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Materials

All reagents were purchased commercially and used without further purification. Zinc acetate dihydrate
(Zn(Ac),-2H,0), hexamethylenetetramine (HMT) and copper acetate monohydrate (Cu(OAc),-H,0) were
purchased from Aladdin, (Shanghai), China; HHTP (2, 3, 6, 7, 10, 11-hexahydrotriphenylene) ligand was
purchased from TCI (Shanghai), China; Concentrated hydrochloric acid (36% ~ 38% by weight) was
purchased from Sino pharm Group, China; (001) Sapphire substrates (8 x 10 x 1 mm?3) were purchased from

Jinan Optoelectronics Co., Ltd., China.

Experimental Section/Methods

Finite element method simulation: In reference to all the models, we consistently employ the Fick’s

diffusion law.
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To address the diffusion problem of gas in a nanowire system, we consider the variables where Ci represents

the concentration of the gas,]i denotes the system's flux, and D; is the diffusion coefficient. It is important

to note that previous literature often employs Darcy's Law for solving the flow of gases. These two

equations are mathematically equivalent: in Fick’s diffusion law, the diffusion coefficient b; is a constant
inversely proportional to the kinetic viscosity coefficient, and its concentration gradient corresponds to the
gas pressure gradient in Darcy's Law. In simulations, at t = 0, the gas concentration is only 1 mol m3
(approximately 0.02 atm when calculated as an ideal gas) at the inlet and zero elsewhere. Within the gas
chamber, the diffusion coefficients for the non-slip region and inside the MOF are set at 3x10°13 m?2 s,

1x107% and 1x107Y” m? 51, respectively. These values are derived from the following calculations: we used

#
DFT based Nudged Elastic Band to calculate the migration energy barrier AG” for NH; at the interface sites
in MOF, which is approximately 0.7 eV. With a diffusion distance L of about 4 A, the diffusion coefficient
kpT - AG*
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can be calculated using the transition state theory ), resulting in a
diffusion coefficient of approximately 1E-17 m?/s. The diffusion coefficients for the non-slip surface and
bulk regions are taken from literature!, approximately 10 and 3E4 times the diffusion coefficient in MOF,
respectively.

Additionally, regarding off-axis laminar flow and possible turbulent flow in the model:

About the former, we have supplemented the discussion with the impact of off-axis laminar flow on gas
flow, as shown in Figure S2. The results indicate that its impact is relatively minor. About the latter, we
roughly calculated the Reynolds number (Re = pul/u) using the gas density p = 0.695 kg/m3, dynamic
viscosity u = 0.99E-5 Pa-s, flow velocity u = 1E-8 m/s, and characteristic length L = 5E-6 m. The calculated

Reynolds number is much lower than 2000, indicating the absence of turbulent flow.
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Preparation of ZnO-NWAs template: Sapphire substrates were ultrasonically washed using deionized
water, acetone and ethanol for 10 min. A layer of ZnO seeds was deposited on the surface of sapphire
substrates by spin-coating a methanol solution of 0.01 M zinc acetate and calcination in a tube furnace at
350 °C for 30 min. Then the substrate was up-down dipped into a mixture aqueous solution of 8 mL aqueous
solution of zinc acetate dihydrate (Zn(Ac),:2H,0) and 8 mL aqueous solution of hexamethylenetetramine
(HMT) in a sealed autoclave with a stainless steel shell at 95°C inside an oven. After that, the substrates
were washed repeatedly with DI-water and pure ethanol alternately and then annealed in a tube furnace
at 550 °C for 2 h. Moreover, by adjusting the concentration of the ZnO precursor solution and the time of
the hydrothermal reaction, ZnO-NWAs with different densities and lengths can be obtained.

