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Chemical reagents

ZrO(NO3), (99.5 wt%) , urea (99 wt%), Al,O3 (99.9 wt%), TiO, (99.8 wt%), ZrO, (99 wt%), silica sol (40 wt%), nano SiO, (99.5 wt%), ammonium carbonate (99
wt%), tetraethyl orthosilicate (TEOS, 98 wt%), nitric acid (65-68 wt%), 1-butanol (99 wt%), 1-pentanol (99 wt%), 1-hexanol (99 wt%), 1-heptanol (98 wt%), 1-octanol
(99 wt%), isobutanol (99 wt%), benzyl alcohol (99 wt%), acetonitrile (99 wt%), butyronitrile (99 wt%), pentanonitrile (97 wt%), hexanenitrile (97 wt%),
heptanonitrile (98 wt%), octanenitrile (97 wt%), isobutylronitrile (99 wt%), benzonitrile (99 wt%), 2-methylpyridine (98 wt%), 4-methylpyridine (98 wt%),
diethylamine (99.5 wt%) and triethylamine (99.5 wt%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Cu(NO3),-3H,0 (99 wt%) and
ethanol (99.7 wt%) were purchased from Sinopharm Chemical Reagent Co, Ltd. MFI was purchased from Tianjin Nanhua Catalyst Co., Ltd. Mn(NOs3),-6H,0 (98 wt%),
Cr(NO3),-9H,0 (99 wt%), Fe(NOs),-9H,0 (98.5 wt%), Ni(NOs),-6H,0 (98 wt%), Ce(NOs)s:6H,0 (99.5 wt%), Ga(NOs), (99.9 wt%), In(NOs)3 (99.9 wt%), La(NOs);-6H,0
(99 wt%), LiNO3 (99 wt%), Co(NO3),-6H,0 (98.5 wt%), Gd(NO3),-4H,0 (99 wt%) and Sc(NO3)s-6H,0 (99 wt%) were purchased from Shanghai Macklin Biochemical Co.,
Ltd. Meso SiO, (99.5 wt%, Sger = 400 m?/g) was purchased from Qingdao Haiwan Specialty Chemicals Co., Ltd.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a PANalytical X’Pert-Pro X-ray diffractometer with a Cu Ka radiation (A = 0.154059 nm) operating at
40 kV and 40 mA. The chemical composition of the samples was determined using a Philips Magix-601 X-ray fluorescence (XRF) spectrometer. The metal loading of
spent catalysts was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) on a Thermo iCAP6300 instrument. Before analysis, the
catalyst was dissolved in aqua regia (3 mL HCl and 1 mL HNO3), and then diluted into 1-10 ppm according to the theoretical amount of metals. High-angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) images and energy dispersive X-ray spectra (EDX) elemental mapping of samples were
obtained by using a JEOL JEM-2100F microscope, operated at 200 kV. Temperature-programmed reduction (H,-TPR) was carried out on a Micromeritics AutoChem
I1 2920 instrument equipped with a thermal conductivity detector (TCD). About 100 mg of calcined catalyst was loaded into a quartz tube and dried in argon stream
at 150 °C for 1 h to remove the adsorbed water. After being returned to 50 °C, the catalyst was heated in a 10 % H,-Ar flow at a heating rate of 10 °C/min up to 500
°C. The copper dispersion and the surface area of metallic copper of catalysts were determined by the N,0O chemisorption method. The catalyst was first reduced in
the procedure described in the TPR experiment in 10% H,/Ar until 350 °C. The amount of hydrogen consumption in the first TPR was denoted as A;. Then, the
reactor was purged with Ar at 50 °C and a flow of 10% N,O/Ar was used to oxidize surface copper atoms to Cu,0 at 50 °C for 1 h. After flushing with Ar to remove
the oxidant, another TPR experiment was performed in 10% H,/Ar until 350 °C. Hydrogen consumption in the second TPR was denoted as A,. The dispersion (Dc,)
of surface Cu were calculated by the following equation (Equation 1):
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Specific area of metallic copper (Sc,) and Cu particle size (dc,) were calculated according to following equations (Equations 2-3):1-2
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pcu is the density of copper (8.92 g/cm3), N,, is Avogadro’s constant (6.02 x 1023/mol), M, is the relative atomic mass of copper (63.46 g/mol), and 1.46 x 101°
is the number of copper atom of per square meter.

