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Layer-by-Layer Assembled Oxide Nanoparticle Electrodes
with High Transparency, Electrical Conductivity,
and Electrochemical Activity by Reducing Organic

Linker-Induced Oxygen Vacancies

Ikjun Cho, Yongkwon Song, Sanghyuk Cheong, Younghoon Kim,* and Jinhan Cho*

Solution-processable transparent conducting oxide (TCO) nanoparticle
(NP)-based electrodes are limited by their low electrical conductivity, which
originates from the low level of oxygen vacancies within NPs and the con-
tact resistance between neighboring NPs. Additionally, these electrodes
suffer from the troublesome trade-off between electrical conductivity and
optical transmittance and the restricted shape of substrates (i.e., only flat
substrates). An oxygen-vacancy-controlled indium tin oxide (ITO) NP-based
electrode is introduced using carbon-free molecular linkers with strong chem-
ically reducing properties. Specifically, ITO NPs are layer-by-layer assembled
with extremely small hydrazine monohydrate linkers composed of two amine
groups, followed by thermal annealing. This approach markedly improves the
electrical conductivity of ITO NP-based electrodes by significantly increasing
the level of oxygen vacancies and decreasing the interparticle distance (i.e.,
contact resistance) without sacrificing optical transmittance. The prepared

strongly required for the development
of various optoelectronic and/or electro-
chemical applications with the desired
geometries and flexibilities.'™ In line
with such demands, many efforts have
been focused on the preparation of TCO
nanoparticles (NPs) and the development
of their optimal solution approaches.l>!
Generally, high-quality and monodisperse
TCO NPs, including indium tin oxide
(ITO), indium zinc oxide, aluminum-
doped zinc oxide, and gallium-doped zinc
oxide, have been synthesized using bulky/
insulating organic ligands (e.g., oleic
acid, oleylamine, tetrabutylammonium
hydroxide) in organic media,”" and the
resultant TCO NP-based electrodes have

siidl

electrodes surpass the optical/electrical performance of TCO NP-based elec-
trodes reported to date. Additionally, the nanostructured ITO NP films can
be applied to more complex geometric substrates beyond flat substrates, and
furthermore exhibit a prominent electrochemical activity. This approach can
provide an important basis for developing a wide range of highly functional

transparent conducting electrodes.

1. Introduction

Solution-processable transparent conducting oxide (TCO) elec-
trodes, which can have high optical transparency, good elec-
trical conductivity, and excellent operational stability in air, are
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been successfully prepared through inkjet
printing, roll-to-roll deposition, and spin
coating of TCO NPs onto flat glass sub-
strates.”"'* However, despite such pro-
gress, a few important factors need to be
further considered for the preparation of
next-generation TCO NP-based electrodes.

First, TCO NP films exhibit a low elec-
trical conductivity because of the large
amount of insulating organic ligands (i.e., bulky native ligands
bound and/or unbound to the surface of TCO NPs) existing
within the films and the low level of n-type dopant-like oxygen
vacancies existing within the synthesized TCO NPs.B%4 Con-
sidering that the presence of bulky organic ligands and the
level of oxygen vacancies within TCO NPs are closely related to
the contact resistance (or separation distance) between neigh-
boring NPs and the intrinsic electrical conductivity of NPs,
respectively, a high annealing temperature (>400 °C) under H,
gas-containing inert condition is required for both the thermal
decomposition of residual organics and the increase of oxygen
vacancies.’~%) However, partially decomposed organic residues
still exist between neighboring TCO NPs even after thermal
annealing, which consequently imposes limitations on fur-
ther enhancements in the electrical performance of those elec-
trodes. Although it has been reported that defect engineering
strategies such as laser-assisted photothermal effect and
reducing agent (NaBH,)—assisted thermal treatment can be
used for increasing the oxygen vacancies of metal oxides,!!617]
photothermal approach has much difficulty in significantly
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increasing electrical conductivity due to the presence of
residual organics, and furthermore the use of NaBH, can desta-
bilize the NP electrodes by absence of organic linkers. Second,
solution-processed TCO NP films requiring high annealing
temperature have a complex and troublesome trade-off between
electrical conductivity and optical transmittance. In most cases,
hydrocarbon-based organics (including bulky native ligands)
cause a light absorption due to the formation of carbon ashes
after thermal decomposition, which significantly decreases the
optical transmittance of the resultant TCO NP films.['® Finally,
the previously reported solution approaches, mainly based on
spin coating or inkjet printing, can be applied to only flat sub-
strates instead of complex geometric substrates including high-
curvature substrates.’~'?l Therefore, the development of a more
effective and unique approach is strongly required for the prep-
aration of high-performance TCO NP-based electrodes with the
desired geometries.
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Here, we report an oxygen vacancy—controlled TCO NP-
based electrode using the extremely small and carbon-free
molecular linkers with a chemically reducing property. We also
demonstrate that our approach can significantly alleviate the
trade-off between electrical conductivity and optical transmit-
tance of TCO NP films, producing a large number of oxygen
vacancies within TCO NPs, and furthermore can be easily
applied to highly curved substrates. For this study, ITO NPs
were layer-by-layer (LbL)-assembled with carbon-free hydrazine
monohydrate molecules (H,N—NH,-H,0; hereafter, “Hyd”)
with an extremely small molecular weight (M,, = 50) and a
chemically reducing property (Figure 1a). LbL assembly has
been demonstrated as a well-established methodology for pre-
paring nanocomposite films with tailored thicknesses, chemical
compositions, and functionalities.2%! Although Hyd has been
widely used as a chemically reducing agent (for example, in the
preparation of reduced graphene oxide by chemical reduction
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Figure 1. a) Schematic illustration of the preparation of ITO NP—based TCO electrodes by NH,-functionalized molecular hydrazine linker—-mediated LbL
assembly. b) HR-TEM images of prepared OAm—ITO NPs dispersed in toluene. The inset shows the lattice spacing (d) measured to be =2.92 A, which
agreed with the (222) plane of ITO. c) XRD patterns of OAm—ITO NPs (top) and ITO reflections (bottom: JCPDS No. 01-089-4597). d) Deconvoluted
XPS spectra of O Ts collected from OAm-ITO NPs.
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of graphene oxide), it should be noted here that the Hyd used in
this study are employed as a molecular linker for LbL assembly,
which is evidently distinguished from previous LbL assemblies
using bulky and insulating polymer linkers.

