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Experimental Section

Materials and reagents. Double-pass anodized aluminum oxide (AAO) in thickness
of 70 um was supplied by Hefei Pu-Yuan Nano Technology Co. Ltd. (China). N-
methyl-pyrrolidone (>99%, AR), zinc acetate dihydrate (=99%, AR), methanol

(>99.5%, AR), ethanol (=99.7%, AR) were purchased from Damao Chemical Reagent
Co. Ltd. (Tianjin, China). Cetytrimethylammonium bromide (>99%, AR) and
benzaldehyde (>98.5, AR) were supplied by Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Malononitrile (99%) was purchased from Aladdin Industrial
Corporation (Shanghai, China). Benzylidenemalononitrile (>98%) was purchased
from TCI Development Co. Ltd. (Shanghai, China). There was no further purification

of all the chemicals used in this work.

Templated synthesis of nanoreactors. Arrayed nanostructures were synthesized via
AAO-templated solvothermal processes using sol-gel precursors. In a typical
procedure, cetytrimethylammonium bromide (CTAB) of 0.016 M were added in 20 mL
of N-methyl-pyrrolidone (NMP) as a mixture solvent. Organic precursors, i.e., zinc
acetate for zinc oxide nanotubes (Fig. 1a), ferrous chloride for iron oxide nanoplates
(Fig. 1b), manganese acetate for manganese oxide (Fig. 1c), and cerium nitrate for
cerium oxide nanobrushes (Fig. 1d), were added to the mixture matrix and
ultrasonically treated for 25 min at 65 °C. Upon the formation of uniform sol, the

prepared mixtures were placed in a Teflon-lined autoclave, together with AAO template
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(200-300 nm pore) immersed at the middle of the vessel. The sealed autoclave was
heated to 180 °C for 4 h and cooled down naturally at ambient temperature. Ultrasound
was used to wash the surface of AAO-templated material in absolute ethanol
environment. Afterwards, it was placed in a 40 °C oven for 1 h and then underwent a 2

h heating at 400 °C. Finally, the arrayed nanostructures were obtained.

Characterization. Material morphologies were examined by scanning electron
microscopy (SEM) (S4800, Hitachi, Japan) and high-resolution transmission electron
microscopy (HRTEM) (JEM-2000EX, Japan). Energy dispersive spectrometer (EDS)
was obtained using field emission scanning electron microscope (NOVA NanoSEM
450, FEI, USA). DX-3000 X-ray diffractometer (Shimadzu, Japan) was employed to
report X-ray diffraction (XRD) results, for which Cu Ka monochromatic radiation was
operated at 40 kV and 100 mA. Chemical composition of zinc oxide was examined by
X-ray photoelectron spectroscopy (XPS) using Thermo Fisher XPS instrument
(Escalab 250Xi, USA). CheBET Pulsar TPD Analyzer (Quantachrome, USA) was used
to acquire temperature-programmed desorption profiles of ammonia (NH;-TPD) and
carbon dioxide (CO,-TPD), respectively. Autosorb-iQ-C (Quantachrome, USA) was
used for a measurement of nitrogen adsorption-desorption isotherms (-196.15 °C). The

leaching of Zn?* ions was detected by inductively coupled plasma mass spectrometry

(Nex ION 300D, PerkinElmer, USA).

Catalytic reactions in ZnOnr,. Reactions were performed in a two-pass reaction
module (Fig. S4). The AAO-templated material was fixed on top of a perforated support
and a rubber pad was inserted for a seal. For Knoevenagel condensation, ethanol matrix
containing benzaldehyde and malononitrile in equimolar concentrations (13.5 mM) was
prepared and stored in the feed tank. In a typical experiment, the mixture solution was
first heated to designated temperature by a thermostat, then pumped into the module to
initiate catalytic reaction, and permeate liquid was periodically collected and analyzed.
The whole reaction system was placed in an oven to maintain the reaction temperature.
The product benzylidenemalononitrile (BM) was detected by HPLC (Waters 2695
Separations Module) at wavelength of 221 nm with an eluent solution mixed by
ultrapure water (30%) and methanol (70%) ata flowrate of 0.8 mL/min, using

SunFire® C18 column (250 mm x 4.6 mm x 5 um) as the stationary phase.
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Determination of retention time (tg). The time spent for passage of solution in arrayed
nanotubes closely correlates with the pore size, arrangement, as well as the liquid flux.

After a collection of diameters of the pores (labeled as d;) according to selected SEM

region, the total porous area for passage of solution (Sp, m?) can be determined

according to Equation (S1),
4 T
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where Ao is the actual exposed area of ZnOyr array for passage of solution, m?; Asem
is the total area of selected SEM image for collection of d;, m?; n is the total number of

pores recorded in the selected SEM image, dimensionless.

If the flux is controlled at Q (mL min‘!), the tz (s) can be expressed as

.5-6-10"°
_Sp5610

tp= 3
(82)

where 9 is the thickness of ZnOn1/AAO composite, m.

Specifically, for tests on 168-ZnOyr, flow rates were controlled at 1.0x10-4, 1.5x104,
3.0x104, 5.0x10*, and 1.5%10 L min"! respectively, for which the corresponding tg
were respectively 0.61, 0.41, 0.20, 0.12, 0.04 s; for tests on pore size effect, the values
of tg were controlled at 0.122 s for 168-ZnOr (flow rate: 5.0x10*L min'), 0.119 s for
96-ZnOyr (flow rate: 3.0x10* L min'), 0.099 s for 61-ZnOr (flow rate: 3.0x104 L
min!), 0.109 s for 26-ZnOyr (flow rate: 1.5x104 L min'') and 0.101 s for 10-ZnOxr

(flow rate: 1.0x10* L min-!), respectively.