Table S1 Preparation of ZnO-NWAs with different density

Density Concentration of Zn(Ac),:2H,0 Concentration of HMT Reaction time
70 % 0.01 M 0.01M 16 h
85% 0.015M 0.016 M 16 h
90 % 0.02M 0.02M 16 h
95 % 0.03M 0.03M 16 h

Table S2 Preparation of ZnO-NWAs with different height

Height Concentration of Zn(Ac),-2H,0 Concentration of HMT Reaction time
1um 0.03M 0.03M 1h

2 um 0.02M 0.02M 10 h

3um 0.015M 0.015M 16 h

Synthesis of 3D Cu-HHTP 3D thin film: Cu-HHTP 3D thin films were grown on ZnO-NWAs template using the
layer-by-layer (LBL) and liquid-phase epitaxy (LPE) method at 35 °C. Cu-HHTP 3D thin films were prepared
using the following dilute ethanol solutions: Cu(OAc)-H,0 (0.1 mM) and HHTP (0.01 mM). The ZnO-NWAs
templates were alternatively soaked in Cu(OAc),-H,0 and HHTP solutions for 10 and 20 minutes in the first
cycle, respectively, and alternatively soaked in Cu(OAc),-H,0 and HHTP solutions for 5 and 10 minutes in
the subsequent each repeating cycle, respectively. The thin films were washed with pure ethanol to remove
residual reactants in each repeating growth cycle. Finally, the thin films were dried naturally at room
temperature. By controlling the number of growth cycles (6 C for 5 nm, 10 C for 20 nm, 15 C for 35 nm), Cu-
HHTP 3D thin films with different thicknesses were successfully obtained. Cu-HHTP 3D thin films with
different height and density were obtained by replacing ZnO-NWAs templates with different heights and

array densities using the same method.



Gas sensor characterizations: Chemiresistive sensors of Cu-HHTP 3D thin film were fabricated using silver
paste as the electrode, and 50 um diameter gold wire attached on the silver paste as the conducting wires.
A pair of parallel electrodes were connected to both ends of the thin films where only Cu-HHTP was grown
on a sapphire substrate. The sensors were measured in a home-made sensing system that has been
reported in our previous work. The sensor devices were placed in an opaque sealed quartz chamber at room
temperature and dry air was used as the carrier gas for the target gas. The DC current changes of the device
under different concentrations of target gas were monitored to conduct gas sensing experiments. The
sensor devices were measured using a DC circuit with an applied bias of 5 V using a Keithley 2602B (USA)
source meter. Target gas was introduced into the quartz tube by mixing the certified gas “mixtures” (Beijing
Hua Yuan Gas Chemical Industry Co., Ltd., China) and mixed air (dry air) in a proper ratio controlled by the
mass flow controllers (CS-200C, Beijing Sevenstar Quali-flow Electronic Equipment Manufacturing Co., Ltd.,
China). The constant flow was 200 mL mint. All of the sensing measurements were performed at ambient
conditions.

The sensor response with positive response is defined as the ratio of sensor resistance in air (Ro) and
in analytic gas (Rgas):

Response = Ro/Rgas - 1

The sensor response with negative response is defined as the ratio of R,ir and Ranaiyte:

Response = Rgas/Ro - 1

Characterization: Scanning electron microscope (SEM, ZEISS-300) was operated at 5.0 kV. Transmission
electron microscope (TEM) images were obtained on a JEOL-2010 transmission electron microscope at an
acceleration voltage of 200 kV. Powder X-ray diffraction (PXRD) patterns were recorded with a Rigaku
Smartlab X-ray diffractometer equipped with a 1D array detector using Cu Ka radiation (A = 1.54178 A). The
step size was set as 0.02°. Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a
Bruker VERTEX70 FT-IR spectrometer (Germany) in 4000 — 600 cm! regions using KBr pellets. /I-V curves of
materials at room temperature were measured by a Keithley 4200 (USA) semiconductor characterization

system via a two-probe DC method.
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Audio Video Interactive S1: The relationships between MOF 2D thin flim (a) and MOF 3D thin films with

height of 1 um (b), 2 um (c), and 3 um (d), and the time-varying molecular adsorption quantities.
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Audio Video Interactive S2: The relationships between MOF 3D thin films with different densities and the