The smallest Hyd linkers composed of two primary amine
(NH;) groups can directly bridge vertically adjacent ITO NPs by
substituting the bulky native ligands (i.e., oleylamine (OAm))
on the surface of ITO NPs, which can significantly decrease the
contact resistance between neighboring ITO NPs. Particularly,
these chemically reducing Hyd linkers notably increase the
oxygen vacancy states of ITO NPs without any additional treat-
ment during LbL depositions, and furthermore can effectively
suppress the degradation of optical transmittance even after
thermal annealing process due to their carbon-free property.
The formed ITO NP films exhibited a significantly low sheet
resistance (=86 Q sq!) and a high optical transmittance (=90%)
at an annealing temperature of 300 °C, which outperformed
the electrical/optical properties of previous reports at the same
or higher annealing temperature.*~>'2 Unlike traditional fab-
rication methods, our approach could be effectively applied
to highly curved substrates such as spherical glasses. Finally,
for demonstrating the effectiveness and applicability of our
approach, we showed that the nanostructured ITO NP-based
TCO films can be used as a high-performance transparent
energy-storage electrode due to their large active area and
high electrical conductivity. Considering that the interparticle
distance and oxygen vacancies are important factors for deter-
mining the performance of metal oxide NP-based films, we
believe that our approach can be widely applied to other metal
oxide NP-based applications as well as ITO NP-based TCO
electrodes.

2. Results and Discussion

2.1. Preparation of (OAm-ITO NPs/Hyd), Multilayers

For the preparation of TCO NP-based electrodes, we synthe-
sized highly uniform OAm and octanoic acid (OCA)-stabilized
indium tin oxide NPs with a tin (Sn) doping concentration of
9.2% and a diameter of 7.0 + 2.4 nm (Figure 1b and Figure S1
and Table S1 (Supporting Information)).?% The synthesized
ITO NPs are briefly designated as OAm-ITO NPs because the
mole amount of the used OAm ligands was much higher than
that of OCA ligands. These OAm—ITO NPs were well-dispersed
in nonpolar solvents, such as hexane and toluene (Figure S2,
Supporting Information). As confirmed by high-resolution
transmission electron microscopy (HR-TEM), the prepared
OAm-ITO NPs displayed well-defined crystal structures with a
lattice spacing (d) of 2.92 A (the inset of Figure 1b). Addition-
ally, the obvious (222), (400), and (440) peaks in the X-ray dif-
fraction (XRD) patterns indicated that the OAm-ITO NPs have
a basic In,0; cubic bixbyite structure and high crystallinity
(based on the JCPDS card No. 01-089-4597 (In;g;503Sn0125),
Figure 1¢).B132

To better understand the chemical states of the synthesized
OAm-ITO NPs, we further investigated the binding energies
of OAm-ITO NPs using X-ray photoelectron spectroscopy
(XPS) (Figure 1d and Figure S3 (Supporting Information)). As
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shown in Figure 1d, the oxygen (O) atom 1s spectrum could
be divided by three deconvoluted peaks that originate from the
lattice oxygen of the crystalline ITO NPs (529.7 eV; O atomic
states: =60.0%), oxygen vacancy states (531.0 eV; =25.0%), and
surface hydroxyl groups (531.9 eV; =15.0%). Given that oxygen
vacancy states can act as n-type dopants, the relatively low ratio
of oxygen vacancy states in the synthesized OAm-ITO NPs
leads to considerable difficulty in generating the high elec-
trical conductivity required for TCO electrodes. Furthermore,
bulky native OAm and OCA ligands bound to the surface of
ITO NPs increased the separation distance (i.e., contact resist-
ance) between neighboring ITO NPs, and consequently, the
solution-cast OAm—-ITO NP films exhibited insulating proper-
ties (sheet resistance % 10® Q sq!). Therefore, we needed to
develop a novel approach to increase the oxygen vacancy states
in the OAm-ITO NPs and to minimize the separation distance
between neighboring ITO NPs for the preparation of functional
ITO NP-based TCO electrodes.