Regression analysis on Rcy value. In our published work,! corresponding to different
ZnOyrs reactors with pore sizes of 168, 96, 61, 26 and 10 nm, the average values of
dimensionless Rer were 3.15x10%, 7.33x10°, 12.14x10°, 24.34x10¢ and 80.2x10°°,
respectively. As shown in Equation (S3), non-linear regression analysis revealed that
the Rer value exponentially enhanced as a function of decreasing nanoreactor size (

d
ZnONT), with correlation coefficient in a relative high level (R>>>0.96).
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Fig. S1 SEM-EDS mapping analysis of AAO-templated (a) zinc oxide nanotubes, (b) iron oxide

nanoplates, (c) manganese oxide nanoparticles, and (d) cerium oxide nanobranches.
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Fig. S2 SEM images of the products following a typical procedure similar to the synthesis of

ZnOyr. (a) Ultrapure water as the solvent in place of NMP. (b) Ethanol as the solvent in place of

NMP. (c) NMP as the solvent without surfactant CTAB.
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Fig. S3 (a) SEM images and (b) size distribution of zinc oxide nanoparticles (ZnOnp).
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Fig. S4 (a) XRD patterns, (b) XPS spectra, and (c) nitrogen adsorption/desorption isotherms for

as-synthesized ZnOyp and commercial ZnOcp, respectively.
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Fig. S5 Schematic illustration of the flow-through system used for catalytic condensation.
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Fig. S6 Yield of BM versus time for Knoevenagel condensation in the presence of ZnOyp.

Condition: temperature, 60 °C; solid load, 4 g L.
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Fig. S7 Leaching of Zn during ZnOyr-induced catalytic condensation.

Condition: temperature, 60 °C; liquid flux, 0.5 mL min!.
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Fig. S8 Cross-section view of ZnOn1/AAO after (a) 0 h, (b) 1 h, (¢) 3 h and (d) 5 h reactions,

respectively. Conditions: ZnOyr, 168 nm pore; liquid flux, 0.5%103 L min-!; temperature, 60 °C.

Fig. S9 Cross-section view of ZnOn/AAO after 5 h flow-through reaction. Conditions: ZnOyr,

168 nm pore; liquid flux, 2.5%10- L min"'; temperature, 60 °C.
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Table S1 Comparison of ZnOyr nanoreactors with reported batch reactors? in conversion of

benzylidenemalononitrile through Knoevenagel condensation of benzaldehyde with malononitrile.

o Temp. solvent Yield Time Rate?
Catalyst Description Mode (°C) Vi (%) (min) (% s™) Ref.
Nano- 1.7x10%3 This
ZnOnr arrayed nanotubes reactor 60 ethanol  5.5-104 17.0-54.5 work
ZnOnp nanoparticles Batch 60 ethanol 47 300 2.61x1073 This
reactor work
ZnO powdered precipitates Id. room - 92 80 1.9x102
NF-ZnO nanoflakes 1d. 25 - 90 210 7.1x1073 b
NaYN-850 ammonia-nitridated 1d. 80  toluene 90 180 8.3x10° c
NaY zeolite
nitridation of zeolite
BZN30024 beta at 300°C Id. 80 toluene 93 15 0.1 d
LZSM-5- ammonia-modified 5
AT-OH- 7SM-5 zeolite Id. 80 toluene 92.6 60 2.6x10 e
ZIF-8 Zn-incorporated zeolitic 20 toluene 60 240 42x10° f
imidazolate framework
Fe-thIﬁ- 101- iron-containing MOF Id. 80 toluene 78 30 4.3x102 g
2
{[Lu(BTC)(H,O  needle-shaped Lu(IIl)- 3
)" DMF}, MOF Id. 100 p-xylene 57 480 2.0x10 h
ABIL@HKUST amino-functionalized 3 .
_1/Ethanol hybrid MOF Id. 30 toluene 100 210 7.9x10 i
CAU-1-NH, Al-based MOF with 1d. 40 ethanol 94 60 26x102
amino groups
. amino-functionalized 2
Ui0-66-NH, Zr(IV)-MOF 1d. 40 DMF 98 40 4.1x10 k
0/4)-
1\1\/}11{1_2.(23 (C:)l) amino-based MOF Id. 80 DMF 99 300 5.5x1073 1
N-GO-1,00  2mine grafted graphene Id. g feel s 240 6.7x107 m
oxide CH;CN
Chitosan purchased solid base Id. 40 ethanol 98 60 2.7x1072 n
catalyst
MPB magnetic polymer Id. NA temahyd gy, 480 3.5x10° 0
brushes rofuran
monodisperse water/
RhPY/TC@GO rhodium/platinum Id. room  methano >99 10 >0.17 p
nanoparticles 1
ol ) water/
commercial composite 5
Pd/A10(OH) nanoparticles Id. room meﬂllano 85 25 5.7x10 q
Fe;04@Si0,@ magnetic layered 5
Ni-Zn-Fe LDH double hydroxide Id. 60-70 ethanol 85 40 3.5x10 r

2 A quick back calculation of the average value according to the reported yield of product and time spent for catalysis.
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