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Supplementary Figure 1 | Surface pressure-mean molecular area (z-A) isotherms of sodium oleyl sulfate.
(a) =-A isotherms of the surfactant monolayer on different subphase, e.g., pure water, aniline-water solution, and
aniline-HCI-water-solution, respectively. (b) Schematic demonstration of the monolayer surfactant on pure water
surface. (c) Schematic demonstration of the surfactant monolayer on aniline water surface, in which the mean

molecular area A was increased due to the interaction between the head group (sulfate) of surfactant and aniline.
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Supplementary Figure 2 | Schematic demonstration the transfer of g2D PANI onto 4-inch SiO2 wafer. After
polymerization, a uniform film of g2D PANI was formed on the water surface of a glass well (diameter @ = 8
cm). Afterwards, the glass well was placed in larger one with diameter @ = 15 cm, followed by adding water till
that the g2D PANI film floated onto the top water surface. Afterwards, a 300 nm SiO./Si wafer (4-inch,
Microchemicals GmbH) was placed under the film, and the water was removed slowly using a plastic dropper.
As such, the 2D PANI dropped slowly to the wafer surface. The resultant 2D PANI on SiO,/Si was rinsed by

chloroform and ethanol, and then dried in vacuum oven for 24 h.
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Supplementary Figure 3 | Surfactants used for the synthesis of g2D PANI. a, octadecylamine; b, hydrogen
ionophore 1V; c, lignoceryl alcohol; d, stearic acid; e, sodium stearate; f, perfluorooctadecanoic acid; g,

dihexadecyl phosphate; h, sodium dodecylbenzenesulfonate; i, sodium oleyl sulfate.



Supplementary Figure 4 | Optical microscopy images of PANI films prepared with different surfactants. (a)
octadecylamine; (b) hydrogen ionophore 1V; (c) lignoceryl alcohol; (d) stearic acid; (e) sodium stearate; (f)
perfluorooctadecanoic acid; (g) dihexadecyl phosphate; (h) sodium dodecylbenzenesulfonate; (i) sodium oleyl
sulfate. The structures of the surfactants are shown in Supplementary Fig. 3. All the films were prepared in 48 h

reaction and 0.02 M HCI. Scale bars, 20 um.



Supplementary Figure 5 | Optical microscopic images of PANI films. The films were prepared at (a) the pure

air-water interface, (b) air-water interface with 2 uL (1 mg mL™) SOS, (c) air-water interface with 7 uL (1 mg
mL7) SOS. Scale bars: 20 um. According to initial isotherm test, the minimum amount of SOS to form a
continuous SOS monolayer on water surface (with diameter @ = 6 cm) is ~7 pL. Therefore, when the amount of
SOS decreased to 2 pL (1 mg/mL) at the air-water interface, the resultant PANI film is rough and discontinuous.
In contrast, the resultant PANI film became highly uniform and continuous, when the amount of SOS increased

to 7 pL or even more.
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Supplementary Figure 6 | Evaluation of single-crystalline domain size of g2D PANI using SAED. (a) TEM
image of the selected area for the acquisition of SAED patterns. The diameter of the selected circular area is 0.7
um. The arrow indicates the lateral movement of specimen stage in 0.4 um step. (b - f) Consecutively acquired
SAED patterns coupled with specimen stage movement. The orientation of each domain is represented by the

colored solid lines. Scale bars: (a) 0.5 um; (b-f) 5 nm™.
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Supplementary Figure 7 | Histogram of domain size of the g2D PANI derived from 50 domains by SAED.
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Supplementary Figure 8 | Rotations of the 2D PANI single crystal domains continuously revealed by SAED.
TEM camera size: 0.7 um. Each image was taken by continuous and lateral movement of specimen stage in 0.4
um step. The number on the top right of each image is the rotation degree in comparison to the previous image.
The color (red and blue) change implies the appearance of a new crystal, since two sets of SAED single crystal

emerge.



Supplementary Figure 9 | SAED patterns of PANI films prepared by using various surfactants. (a)
octadecylamine; (b) hydrogen ionophore IV; (c) lignoceryl alcohol; (d) stearic acid; (e) sodium stearate; (f)
perfluorooctadecanoic acid; (g) dihexadecyl phosphate; (h) sodium dodecylbenzenesulfonate; (i) sodium oleyl

sulfate; (j) no surfactant. The structures of the surfactants are shown in Supplementary Fig. 3. Scale bars, 1 nm.
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Supplementary Figure 10 | AC-HRTEM images of single crystalline g2D PANI at different positions. (a)