To resolve these critical problems, OAm-ITO NPs were
LbL-assembled with Hyd molecules that can operate as the
strong chemically reducing agents as well as the small organic
linkers. Interestingly, the bulky native ligands (i.e., OAm
and OCA ligands), which are loosely bound to the surface of
ITO NPs, are replaced by Hyd molecules through successive
ligand-exchange reactions by the high affinity between the
bare surface of ITO NPs and the NH, groups of Hyd during
LbL assembly. More specifically, the presence of residual
native ligands in the LbL-assembled (OAm-ITO NPs/Hyd),
multilayers (where n represents the number of bilayers) was
examined by Fourier transform infrared (FTIR) spectros-
copy in attenuated total reflection (ATR) mode (Figure 2a).
The FTIR spectrum of pristine OAm-ITO NPs exhibited dis-
tinct absorption peaks originating from C—H stretching (by
the long alkyl chains of OAm and OCA ligands) at 2927 and
2850 cm™!, respectively, whereas the spectrum of pristine Hyd
had no apparent absorption peaks in the same wavelength
region (Figure S4, Supporting Information).?l Therefore,
when the OAm-ITO NPs were deposited onto NH,-function-
alized substrates (i.e., poly(ethylene imine) (PEI)-coated sub-
strates), two noticeable C—H stretching peaks were observed in
the spectrum of the OAm-ITO NP layer—coated substrates (see
the FTIR spectrum referred to as “0.5 bilayers” in Figure 2a).
Subsequently, as Hyd molecules were adsorbed onto the OAm-—
ITO NP layer—coated substrates, the C—H stretching peaks
became barely detectable (see the FTIR spectrum referred
to as “1 bilayers” in Figure 2a), indicating successful ligand-
exchange reactions between the bulky OAm/OCA ligands and
Hyd linkers. Therefore, the alternating deposition of OAm-ITO
NPs and Hyd molecules continually induced the disappearance
and regeneration of the C—H stretching peaks, forming the
(OAm-ITO NPs/Hyd), multilayers.

Based on these results, we qualitatively investigated the ver-
tical growth of (OAm-ITO NPs/Hyd), multilayers as a func-
tion of bilayer number (n) using UV-visible spectroscopy
(Figure 2b). The absorbance of (OAm-ITO NPs/Hyd), multi-
layers linearly increased with increasing bilayer number, and
the formed ITO NP films had no absorption in a visible wave-
length region ranging from 400 (3.1 eV) to 800 nm (1.55 eV)
owing to their wide optical bandgap (E, = 4.08 eV) (Figure S5,
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Figure 2. a) ATR-FTIR spectra and schematic representations of LbL-assembled (OAm—ITO NPs/Hyd), multilayers on gold-sputtered Si wafers as
a function of bilayer number (n). b) UV—visible absorbance spectra of (OAm—ITO NPs/Hyd), multilayers on glasses with increasing bilayer number.
The inset shows the absorbance at a wavelength of 250 nm, which exhibits a regular and uniform growth of the multilayers. c) Frequency and mass
changes according to the alternating deposition of (OAm-ITO NPs/Hyd), multilayers obtained from QCM measurements. Odd and even layer num-
bers correspond to the deposition of OAm—ITO NPs and Hyd, respectively. d) Total thickness change of (OAm-ITO NPs /Hyd), multilayers on Si wafers
measured from cross-sectional FE-SEM images (insets) as a function of bilayer number. e) Tilted and planar (inset) FE-SEM images of (OAm-ITO
NPs/Hyd) 4, multilayers on Si wafers. f) AFM images (left; scan range: 2 um X 2 um) and height profiles (right; height profile analysis obtained from
the red dashed line of the AFM images) of commercial bulk ITO films (top panel) and (OAm-ITO NPs/Hyd) 4, multilayers (bottom panel).
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Supporting Information), which almost coincided with that of
commercial bulk ITO films (Eg: 3.5-4.3 eV).** We also quan-
titatively examined the loading amount of (OAm-ITO NPs/
Hyd), multilayers using quartz crystal microgravimetry (QCM)
(Figure 2c). Assuming that the layers were rigid and sufficiently
thin to satisfy the Sauerbrey equation, the mass changes (Am)
were calculated from the frequency changes (-AF) caused by
the adsorption of (OAm-ITO NPs/Hyd) bilayers onto the QCM
electrode (a more detailed explanation is given in the Experi-
mental Section). The loading amount of (OAm-ITO NPs/
Hyd) bilayers resulted in a —AF of 240.8 + 12.0 Hz, which
corresponded to a Am of 4.0 + 0.5 pg cm™ per bilayer. The
slight decrease in the mass changes during the deposition of
Hyd implied that the bulky native OAm (M,, = 267) and OCA
(M,, = 144) ligands were replaced by the smaller Hyd molecules
(M, = 50). In line with the increase of ITO NP loading mass,
the total thickness of (OAm-ITO NPs/Hyd), multilayers linearly
increased from =70 to 299 nm with increasing bilayer number
10 to 40, forming a highly uniform and smooth morphology as
observed by field-emission scanning electron microscopy (FE-
SEM) (Figure 2d,e). The root-mean-square surface roughness
of (OAm-ITO NPs/Hyd),, multilayers obtained from atomic
force microscopy (AFM) was measured to be =3.70 nm, which
is comparable to that of commercial bulk ITO films prepared
from sputtering process (=2.67 nm) (Figure 2f). Additionally,
it should be here noted that the Hyd linkers can also be LbL-
assembled with hydrophobic metal NPs, such as tetraoctylam-
monium (TOA)-stabilized Au or Ag NPs (in brief, TOA-Au and
Ag NPs), indicating a versatile applicability of Hyd linkers for
the preparation of metal and/or metal oxide nanocomposite
films (Figure S6, Supporting Information).