Ex-situ X-ray photoelectron spectra (XPS) were recorded on a Thermo Scientific K-Alpha+ spectrometer with a monochromatic Al-Ka X-ray source as the
excitation source. Prior to the test, the calcined sample was firstly compressed into a thin disk and reduced in a 10 % H,-Ar flow of 50 mL/min at 300 °C for 4 h and
cooled naturally. Then, the pre-reduced sample was passivated in a 1 % O,-Ar flow of 20 mL/min for 8 h. Afterwards, the sample was carefully transferred into the
XPS measurement chamber under high vacuum condition (P < 10 Pa). Energy corrections were performed using a 1s peak of the polluted carbon at 284.6 eV.
Nitrogen adsorption isotherms were measured at -196 °C on a Micromeritics ASAP 2460 system. Before the measurements, all samples were pretreated in vacuum
at 300 °C for 8 h. The total surface area was calculated based on the Brunauer—Emmett—Teller (BET) equation. The micropore volume was evaluated using the t-
plot method. The mesopore volume was evaluated from the adsorption isotherm by the Barrett—Joyner—Halenda (BJH) method. NH; temperature-programmed
desorption (NH3-TPD) was performed on Micromeritics Autochem |l apparatus equipped with a mass spectrometer (MS) detector. Typically, 100 mg of sample was
pretreated at 300 °C for 60 min in He flow of 30 mL/min. After cooling down to 50 °C, NH; was dosed onto the sample until its saturated adsorption. Then the
sample was purged with He flow for 30 min to remove the physically absorbed NH;. Finally, the sample was heated to 800 °C at a rate of 10 °C/min, and the NH;
desorbed from the surface and was monitored by the MS detector. Fourier transform infrared (FTIR) spectra were collected on a Bruker Tensor 27 instrument. For
the adsorption measurements, 20 mg catalyst was pressed into a self-supporting disc and mounted on the sample holder. The catalysts were activated under
vacuum (p = 10® mbar) at 350 °C for 1 h. As soon as the catalyst cooled to 150 °C, a spectrum of the activated catalyst was taken as the background. Subsequently,
adsorption of pyridine was performed at 0.1 mbar for 30 min until saturation/equilibration of the surface was reached and the peak area of the IR signal remained



constant. After physisorbed pyridine was removed by evacuation (p = 10°® mbar) at 150 °C, another spectrum was recorded. Finally, spectra were taken after
desorption at 150 °C, 250 °C, and 350 °C for 30 min, respectively, and then the FTIR spectra were collected at ambient temperature. The acid sites quantity was

calculated by following equations (Equations 4-5):3

1.88 x IA(B) x R?

prridine on Bronsted sites W

(Equation 4)

1.42 x IA(L) x R?

prridine on Lewis sites Y

(Equation 5)

C is the acid sites density (mmol/g), IA (B or L) is the integrated absorbance of B or L bands (cm™), R is the radius of catalyst sample disk (cm), W is the weight
of catalyst sample disk (mg).

The adsorption and desorption isotherms of ethanol and acetonitrile were determined using an Intelligent Gravimetric Analyzer (IGA). About 25 mg sample
was added to the chamber and outgassed until reaching to a constant weight at 250 °C. Then the flowrate of ethanol or acetonitrile vapor was introduced. The
adsorption kinetics curve was recorded at a pressure of 5 mbar, 40 °C. The desorption kinetics curve was recorded from a pressure of 2 mbar, 40 °C.
Thermogravimetric analysis (TG) was performed on a TA SDTQ600 analyzer. Measurements were performed in the temperature range of 25-800 °C with a

temperature-programmed rate of 10 °C/min in continuous flow of synthetic air (100 mL/min).
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Figure S1. Arrhenius plots for the conversion of ethanol over catalysts. Reaction conditions: p = 0.1 MPa, ethanol WHSV = 7 h'1, NH;/ethanol molar ratio = 3.
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Figure S2. XRD patterns of the (a) calcined (b) reduced and (c) spent catalysts.



Figure S3. HAADF-STEM images and corresponding elemental mappings of Cu;o/meso SiO,-IM (a,b) and Cuy4-Zr,/meso SiO,-IM (c,d).
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Figure S4. FTIR spectra of the as-calcined catalysts. The lggs5/15q0 intensity ratio represents the relative amount of copper phyllosilicate in the samples.
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Figure S5. Zr 3d XPS spectrum of reduced Zr,/meso SiO,-IM.
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Figure S6. (a) N, adsorption-desorption isotherms and (b) pore size distribution of samples.
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Figure S7. IGA curves of acetonitrile adsorption (a) and ethanol desorption (b) over catalysts.
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Figure S8. Ethanol conversion and acetonitrile selectivity variation with time-on-stream over regenerated Cu,-Zr,/meso-SiO,-UP. (Reaction conditions: p = 0.1

MPa, T = 265 °C, ethanol WHSV = 0.8 h-1, NH3/ethanol molar ratio = 9.)



Table S1. Performance and characteristics of the synthetic routes for acetonitrile production