and (b) AC-HRTEM images. (b) and (d) Corresponding FFT images. Scale bars: (a) and (c), 10 nm.
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Supplementary Figure 11 | TEM Characterization. (a) TEM image of a wrinkle position selected on g2D PANI.
(b) SAED pattern and (c-d) HRTEM image of the wrinkle, which is perpendicular to the [001] axis and implies

an interplanar spacing of 13.41 A.
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Supplementary Figure 12 | GIWAXS characterization of g2D PANI film. (a) GIWAXS patterns of ~30 nm
g2D PANI on SiO,/Si wafer. (b) In-plane and (c) out-of-plane projections from (a). The position of the 001 peak
depends on the orientation of crystallites with respect to the substrate plane. The peak position is slightly shifted
in-plane and out-of-plane, that is because of the high detector tilt angle which leads to some degree of freedom

while calibration.
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Supplementary Figure 13 | GIWAXS patterns of g2D PANI and unit cell simulation. The p2gg plane group

symmetry is verified since the odd order (h00) and (0k0) peaks are absent in GIWAXS.
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Supplementary Figure 14 | SAED diffraction patterns of (a) simulated and (b) experimental g2D PANI.

Scale bars: 2 nm™.
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Supplementary Figure 15 | Characterization of g2D PANI film of 30.8 nm thick. (a) AFM topographic image
of 2D PANI film. The area of black box was selected to calculate root-mean-square (RMS) roughness (RMS =
~0.9 nm). (b) Corresponding height profile of the grey line in (a). (c) Optical microscopic image of the 2D PANI
film. Scale bars: (a) 10 um; (c) 20 um. The film was prepared with seven days reaction at air-water interface with

SOS surfactant monolayer.
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Supplementary Figure 16 | Growth kinetic of 2D PANI at 1 M HCI under sodium oleyl sulfate monolayer.

The thickness was measured with variable angle spectroscopic ellipsometry. Error bars indicate the variations in

thickness of each 2D PANI sample at five different positions.
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Supplementary Figure 17 | SAED patterns of g2D PANI films of different thickness. (a) 2.6 nm (12 h); (b)

5.8 nm (24 h); (c) 10.5 nm (48 h); (d) 19.6 nm (4 days); (¢) 30.8 nm (7 days). Scale bars, 1 nm-.
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Supplementary Figure 18 | Histogram of domain size of the g2D PANI of 30.8 nm thick. The result was

derived from 55 domains by SAED.
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Supplementary Figure 19 | AFM characterization. (a) AFM topographic image and (b) corresponding height
profiles of the g2D PANI synthesized at the air-water interface using sodium oleyl sulfate monolayer. Reaction

time: 12 h. Scale bar, 10 pm.
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Supplementary Figure 20 | Photographs of the g2D PANI with 2.6 nm thickness. Large area continuous 2D
PANI film can be transferred onto (a) SiO./Si and (b) polyethylene terephthalate (PET) substrates, respectively.

Scale bar: (b) 2 cm.
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Supplementary Figure 21 | Free-standing g2D PANI of 2.6 nm thick on 400 mesh TEM grid. The ultrathin
film was ruptured and crimped during measurement due to electron irradiation during TEM imaging. Scale bar,

10 pm.
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Supplementary Figure 22 | UV-Vis-NIR absorption spectra. The g2D PANI films were prepared at various

reaction time using sodium oleyl sulfate monolayer.
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Supplementary Figure 23 | Electrical conductivity characterization of the g2D PANI film. (a-b) lllustrations
of electrical measurements in three directions of electrode construction. The lateral conductivity was measured by
two-probe and vertical conductivity by current-sensing AFM. (c) I-V characteristic curves of the g2D PANI from
two probe (lateral) and CS-AFM (vertical). (d) The close-up and linear fit of the I-V curve of vertical transport. A
lateral conductivity o, = 0.876 S m* and vertical conductivity ov = 0.005 S m* were obtained respectively. The
film is ~9.3 nm thick, and was prepared in 0.2 M HCI aqueous solution using sodium oleyl sulfate monolayer as

template.
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Supplementary Figure 24 | Lateral conductivity of g2D PANI prepared at different HCI concentrations.