2.2. (OAm-ITO NPs/Hyd), Multilayer-Based TCO Electrodes

On the basis of the successful preparation of (OAm-ITO NPs/
Hyd),, multilayers in the previous section, we then sought to
use these films to construct TCO electrodes. The (OAm-ITO
NPs/Hyd),, film, with the minimized separation distance
between neighboring ITO NPs by the use of Hyd linkers,
exhibited the sheet resistance of 4.7 x 10° Q sq~!. Although the
solution-cast OAm-ITO NP films or (OAm-ITO NPs/bulky
polymer linker), multilayers had almost insulating properties
(210® Q sq7!) (the more detailed explanation will be given in
the latter part), the (OAm-ITO NPs/Hyd),, multilayers dis-
played a notably enhanced electrical property. However, it was
still unsuitable for use as a TCO electrode. To further improve
the electrical conductivity, the (OAm-ITO NPs/Hyd), multi-
layers deposited onto glass substrates were thermally annealed
at 300 °C in an inert atmosphere (95% Ar and 5% H, gas). This
thermal annealing process was conducted to increase the ratio
of oxygen vacancy states in the ITO NPs.

Figure 3a shows the sheet resistance and the optical
transmittance of (OAm-ITO NPs/Hyd), multilayer—coated
glasses thermally annealed at 300 °C as a function of bilayer
number (n). Upon increasing the bilayer number from 10 to
40, the sheet resistance markedly decreased from 4.1 x 10°
to 86 Q sq! (electrical conductivity: =389 S cm™!; resistivity:
=2.6 X 107 Q cm). Additionally, the optical transmittance of the
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(OAm-ITO NPs/Hyd), multilayers was maintained in the range
of 90.0-89.6% at a visible wavelength of 550 nm. Although
Lee et al. also prepared the solution-processed ITO NP films
using spin coating, their reported sheet resistance was =400%
higher than that of our LbL-assembled ITO NP films despite
the same annealing temperature.’! The change in the sheet
resistance of (OAm-ITO NPs/Hyd),, multilayers as a function
of annealing temperature is also shown in Figure 3b. When
the annealing temperature increased from 25 to 300 °C, the
sheet resistance of the multilayers decreased from 4.7 x 10° to
86 Q sq7! (Figure S7, Supporting Information). In particular,
upon increasing the annealing temperature from 300 to 400 °C,
it should be noted that the sheet resistance of the multilayers
could be further decreased up to 30 Q sq! (electrical conduc-
tivity: =1.1 X 10 S ecm™; resistivity: =9.0 x 10™* Q cm), outper-
forming the optical/electrical properties of ITO NP-based TCO
electrodes reported to date (Figure S8 and Table S2, Supporting
Information).

