM-41 catalysts
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Fig. S4 (a) N, adsorption—desorption isotherms and (b) pore size distribution derived from the BJH
model for the calcined Ni-CS NilzReojg-CS, Ni12R60.93-CS, Ni12R61.63-CS, and Ni]zRel‘go-CS
catalysts.
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Fig. S5 (a to d) Field Emission Scanning Electron Microscope (FE-SEM) images of the calcined
(a) Ni-CS (b) NilzRe()jg-CS, (C) Ni12R60.93-CS, (d) Ni12R61.63-CS, and (e) NilzRellgo-CS catalysts.
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Fig. S6 X-ray photoelectron spectroscopy (XPS) (a) Ni 2p and (b) Re 4f spectra of reduced and
passivated NI—CS, Ni]zReojg—CS, Ni]zReo‘gj,—CS, Ni12R61‘63—CS, and Ni]zRel.go—CS catalysts.
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Fig. S7 Reusability of Ni;;,Re; ¢3-CS catalyst at a reaction temperature of 180 °C, 2h, 10 bar of H,
pressure, 0.025 g catalyst, LA 0.5 g, and 2-PrOH (20 ml)
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Fig. S8 TEM image of used Nij;Re; 43-CS catalyst
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Fig. S9 XRD comparison of reduced and used Ni;;Re; ¢3-CS catalyst
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Fig. S10 X-ray photoelectron spectroscopy (XPS) (a) Ni 2p and (b) Re 4f spectra of used

NilzRel .63-CS catalyst
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Fig. S11 Normalized (a) Ni K- and (b) Re L;-edges XANES spectra of used Nij;Re; 63-CS

catalyst

S20



(@)

FT [k (R)] (A7)

UESd'—NiuRel,ﬁy'CS

Radial distance (A)

FT [k (R)] (A7)

(b)

USEd—Nil 2R€1_63-CS

M/\N\wﬂ

N\ R
,_Jv—/\\/\/lie(&

0 1 2 3 4 ) 6

Radial distance (A)
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Fig. S13 TGA comparison of reduced and used Nij;Re; ¢3-CS catalyst
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