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Figure S1. Size distribution histogram of OAm-ITO NPs measured from HR-TEM images.
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Table S1. Element analysis of OAm-ITO NPs. Concentration and percentage of indium (In)
and tin (Sn) within the prepared OAm-ITO NPs that were measured by inductively coupled

plasma atomic emission spectroscopy (ICP-AES).

Elements Indium (In) Tin (Sn)
Concentration 6.57 x 105 6.62 x 104
(ppm) ' '

Percentage of elements

0 0
[Element/(In + Sn)] (%) 90.8% 9.2%
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Figure S2. Photographic image of OAm-ITO NPs with high dispersion stability in toluene.
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Figure S3. Deconvoluted XPS spectra of a) indium (In) 3ds;, and b) tin (Sn) 3ds/, collected
from OAm-ITO NPs. The deconvoluted peaks in the In 3ds/, core-level spectrum (a) could be
divided into three doublets that corresponded to three different oxidation states of the In
atoms. More specifically, the main peak was deconvoluted into: (1) an In072+peak (443.0 eV)
caused by the presence of oxygen vacancy states; (2) an In’"peak (444.2 ¢V) caused by the
fully oxidized state, such as In,O;; and (3) an In(OH)y peak (445.4 eV) caused by the In

atoms with surface oxygen atoms or hydroxyl groups.®"5* The ratios of the In’**, In**

, and
In(OH)y states among the In atoms in the OAm-ITO NPs were estimated to be approximately
6.6%, 52.2%, and 41.2%, respectively. The Sn 3ds;, spectrum (b) was deconvoluted into Sn*
> 3ds), (485.0 eV), Sn”" 3ds;, (485.9 eV), and Sn*" 3ds, (486.6 eV) peaks.®*¥ The ratio of

the Sn*" oxidation state was also estimated to be approximately 70.3%.
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Figure S4. FTIR spectra of pristine OAm and OCA-stabilized ITO NPs (i.e., OAm-ITO NPs)
and Hyd. In the case of the OAm-ITO NPs, the C—H stretching peaks (~2,927 and ~2,850
cm ') derived from the long alkyl chains of the OAm and OCA ligands were shown.

However, in the case of the Hyd, no distinct peak appeared in that range.[>*
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Figure SS5. The optical band gap of (OAm-ITO NPs/Hyd)sy multilayers, obtained using the

Tauc plot from UV-visible spectra.'>)
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Figure S6. UV-—visible absorbance spectra of a) (TOA-Au NP/Hyd), and b) (TOA-Ag

NP/Hyd), multilayers with increasing bilayer number ().
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Figure S7. Sheet resistance of (OAm-ITO NPs/Hyd), multilayers on glass substrates before
(black circles) and after (red squares) thermal annealing at 300 [ as a function of bilayer

number (7).
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Figure S8. Sheet resistance of (OAm-ITO NPs/Hyd)sy multilayers on glass substrates before

and after thermal annealing with increasing annealing temperature from 200 to 400 [].
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Table S2. Comparison of optical/electrical performance of ITO NP-based TCO

electrodes.
. . Sheet .
Materials Method Th(llcll;ln)ess ::gg;r?:ga(g/c; resistance 1:(1)11111;{atlilonng Reference
Y (Qsq)
LbL 300 (,3h
ITO NPs assembl 299 89.6 86 (under  Our work
y H,/Ar)
LbL 400 (1,3 h
ITO NPs assembl 299 87.0 30 (under  Our work
y Ha/Ar)
Spin- 300 1,6 h
ITO NPs p1] 146 87.0* 358 (under [S6]
coating H,/Ar)
Spin- 400 1,6 h
ITO NPs Pl 146 - 118 (under [S6]
coating H,/Ar)
Spin- 300 1,6 h
ITO NPs PIl 300 83.0* 110 (under [S7]
coating H,/Ar)
120 (1, 10
min
ITONPs PN 195 88.0 133 +3000, [S8]
coating lh
(under
Hz/ AI')
Spin- 300 1,2 h
ITO NPs p1] 191 90.0 466 (under [S9]
coating H,/Ar)
Spin- 420 1, 40
ITO NPs Etin 200 88.0%* 1316* min [S10]
coating (under air)
450 [1, 4
ITONps  [nk-jet 750 88.1 203 min [S11]
printing (under
N,/O)

* Optical and/or electrical performance was evaluated from the given data in the literature.
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Figure S9. Frequency and mass changes of (OAm-ITO NPs/Linker), multilayers obtained
from QCM measurements for PEI (black circle), TREN (blue triangles) and Hyd (red squares)
linkers and the molecular structure of linkers. The average loading amount of (OAm-ITO
NPs/PEI), (OAm-ITO NPs/TREN), and (OAm-ITO NPs/Hyd) bilayers resulted in a Am of