The remarkable electrical performance of our ITO NP-based
TCO electrodes is attributed to the use of the smallest and
chemically reducing Hyd linkers that bridged between adjacent
ITO NPs. To confirm this possibility, we examined the electrical
properties of (OAm-ITO NPs/linker),, multilayers prepared
from three different NH,-functionalized organic linkers (i.e.,
PEI (M, = 800), tris(2-aminoethyl)amine (TREN, M, = 146), and
Hyd (M,, = 50)). As an organic linker, NH,-functionalized PEI
(or TREN) is also LbL-assembled with OAm-ITO NPs through
ligand-exchange reactions between the native ligands on the
ITO NPs and the NH, groups of PEI (or TREN). The PEI and
TREN linker-based multilayers exhibited the higher loading
amount of ITO NPs per bilayer (=5.82 and =5.02 ug cm™,
respectively) than the Hyd linker-based multilayers
(=3.83 ug cm™?), which resulted from their relatively many
binding sites (i.e., NH, groups) for the adsorption of ITO NPs
compared to those of Hyd (Figures S9 and S10, Supporting
Information). Additionally, the formed (OAm-ITO NPs/PEI),,
and (OAm-ITO NPs/TREN),, multilayers displayed a thicker
film thickness (=447 and =410 nm, respectively) than the
(OAm-ITO NPs/Hyd),, multilayers (=299 nm) (Figure S11,
Supporting Information). However, despite the low loading
amount (or film thickness) of conductive ITO NP films, the
(OAm-ITO NPs/Hyd),, multilayers exhibit a higher electrical
conductivity of =389 S cm™ and a lower sheet resistance of
~86 Q sq! at an annealing temperature of 300 °C (Figure 3c).
By contrast, the (OAm-ITO NPs/PEI),, and (OAm-ITO NPs/
TREN),, multilayers exhibited the lower electrical conduc-
tivities of 0.097 S cm™ (sheet resistance: =2.3 x 10° Q sq™)
and 70.5 S cm™! (sheet resistance: =346 Q sq!), respectively
(Table S3, Supporting Information). It should be noted here that
the solution-cast OAm-ITO NP films without LbL assembly
had an insulating property even after thermal annealing at
300 °C due to the presence of bulky native ligands bound to
the surface of ITO NPs. This superior electrical performance
of (OAm-ITO NPs/Hyd), multilayers implies that the size of
organic linkers directly affects the electron transfer (or contact
resistance) between neighboring ITO NPs. To our knowledge,
Hyd molecules are the smallest NH,-functionalized organic
linkers that can act as a bridge between vertically adjacent TCO
NPs including ITO NPs.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Sheet resistance (left axis, black squares) and optical transmittance at 550 nm (right axis, red circles) of (OAm-ITO NPs/Hyd), multilayers
on glasses after thermal annealing at 300 °C as a function of bilayer number (n). The inset shows a photograph of (OAm—ITO NPs/Hyd) 4, multilayers
on a glass connected with an LED. b) Sheet resistance of (OAm-ITO NPs/Hyd)4, multilayers on glasses before and after thermal annealing as a func-
tion of annealing temperature, which is varied from 200 to 300 °C. c) Sheet resistance (left axis, black circles) and electrical conductivity (right axis,
red squares) of (OAmM—ITO NPs/linker) 4 multilayer—coated glasses after thermal annealing at 300 °C. In this case, PEl, TREN, and Hyd were used as
organic linkers that bridged between vertically adjacent ITO NPs. d) Optical transmittance spectra of (OAm—ITO NPs/linker) 4 multilayers (linker: PEI,

TREN, and Hyd) on glasses after thermal annealing at 300 °C.

Another important benefit of Hyd linkers is that (OAm-
ITO NPs/Hyd)yy multilayers maintained a high optical
transmittance of =90% at a wavelength of 550 nm even after
thermal annealing at 300 °C (Figure 3d). In this case, a little
hump with maxima and minima in the transmittance spectra
of (OAm-ITO NPs/Hyd),, multilayers was caused by the inter-
ferences at different wavelengths.>>3¢] On the other hand, the
optical transmittance of thermally annealed (OAm-ITO NPs/
PEI),y and (OAm-ITO NPs/TREN),, multilayers decreased by
19.5% and 2.9%, respectively, relative to their initial transmit-
tance values before thermal annealing (Table S3, Supporting
Information). These degradations of optical transmittance in
the PEI and TREN linker-based multilayers mainly occurred
from the thermal decomposition of hydrocarbon-based organic
linkers.'8 As a result, the carbon-free Hyd linkers could
minimize the degradation in the optical transmittance of
(OAm-ITO NPs/Hyd),, multilayers after thermal annealing.

Furthermore, given that Hyd is a well-known strong
reducing agent,*”] it was assumed that Hyd would contribute
to the increase in the oxygen vacancy states of ITO NPs related
to the electrical conductivity. To verify this possibility, we
investigated the oxygen vacancy states in the ITO NPs that were
LbL-assembled with NH,-functionalized PEI, TREN, and Hyd
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linkers (Figure 4a,b and Figure S12 (Supporting Information)).
The ratios of oxygen vacancies in the (OAm-ITO NPs/Hyd)y,
multilayers before and after thermal annealing at 300 °C were
estimated to be =36% and 59%, respectively, which exceeded
those of solution-cast OAm-ITO NP films (oxygen vacancy
=25% and =33%, respectively), PEI linker (oxygen vacancy
=27% and =33%, respectively), and TREN linker (oxygen
vacancy =32% and =42%, respectively)-based multilayers at the
same annealing conditions. These results imply that the ratio
of oxygen vacancies in metal oxide NPs, such as ITO NPs, can
be significantly increased with an aid of small organic linkers
operating as strong reducing agents. Additionally, the presented
LbL assembly method enables the preparation of TCO NP-
based electrodes on highly curved substrates using dipping pro-
cess (Figure 4c and Video S1 (Supporting Information)). More
specifically, when the (OAm-ITO NPs/Hyd),, multilayers were
deposited onto a transparent spherical glass substrate and then
thermally annealed at 300 °C, the light-emitting diode (LED)
connected to the ITO NP multilayer—coated spherical glass was
illuminated in all positions on the spherical TCO electrode.
That is, our approach transformed an insulating spherical glass
into the transparent conducting spherical electrode. Given
that solution-based approaches for TCO electrodes reported to
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Figure 4. a) Deconvoluted XPS spectra of O 1s peaks collected from (OAm-ITO NPs/linker) o multilayers (linker: PEI, TREN, and Hyd) before (top)
and after (bottom) thermal annealing at 300 °C. b) Ratio of oxygen vacancies for (OAmM—ITO NPs/linker),o multilayers with three different linkers before
and after thermal annealing at 300 °C. c) Photographic image of (OAm—ITO NPs/Hyd),, multilayers on a high-curvature bulb glass connected with