Error bars indicate the variations in conductivity of each g2D PANI sample at five different positions.
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Supplementary Figure 25| The stability of electrical conductivity of g2D PANI. The conductivity of “pristine”
g2D PANI was prepared in 1M HCI and measured after drying in vacuum oven for 24 h (at RT). Afterwards, the
sample was kept in air for one weeks to measure again the conductivity. The sample was then doped by HCI
vapour from concentrated HCI (37%) in a sealed flask for 2 h to achieve a conductivity of ~160 S cm™. The
conductivity was measured by Jandel four-point probe system with RM3test unit. Error bars

indicate the variations in conductivity of each 2D PANI sample at five different positions.
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Supplementary Figure 26 | AFM topographic images of PANI films prepared by spin-coating. The films of
different thickness on 300 nm SiO2/Si were prepared by spin coating from different concentrations of PANI
emeraldine base (50000 g mol) in DMSO: (a) 20.8 nm, twice 10 mg mL™%; (b) 11.3 nm, 10 mg mL; (c) 6.1 nm,
5 mg mL™. Scale bars, 20 um. The thickness was measured with variable angle spectroscopic ellipsometry at
room temperature. The conductivity was measured via the Jandel cylindrical probe combined with the RM3000

test unit. All films were doped in HCI vapour before the conductivity measurement.
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Supplementary Figure 27 | TEM characterization of PANI film from spin-coating. (a) SAED and (b) AC-

HRTEM image. Scale bars: (a) 2 nm; (b) 10 nm.
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Supplementary Figure 28 | Demonstration of NHs sensing testing setup. (a) Optical microscopy image of the

NH3/ N,
mixture

sensing area of the NH3 chemiresistor with the 2D PANI on top. (b) Sketch of gas detection set up.
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Supplementary Figure 29 | Sketch of VOCs detection set up.
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Supplementary Figure 30 | Column diagram of g2D PANI-based sensors to 3-heptanone. The q2D PANI
sensors were prepared with various dopants and thickness: 0.02 M HCI (~5 nm, red); 0.02 M HCI (~9.3 nm, blue);

0.005 M HCI (~9.3 nm, violet); 0.02 M sulfuric acid (~9.3 nm, green); 0.02 M phytic acid (~9.3 nm, orange); 0.02

M trifluoromethanesulfonic acid (~9.3 nm, yellow).
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Supplementary Tables

Supplementary Table 1 | Summary of thickness and conductivities of PANI films. The films were prepared

under various amphiphilic monolayers. The reaction time is 48 h and dopant is 0.02 M HCI.

Surfactants Film thickness Conductivity
NH, 6.9+35 No value
(0]
0O | A 8.7+53 No value
N
OH 11.7+6.8 8.30+0.7x 107 Scm?
o)
W 8.7+18 7.25+0.7 x 10°S cm'*
OH
0}
PN 9.1+09 1.20+0.7 x 105 S cm't
ONa+

RFRFRFRFRFRFRFRF O

F FFFFFFFFFFFFFFFF
SN NSNS0 0
\P/

R 10.3+0.5 7.82+0.8x10°%Scm?
NN TSN TS0 OH
T
MS_O_N3+ 10.1+04 859+ 1.3x 10-3 S Cm-l
(@)
o P
P N N e 1 N\ \/S\ 9.3+0.3 8.76 +0.9 x 103S cmt
O/ ONa"
No surfactant 13.7+8.4 No value
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Supplementary Table 2 | Summary of PANI thin films (< 30 nm) reported in literature.

. . Crystal Lateral
Methods Morphology Lateral size / thickness structure conductivity
Ice-templating® A few pm /~30 nm 60 gm crystal 35Scm?
omain
SAM-templating? A few cm / monolayer unknown unknown
Self-assembly? Afewcm /6 nm unknown unknown
Self-assembly* A few cm / monolayer unknown unknown
SAM-templating® unknown A few cm / monolayer unknown unknown
LangmU|6r— Afewcm /12,5 nm unknown unknown
Blodgett
Langmuir—
Blodgett’ A few cm / monolayer unknown unknown
42D PANI (this 50 cm?/ 2.6 - 30 nm 2.3 um 160 S cm?
work)
A Y
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Supplementary Table 3 | Literature reported high performance polyaniline based NH3 sensors. The polyaniline-

inorganic composites based sensors are excluded.

NH3 Sensitivity Response time

Polyaniline samples

(ppm) (%) (min)
PANI-HCI nanofibers® 100 ~2400 ~25
PANI nanofibers® 100 ~2900 ~25
PANI nanotubes?® 10 ~20 ~33
t-Boc PANI nanofiberstt 10 1.6 ~16
PANI-DBSA thin film?2 5 ~27 2
In situ PANI|®3 5 ~0.75 ~1
PANI-AA 1 71 25
Single PANI nanofiber!® 1 ~8 ~0.15
PANI-coated MWNTSs6 1 ~5 4
PANI/PEO nanowirel? 0.8 ~5 0.16
PANI nanoframework?!® 0.5 ~60 ~1
SiO,/PANI nanofibers®® 0.4 88 ~9
Thin-film-sc-SWCNT2 0.4 ~1 15
PANI/SWCNTs% 0.05 ~1.2 ~20
PANI mesh?? 0.0025 ~2.6 2.5
g2D PANI (This work) 0.03 1.85 11.2
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