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Characterization of PANI films.

The structure of the PANI nanoscale thin film was tested by a grazing incidence wide angle X-ray
scattering (GIWAXS) meter model Xeuss 2.0 manufactured by Xenocs, France. The incident source
was a liquid metal target source manufactured by Excillum, model number Metallet D2, with a
wavelength of 0.134144 nm and a lens-to-sample distance of 218.308 mm. The morphology and
thickness of the PANI nanoscale thin films were investigated by a scanning electron microscope model
S-4800 manufactured by Hitachi, Japan, and an atomic force microscope model MultiMode8
manufactured by Bruker Corporation. The microstructures of the films were studied by a transmission
electron microscope model number JEOL-JEM-2010, and the high-resolution transmission electron
microscope and the selected area electron diffraction pattern of the films were further tested. This
operating voltage of the instrument was 200 kV. Electrochemical performance is measured by
CHIG600E series electrochemical analyzer manufactured by Shanghai Chenhua Instrument Company.
Conductivity measurement.

The content of the oxidant has a certain effect on the conductivity of the PANI nanoscale thin film,
for which we conducted research. The APS content in the reaction system is changed to 10.8, 5.4, 3.2,
and 2.1 mmol-L-!. When the APS content is 2.1 mmol-L-!, the PANI nanoscale thin film is difficult to
form. Therefore, combined with the thickness of the film (Figure S6) and I-V curves (Figure S8a), the
conductivity of the other three PANI films are calculated, and their value are 8.54x10*, 5.19 and
109.05 S-cm’!, respectively. The results show that when the oxidant content increases, the crystallinity
of the film becomes worse, which leads to a decrease in the electrical conductivity of the film. This
phenomenon is also seen from the GIWAXS characterization (Figure S9). When the APS content is
3.2 mmol-L-!, the reaction temperatures are changed by 10°C to 1°C, the reaction times are 2 to 10
days, and the effect of different reaction conditions to the conductivity is studied. According to the I-

V curves (Figure S8b-d) and AFM spectrums (Figure S2) of the synthesized PANI nanoscale thin
S4



films at different temperatures and different times, the conductivity was calculated, and the results are
shown in Table S2. The higher reaction temperature increases the thickness of the film and reduces its
conductivity. Too short or too long a reaction time also affects the thickness and crystallinity of the
film, and also leads to a decrease in its electrical conductivity. Based on the above results, we can
determine that the reaction temperature is 1°C, and the reaction time is 7 days, the synthetic PANI

nanoscale thin film has better conductivity.
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Figure S2. AFM images and thickness of the PANI nanoscale thin films at different reaction

temperatures and different reaction times.
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Figure S4. FTIR (a), Raman (b) and UV-vis (¢) spectrums of the PANI nanoscale thin film. FTIR (d)

and UV-vis (e) spectrums of aniline.

S7



b __
3
o<
2 [1396A
e S
o ®
E S—
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Q, (A1) Q, (A

Figure S5. Grazing-incidence wide-angle X-ray scattering patterns and the projections of the transition

from PANI thin films at (a) 10.8 and (b) 5.4 mmol APS on SiO,/Si wafer.
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Figure S6. Degree of orientation of PANI film (a), 2D Azimuthal-angle-to-Q diagram with selected
area 0.4 A1 <0< (.55 A-' and 40°< Chi <160°. (b) Azimuthal intensity distribution of the selected area

in (a), corresponding to (001) Bragg peak of PANI film. (c¢) Structure of PANI film.
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Figure S7. Illustrations of electrical measurements (a) and preparation of HCl doped the PANI

nanoscale thin film (b).
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Figure S8. I-V curves of the PANI nanoscale thin films at different (a) APS contents, (b) different

temperatures, and (c, d) different reaction times.
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Figure S10. Strain value of the film after bending. The curvature radius (Rp,) and strain value of the

PANI nanoscale thin film after bending is 3.0 mm and 1.66%, respectively (a, b). I-V curve of the

PANI nanoscale thin film after 100 bending (¢).
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Figure S11. The selectivity of the PANI nanoscale thin films with different conductivity to 100 ppm

six gases.
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Figure S12. The resistance of PANI film sensor at different relative humidity

Figure S13. Photograph of the PANI nanoscale thin film on a filter paper.
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Figure S14 The paper-based sensor in 1.5 ppm NHj;

Current/ (mA) *
o LS I -

o

-

[
Current/ (mA)
[V ]