an LED after thermal annealing at 300 °C.

date have focused on flat substrates, our approach that is not
restricted by the size, shape, and type of substrates can provide
an important basis for preparing next-generation TCO elec-
trodes with the desired geometries.

2.3. Electrochemical Properties of (OAm—-ITO NPs/Hyd),
Multilayers

To further demonstrate the effectiveness and applicability
of our approach, we investigated the electrochemical perfor-
mance of (OAm-ITO NPs/Hyd), multilayers as transparent
energy-storage electrodes. For this study, the (OAm-ITO NPs/
Hyd), multilayers were deposited onto commercial ITO-
sputtered glass substrates (current collectors) and then ther-
mally annealed at 300 °C under an inert atmosphere with 5%
H, gas. After these processes, the charge storage characteris-
tics of the (OAm-ITO NPs/Hyd), multilayers were examined in
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a three-electrode cell configuration containing a 0.5 M Na,SO,
electrolyte at room temperature. First, cyclic voltammetry (CV)
scans of (OAm-ITO NPs/Hyd), multilayers were conducted at
a scan rate of 0.5 V s7! in the potential range between —0.2 and
+0.8 V with increasing bilayer number from 10 to 40 (Figure 5a).
The current levels of the CV curves gradually increased in pro-
portion to the bilayer number, which implied that the charge
storage capabilities of the (OAm-ITO NPs/Hyd), multilayers
can be controlled and further scaled by simply adjusting the
bilayer number. Additionally, almost quasirectangular-shaped
CV curves without evident redox peaks were observed, indi-
cating that the (OAm-ITO NPs/Hyd), multilayers exhibited
electric double-layer capacitor (EDLC) behaviors with fast cur-
rent responses. In contrast, the bare ITO-sputtered glass
substrates (thickness of bulk ITO films: =200 nm) displayed
a negligible capacitance compared to the (OAm-ITO NPs/
Hyd), multilayers, which suggested that the charge storage
capabilities shown in Figure 5a were entirely attributable to the
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numbers (n). b) CV curves acquired at a scan rate of 0.5 V s™" and c) Nyquist plots of (OAmM—ITO NPs/Hyd)4, (OAmM-ITO NPs/TREN)3q, and (OAm—
ITO NPs/PEl), multilayers at the same loading amount of ITO NPs. d) CV curves of (OAm-ITO NPs/Hyd)4, multilayers with increasing scan rates
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multilayers at a current density of 0.2 mA cm~2 for 5000 cycles.

increase of electrochemically active surface area of (OAm-ITO
NPs/Hyd), multilayers. Considering that nanostructured elec-
trodes can provide a larger surface-to-volume ratio than bulk
electrodes and consequently a more intimate contact between
electrodes and electrolytes,®® it seems reasonable that (OAm-
ITO NPs/Hyd), multilayers displayed significantly higher
capacitances than bulk ITO films.

We also compared the CV curves of ITO NP-based elec-
trodes with three different organic linkers (i.e., Hyd, TREN,
and PEI) to analyze their effects on electrochemical per-
formance. For this comparison, the bilayer numbers (n) of
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(OAm-ITO NPs/TREN)3;, and (OAm-ITO NPs/PEI),; multi-
layers were adjusted to obtain the same loading amount of
electrochemically active ITO NPs with (OAm-ITO NPs/Hyd),,
multilayers (Figures S9 and S10, Supporting Information). As
shown in Figure 5b, when Hyd linkers were used, the current
response level was much higher than that of PEI and TREN
linker-based multilayers. These phenomena are closely related
to the reduced total resistances in the (OAm-ITO NPs/Hyd)y,
multilayers because of the increased oxygen vacancy states
and the minimized separation distance between neighboring
ITO NPs, as mentioned earlier. To further investigate the
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total resistances, the frequency responses of (OAm-ITO NPs/
Hyd), (OAm-ITO NPs/TREN);, and (OAm-ITO NPs/PEI),
multilayers were examined by electrochemical impedance spec-
troscopy (EIS) (Figure 5¢). In this case, the equivalent series
resistance (ESR) of (OAm-ITO NPs/Hyd),, multilayers was
measured to be =21.8 Q, which was relatively lower than that
of (OAm-ITO NPs/TREN);, (=27.0 Q) and (OAm-ITO NPs/
PEI),¢ multilayers (=61.3 Q), indicating the enhanced electron
transport properties of the Hyd linker-based multilayers. Addi-
tionally, the ESR values showed little change with increasing
the bilayer number of (OAm-ITO NPs/Hyd), multilayers
(Figure S13, Supporting Information).