Synthetic routes Feedstock Reaction Conversion Selectivity Characteristics AE? E-factor ® Ref.
temperature (%) (%) or
productivity
Commercial propylene Propylene, 470-480 °C 95 2-4, as by- Complex and toxic by- 38.3% 25.02 4
ammoxidation (SOHIO) process NHgz, O, product products (HCN,
propionitrile, acrolein,
acetone, acetaldehyde, allyl
alcohol, oxazole,
benzonitrile, etc.); energy-
intensive separation
process; productivity
constraint
C1 Carbon monoxide Carbon 475 °C 47 96 Poor activity, unmentioned 53.3% 0.99 5
substrates hydroamination monoxide, catalyst stability
NHs, H,
Methane Methane, 700 °C 35 372.4 High reaction temperature, 83.7% 1.91 6
amination NH3 umol/gg./min  inferior catalyst stability,
toxic by-product of HCN, co-
production of H,
Methanol Methanol,  525°C 98 63 Insufficient catalytic lifetime 50.6% 2.14 7
amination NH3 (<60 hours), renewable
catalyst, toxic by-product of
HCN, co-production of H,
C2 Ethylene Ethylene, 500 °C 20 80 Poor activity, inferior 91.1% 1.04 8
substrates dehydroamination NHz catalyst stability, toxic by-
product of HCN, co-
production of H,
Ethylene Ethylene, 500 °C 15-26 95-97 Poor activity, unmentioned 44.1% 1.72 3,10
ammoxidation NHs;, O, catalyst stability
Ethane Ethane, 500 °C 15-20 20-68 Poor activity, inferior 87.2% 1.02 811
dehydroamination NH3 catalyst stability, toxic by-
product of HCN, co-
production of H,
Ethane Ethane, 400-450 °C 10-48 25-90 Poor reactivity, 43.1% 1.71 12-19
ammoxidation NHs;, O, unmentioned catalyst

stability




Acetic acid Acetic acid, 360-390 °C 88-99 62-99 High activity, high 53.3% 0.96 20

amination NH3 corrosiveness on

equipment, inferior catalyst

stability
Ethylamine Ethylamine, 225°C 99 80 Costly feedstock, inferior 44.1% 1.45 21
aerobic 0, catalyst stability
dehydrogenation
Ethylamine Ethylamine Room - 55-99 Costly  feedstock, high 91.1% - 22°25
electrocatalytic temperature Faraday efficiency, low
dehydrogenation production capacity, inferior

cycling stability
Ethanol Ethanol, 350-450 °C 80-99 45-95 High activity, renewable 36.9% 1.46 2631
ammoxidation NH;, O, substrate, inferior catalyst

stability
Ethanol Ethanol, 230-450 °C 91-99/(96, 69-98/(96, High activity, renewable 65.1% 0.57/(0.60, 324>
dehydroamination NH3 this work)  this work) substrate, co-production of this work)

H,, insufficient catalytic
lifetime  (<hundreds of
hours)

a Atom economy, defined as the molecular weight ratio of the target product to the sum of all reactants. ® Environmental factor, defined as mass ratio of total

waste to target product. Calculation based on optimal reaction performance.



Table S2. Results of catalytic dehydroamination of ethanol over copper-based catalysts

Catalyst Reaction Condition Acetonitrile Ref.
yield (%)
Cuyg-Zr,/meso SiO,-UP 265 °C, 0.1 MPa, n(NHj3):n(alcohol)=9:1, LHSV=0.8 h! 95 This work
15%CU/A|203 325 °C, 0.1 MPa, CU/A|203 (3 mL), V(akoho”:O.l 87 32
mmol/min, n(NHs):n(alcohol)=20:1
Cu/y-Al,0; 290 °C, 0.1 MPa, n(NH3):n(alcohol)=7:1, WHSV=1.0 h 92 3
15%Cu/Na-ZSM-23 350 °C, 0.1 MPa, n(NHj3):n(alcohol)=5:1, WHSV=1.0 h! 63 34
CuZnAlTiLaO, 315 °C, 0.1 MPa, n(NH3):n(alcohol)=5:1, WHSV=2.5 h 98 43
Cu-Zn0-La,03-Al,0; 280-290 °C, 0.1 MPa, n(NHs):n(alcohol)=4-5:1, 96 44
LHSV=0.25 h1
Cu0-Zn0-Zr0O,/mCa0-nAl,04 280 °C, 0.1 MPa, n(NH3):n(H,):n(alcohol)=5:1.15:1, 96 45

WHSV=1.14 h'!




Table S3. Cu particle sizes of the reduced and spent catalysts 2

Catalyst Before reaction (nm) After reaction (nm)
Cuyo/meso SiO,-IM 46.0 49.4
Cuyg-Zr/meso SiO,-IM 43.7 45.5
Cuqo-Zr,/meso SiO,-UP -- 16.7

3 Calculated by the Scherrer equation at 26 = 43.4°,



Table S4. Textural properties of the catalysts

Catalyst Sger(m?/g) 2 Viicrolcm3/g) b VimesolCm3/g) © Pore size (nm) ¢
Cuio/meso Si0,-IM 413.6 0 0.55 4.5
Cuyp-Zry/meso SiO5-IM 408.2 0 0.58 4.9
Cuyp-Zr/meso SiO,-UP 432.9 0 0.71 5.7
meso Si0, 475.6 0 0.56 4.6

a BET surface area. ° t-Plot micropore volume. ¢ BJH adsorption volume. 94 BJH mesopore size distribution based on the adsorption branch.



3 Obtained from the ICP analysis.

Table S5. Chemical composition of the spent catalysts 2

Catalyst CuO (%) Zr0; (%)
Cuyo/meso Si0,-IM 6.1 -
Cuyo-Zr/meso SiO,-IM 10.2 2.1
Cuyo-Zr/meso SiO,-UP 10.3 2.3
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