time-varying molecular adsorption quantities.
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Audio Video Interactive S3: The relationships between MOF 3D thin films different thicknesses and the

time-varying molecular adsorption quantities.
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Figure S2. Time-dependent molecular capture quantities under different off-axis laminar flow. One can see

the impact is negligible.
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Figure S3 (a) The time-dependent molecular capture quantities in the system, (b) models with different
cases.
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Figure S4. SEM images of ZnO-NWAs template.
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Figure S7. The detail of how the density of 70% (a), 85 (b), 90% (c) and 95% (d) were measured by Image J.
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Figure S8. FT-IR of 3D Cu-HHTP thin film, Cu-HHTP powder, HHTP and ZnO-NWAs.
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Figure S9. (a) Scheme of the top view (a, b) and side view (c, d) of the device preparation; Photo of (e) ZnO-

NWA template and (f) device of Cu-HHTP 3D thin film grown on ZnO-NWA template.
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Figure S11. (a) Response—recovery curve of pure ZnO-NWA to 100 ppm NH3; Response—recovery curve of
Cu-HHTP 3D thin film with thickness of 5 nm (b), 20 nm (c) and 35 nm (d), height of ~3 um and density of
85% toward different concentration of NH; (The different numbers under the curve represent different

concentrations of ammonia obtained by mixing 100 ppm with dry air in different proportions).
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Figure $12. Response—recovery curve of Cu-HHTP 3D thin film with thickness of 20 nm, height of ~0.05 um
(a), 1 um (b), 2 um (c) 3 um (d) and density of 85% toward different concentration of NH; (The different

numbers under the curve represent different concentrations of ammonia obtained by mixing 100 ppm with

dry air in different proportions).
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Figure S13. Response—recovery curve of Cu-HHTP 3D thin film with thickness of 20 nm, height of ~3 um and
density of 70% (a), 85% (b), 90% (c) and 95% (d) toward different concentration of NH; (The different

numbers under the curve represent different concentrations of ammonia obtained by mixing 100 ppm with

dry air in different proportions).
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Figure S14. Proposed sensing mechanism of Cu-HHTP 3D thin film in response to NH;
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Table S3: Room-temperature gas sensing performance of various chemiresistive materials toward NHs.

Material Response /% LOD Ref.
Cu-HHTP-3D film 121 (100 ppm) 0.78 ppm This work
Cu-HHTP-3D film 161 (100 ppm) 87 ppt 2

Cu-HHTP-film 129 (100 ppm) 0.5 ppm 3
Cu-HHTP-THQ 15 (100 ppm) 0.02 ppm 4

Zn-HHTP-H film 40.5 (50 ppm) 39.9 ppb

PcCu-Zn-H film 61.8 (100 ppm) - 4
Co-HHTP-H film 8.86 (20 ppm) - 4
COF-DC-8 39 (40 ppm) 57 ppb 5
HMP-TAPB-1 70 (50 ppm) 1 ppm 6
Cu-BTC@GO 7 (500 ppm) 100 ppm 7
NiPc-Ni 43 (80 ppm) 0.05 ppm 8
NiPc-Cu 45 (80 ppm) 0.05 ppm 8
Cu-BHT 15 (100 ppm) 0.23 ppm 9
CuTCNQ 5 (99 ppm) 10 ppm 10
CusHITP, 2.6 (10 ppm) 0.5 ppm 11
CuPc@IRMOF-3 100 (50 ppm) 52 ppb 12
Polypyrrole nanotubes 200 (2 ppm) 50 ppt 13
V,03 nanosheet 2.4 (25 ppm) 10 ppm 14
rGO 22.1 (40 ppm) 5 ppm 15
MoS, thin films 8.1 (30 ppm) 0.3 ppm 16
Pt activated SnO, 314.43 (1000 ppm) 50 ppm 17
Activated carbons 28 (500 ppm) 10 ppm 18
Modified SWCNT 27 (20 ppm) 0.1 ppm 19
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