The CV curves of (OAm-ITO NPs/Hyd), multilayers at dif-
ferent scan rates from 0.01 to 2 V s7! demonstrated excellent
capacitive behavior. Specifically, their quasirectangular shapes
were maintained even at a high scan rate of up to 2 V s7},
implying a good rate capability (Figure 5d and Figure S14 (Sup-
porting Information)). Furthermore, the galvanostatic charge—
discharge (GCD) profiles of (OAm-ITO NPs/Hyd), multi-
layers were also recorded as a function of bilayer number with
varying current densities from 0.2 to 2 mA cm™ (Figure S15,
Supporting Information). The GCD curves displayed a
favorable capacitive behavior with symmetric triangular fea-
tures, indicating typical EDLC behaviors, as already observed in
the CV measurements. With increasing current densities from
0.2 to 5 mA cm™2, the areal capacitances of (OAm-ITO NPs/
Hyd),, multilayers measured from the GCD curves gradually
decreased from 1.44 to 0.80 mF cm™2 (Figure 5e). This superior
rate capability is attributed to the use of molecular Hyd linkers
that can facilitate electron transport within the electrodes by
reducing the contact resistance between neighboring ITO NPs.
It should be also noted that these areal capacitances of the
(OAm-ITO NPs/Hyd), multilayers can be further improved by
simply increasing the bilayer number (or the loading amount).
The (OAm-ITO NPs/Hyd),, multilayers maintained 88.0%
of their initial capacitance after 5000 GCD cycles at a current
density of 0.2 mA cm™, signifying a good long-term cycling
stability (Figure 5f and Figure S16 (Supporting Information)).
Additionally, the Coulombic efficiency, determined by the ratio
between the charging time (t) and discharging time (4) in the
GCD profiles, was measured to be almost 100% throughout all
GCD cycles.

3. Conclusion

In this study, we demonstrated that solution-processable ITO
NP-based TCO electrodes with high transparency, high elec-
trical conductivity, adjustable oxygen vacancies, and complex
geometries could be prepared using a unique LbL assembly
mediated by the carbon-free molecular Hyd linkers with a
strong reducing property. We attributed these characteristics
to the Hyd linkers that can generate the oxygen vacancy states
within ITO NPs and significantly reduce the contact resist-
ance among ITO NPs owing to their extremely small size.
Furthermore, in contrast with the use of PEI or TREN linkers
containing hydrocarbons, the use of carbon-free Hyd linkers
enables the multilayers to maintain their high optical trans-
mittance even after thermal annealing process. As a result, the
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(OAm-ITO NPs/Hyd),, multilayers exhibited a remarkably low
sheet resistance of 86 Q sq! at an annealing temperature of
300 °C and a high optical transmittance of ~90%. Additionally,
our ITO NP-based TCO electrodes were successfully applied
to the high-curvature substrates and possessed a high elec-
trochemical activity (areal capacitance =1.44 mF cm~2) based
on the large specific surface area. Given that the electrical
properties of metal oxide NPs can be enhanced by control-
ling the oxygen vacancy states and their interparticle distance,
we believe that our approach can be effectively applied to the
various electrical/electrochemical applications as well as TCO-
based displays.

4. Experimental Section

Materials: All chemical reagents used in experiments were purchased
from Sigma-Aldrich and used without additional purifications. Solvents,
including toluene and ethanol, were purchased from Daejung Chemicals
& Metals Co., Ltd. (Republic of Korea).

Synthesis of OAmM—ITO NPs: OAm—ITO NPs in toluene were prepared
as previously reported.2% Briefly, indium(I11) acetate (6.48 mmol), tin(ll)
ethylhexanoate (0.72 mmol), OCA (21.6 mmol), OAm (60 mmol), and
dioctyl ether (60 mL) were mixed in a three-neck flask under magnetic
stirring. The reaction mixture was heated at 80 °C for 1 h under vacuum
and then heated at 150 °C for 1 h under an Ar atmosphere. Sequentially,
the mixture was heated at 280 °C for 2 h to form the NPs. The resultant
solution was cooled to room temperature and centrifuged (8000 rpm,
10 min, 20 °C) several times with excess acetone to remove residual
impurities. Finally, the obtained OAm-ITO NP precipitates were
dispersed in toluene and centrifuged (6000 rpm, 10 min, 20 °C) to
ensure a uniform size distribution.