A

0.4 0.0 04 08 1.2 0 50 100 150 200
Voltage V (V) Scan rate (mV-s')

Figure S15. CV curves of the PANI nanoscale thin films with different sweep speed in 1 mol-L-! HCI

(a). The relationship between oxidation peak current density and scan rate (b). Color changes of the

PANI nanoscale thin films at different voltages (c).
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Figure S16. UV-vis spectra of the PANI nanoscale thin films with different voltage.
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Figure S17. PANI film sensor gas sensing mechanism.
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Figure S18. XPS spectra of N 1s before (a) and after (b) adsorption of NHs.
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Table S1. Assignments of the FTIR bands for PANI and aniline.

Wavenumber (cm!) Assignment
PANI aniline
3433 N-H stretches (primary amines)
3356 N-H stretches (primary amines)
3226 N-H vibration
3035 Shoulder band
1620 N-H stretches (primary amines)
1568 C=C stretch vibration of the quinoid ring
1490 1498 C=C stretch vibration of thebenzenoid ring
1291 1276 C-N stertching
1161 1174 plane bending of C-H

Table S2. Material conductivity and film thickness on flexible interdigital electrodes in polyimide

(PI) substrates

Oxidizer content (mmol-L-") | Different temperature (°C) Different time (days)
Materials 10.8 54 32 10 5 1 2 4 7 10
Conductivity (S-em™) | 854X 104 5.19 109.05 | 0.075  58.99 109.05 | 7.63 549 109.05 0.0148
Thickness (nm) 420.4 532 30.6 192.6 65.4 30.6 194 253  30.6 78.9
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Table S3. The comparison of response to NH; between the PANI film sensor in this work and the

PANI-based film sensors in the articles

Sensing material Response/NH; concentration Response time Recovery time Detection limit Detection range Substrate Ref.
PANI film 19.46/100 ppm 100 s 26s 2 ppb 2 ppb-100 ppm  flexible  This work
PANI 1.07/120 ppb 11.5 min - 30 ppb 30-120 ppb stiffness 20
PANI-CNT 30/100 ppm ~250's 200 s 1 ppm 1-100 ppm flexible 15
PVDF-PANI 1.38/80 ppm 2.5 min ~15 min 100 ppb 0.01-10 ppm stiffness 1
PANI/rGO 67/100 ppm 36s 18s 100 ppb 0.01-100 ppm flexible 2
GO-PANIHs 31.8/100 ppm 102s 186 s 50 ppb 50 ppb-100 ppm  flexible 3
PANI-MWCNTs 3.55/100 ppm 120's 137s 0.01 ppm 0.01-100 ppm flexible 4
MWCNTSs-PANI 2.092/100 ppm 9s 30s 0.2 ppm 0.2-100 ppm flexible 5
SiO,/PANI 10/100 ppm 500 s 500 s 400 ppb 0.04-300 ppm flexible 6
BC/PANI-DBSA 6.1/100 ppm 102s 8.6s 0.2 ppm 0.2-150 ppm flexible 7
PANI/Ge 10.98/50 ppm 72 s 111s - 20, 50 ppm flexible 8
PANI-WO; 2.21/100 ppm 30s 170s 1 ppm 1-100 ppm flexible 9
PANI/SrGe4Oq 3.08/10 ppm 108 s 320s 0.25 ppb 0.2-10 ppm flexible 17
PANI/Nb,CTx 1.75/10 ppm - - 20 ppb 0.1-50 ppm flexible 20
Mn;04/Fe,0; 65/25 ppm 1 min 16 min 2 ppm 5-30 ppm stiffness 10
Sn/SnO, 142.2/300 ppm 148 s 136 s 5 ppm 5-1000 ppm stiffness 11
ZnO/CuPc 15.8/100 ppm 20's 10s 0.8 ppm 0.8-100 ppm stiffness 12
Mn-TiO, 2188/20 ppm 21s 24s 5 ppm 5-40 ppm stiffness 13
rGO-SiO, 1.12/50 ppm 250s ~250's 5 ppm 5-100 ppm stiffness 14
C-ny graphene 1.28/50 ppm 13 min - 50 ppm 50-4000 ppm stiffness 15
Au/PPy 26.5/100 ppm 26.5s 7s 1 ppm 1-100 ppm flexible 16
PPy 1.11/100 ppm ~10 min ~15 min 0.4 ppm 0.2-100 ppm stiffness 17
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