~6.40, ~5.36, ~4.0 pg cm 2, respectively.
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Figure S10. TGA profiles of a) pristine OAm-ITO NPs, b) (OAm-ITO NPs/PEI)4, ¢) (OAm-
ITO NPs/TREN)4, and d) (OAm-ITO NPs/Hyd)so multilayers. In this case, the organic
composition of pristine OAm-ITO NPs was relatively higher than those of amine-
functionalized linker-based multilayers due to the presence of their bulky native ligands. The
compositions of ITO NPs within the multilayers were estimated to be ~90.9 (PEI), ~93.6
(TREN), and ~95.7% (Hyd), respectively. Resultantly, taking into account the QCM
measurements (Figure S9, Supporting Information), the loading amount of ITO NPs within
the PEI, TREN, and Hyd linker-based multilayers was calculated to be approximately 5.82,

5.02, and 3.83 pg cm 2, respectively.
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Figure S11. Total thickness change of (OAm-ITO NPs/Linker), multilayers on Si wafers for

PEI (black circle), TREN (blue triangles), and Hyd (red squares) linkers.
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Table S3. Electrical and optical properties of (OAm-ITO NPs/Linker), multilayers
treated under the same annealing conditions (temperature: 300 [I; time: 3 hours;
atmosphere: 95% Ar gas and 5% H, gas).

Hall

Transmit Sheet Electrical carrier Hall
. . | Thickness| tance . conductivit| Resistivity mobility
Film notation resistance concentrat 2\ -1
(nm) at 550 @sq) y . (2 cm) o (cm_lv
nm (%) (Scm™) AP )
(OAm-ITO :
NPs/Hyd) 1 70 89.7 4.1x10 0.348 2.87 1.92 0.27
(OAm-ITO 3 _2
NPs/Hyd)s 146 88.3 1.8 x 10 38.1 2.6 x 10 2.56 1.23
(OAm-ITO -
NPs/Hyd)so 224 90.8 345 129 7.8 x10 3.42 2.87
(OAm-ITO -
NPs/Hyd)so 299 89.6 86 389 2.6 x 10 5.82 8.35
(OAm-ITO 5 S
NPs/PED)s 447 70.5 2.3x10 9.7x10 10.3 0.4 0.14
(OAm-ITO .
NPs/TREN )0 410 86.9 346 70.5 1.4 x10 4.63 1.42
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Figure S12. Deconvoluted XPS spectra of O 1s peaks collected from solution-cast OAm-1TO
NP films after thermal annealing at 300 °C. The oxygen vacancy states in thermally annealed

OAmM-ITO NP films were estimated to be ~33.0%.
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Figure S13. Nyquist plots of (OAm-ITO NPs/Hyd), multilayers after thermal annealing at

300 °C with increasing bilayer number (7) from 10 to 40.

17



WILEY-VCH

Q
@y

—_—— G 2
o™ o~
'c 10 (OAm-ITO NPs/Hyd),, at 300 °C 'g (OAmM-ITO NPs/Hyd),, at 300 °C
o o
< o5} < T
E E
=2 ool 2 otk
7 @
c c
[0 [}
o 05 —— 03Vs 0 4L —— 03Vs"
= — 0.01Vs™ 05Vs < — 0.01Vs! 05Vs!
O 4o} —— 0.05V s 1V s o —— 0.05Vs 1V s
5 01Vs' —— 2Vs™ 5 2F 01Vs! —— 2Vs
(@) 1 ] ] 1 ] ] (@] 1 I 1 ] ] 1
02 00 02 04 06 08 02 00 02 04 06 08
Potential (V) vs. Ag/AgCI Potential (V) vs. Ag/AgCI
C d
& 3 &
£ ) (OAm-ITO NPs/Hyd),, at 300 °C £ 3 (OAm-ITO NPs/Hyd),, at 300 °C
o 2r O
< < 2
ET Et
_é" 0F —7) -oi:' 0
7} 7]
c c
[ o 1r
() — 03Vs! Q Ll —— 03Vs
€ 2k — 0.01Vs™ 0.5Vs T — 001Vs™ 05Vs
o —— 0.05Vs™! 1Vs O 3} —— 0.05V s 1V s
5 3} 01Vs! —— 2VsT 5 01Vs! ——2Vs™
O ] 1 1 1 ] 1 (@) 4F 1 1 ] 1 1
02 00 02 04 06 08 02 00 02 04 06 08
Potential (V) vs. Ag/AgCl Potential (V) vs. Ag/AgCI

Figure S14. CV curves of (OAm-ITO NPs/Hyd), multilayers after thermal annealing at
300 °C with increasing scan rates from 0.01 to 2 V s for different bilayer numbers: a) n =

10, b) n =20, ¢) n =30, and d) n = 40.
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Figure S15. GCD profiles of (OAm-ITO NPs/Hyd), multilayers after thermal annealing at
300 °C with increasing current densities from 0.2 to 2 mA cm > for different bilayer numbers:

a)n=10,b) n =20, c) n =30, and d) n = 40.
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Figure S16. GCD profiles of (OAm-ITO NPs/Hyd)4 multilayers for 1%, 1000"™, 3000", and

5000™ cycles in the cycling tests.

Video S1. Video showing (OAm-ITO NPs/Hyd)so multilayers on a high-curvature bulb glass

connected with an LED after thermal annealing at 300 [.
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