LbL Assembly of (OAm-ITO NPs/Hyd), Multilayers: First, LbL
assemblies were carried out in the fume hood for experimental safety.
All substrates (i.e., Si wafers, quartz glasses, gold-sputtered Si wafers
(for FTIR analysis), QCM electrodes, and ITO-sputtered glasses) were
surface-treated using an UV—ozone cleaner (A = 350 nm) for 10 min.
These substrates were subsequently dipped into a solution of NH,-
functionalized PEI in ethanol (2 mg mL™", M,, =~ 800) for 20 min and
then gently washed with pure ethanol to remove weakly adsorbed
materials. After drying the residual solvent using a compressed air
stream, the PEl-coated substrates were immersed in a solution of
OAm-ITO NPs in toluene (10 mg mL™) for 20 min, washed with
pure toluene, and dried under a compressed air stream. Next, the
OAm-ITO NP-coated substrates were dipped into a solution of Hyd
monohydrate in ethanol (2 mg mL™) for 20 min, followed by washing
with pure ethanol and drying. These dipping cycles were repeated until
the desired number of multilayers was obtained. The LbL assembly
of (OAm-ITO NPs/PEl), and (OAm-ITO NPs/TREN), multilayers
was performed with the same procedure, except that PEI (2 mg mL™,
M, = 800) and TREN (2 mg mL™") dissolved in ethanol were used
instead of Hyd solution.

Film Characterization: The size distribution and crystal structure of
OAm-ITO NPs were investigated using HR-TEM (Tecnai 20, FEI). XRD
patterns of OAmM—-ITO NPs were obtained using XRD-2500/PC (Rigaku
Co.) with Cu K,, radiation (40 kV, 150 mA). XPS analysis of ITO NP films
was conducted using X-TOOL (ULVAC-PHI) with Al K, radiation. To
confirm the occurrence of ligand-exchange reactions, vibrational spectra
of the multilayers were acquired using a FTIR spectrometer (CARY 600,
Agilent Technologies) in ATR mode at room temperature. The collected
raw data were plotted after baseline corrections using spectra analyzing
software (OMNIC, Nicolet). The qualitative growth and optical bandgap
of the multilayers were examined by a UV-visible spectrometer (Lambda
35, Perkin Elmer) in the spectral range from 200 to 1000 nm, and the
quantitative growth of the multilayers was measured by QCM (QCM
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200, SRS). Mass changes (Am) were calculated from frequency changes
(~AF) using the Sauerbrey equation as follows!?®l

27}

APakiq

In Equation (1), Fy (=5 MHz) is a fundamental resonance frequency,
A is the surface area (cm?), p, (=2.65 g cm™) is the density, and u,
(=2.95 x 10" g cm™' s72) is the shear modulus of the QCM electrodes.
Consequently, Equation (1) could be simplified by substituting the actual
values and expressed as Equation (2)

AF (Hz) =~ x Am (1)

— AF (Hz) =56.6 X Am, @)

where Am, indicates the mass change per unit area (ug cm™2). The
compositions of the multilayers were analyzed by thermogravimetric
analysis (TGA; Q50, TA Instruments) with increasing temperature from
25 to 650 °C at a heating rate of 5 °C min™' under a N, atmosphere.
Finally, the surface morphology and film thickness of the multilayers
were observed using FE-SEM (S-4800, Hitachi) and AFM (XE-100, Park
System).

Electrical and Optical Measurements: The sheet resistance was obtained
by the four-point probe method using Loresta-GP MCP-T610 (Mitsubishi
Chemical Analytech). The electrical conductivity was calculated from
the measured sheet resistance and film thickness (evaluated by cross-
sectional FE-SEM images). The Hall carrier concentration and mobility
were examined using a Hall effect measurement system (HMS-3000 and
MP55T, Ecopia). Optical transmittance spectra were recorded across a
wavelength range from 200 to 1000 nm using a UV-visible spectrometer
(Lambda 35, Perkin Elmer).

Electrochemical Measurements: All electrochemical properties of
ITO NP-based TCO electrodes were evaluated with an Ivium-n-Stat
analyzer (lvium Technologies, Netherlands) in a three-electrode cell
configuration using an aqueous solution of sodium sulfate (Na,SOy,
0.5 mol L") as the electrolyte. Ag/AgCl electrode saturated with sodium
chloride in deionized water (3 mol L") and a platinum wire were used
as the reference and counter electrodes, respectively. The commercial
ITO-sputtered glass substrates were used as current collectors and the
active area of working electrodes was fixed at 2 cm?. The electrochemical
analyses, including CV and GCD measurements, were carried out in
the potential range between —0.2 and +0.8 V, and EIS measurements
were conducted at frequencies ranging from 100 kHz to 0.1 Hz with
a perturbation amplitude of 0.01 V. The areal capacitances (C) were
calculated from GCD profiles by the following Equation (3)

A 3)

C=av

where |, At, and AV represent the applied current density, discharging
time, and operating voltage window, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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