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A B S T R A C T

Energy-harvesting devices such as piezoelectric and triboelectric nanogenerators (NGs), which can convert mechanical energy
into electricity, are under development to be combined with various electronics. In particular, the rapid progress in microscale
electronics such as nanorobotics or microelectromechanical devices has strongly increased the demand for ultrathin film de-
vices. Therefore, the thickness, highly uniform structure, chemical composition, interfacial adhesion/interactions, and elec-
trical performance of electrically active films should be carefully considered for high-performance ultrathin energy-harvesting
devices. This review focuses on how layer-by-layer (LbL) assembly as a kind of thin film technology can be effectively applied
to ultrathin piezoelectric and triboelectric films, and furthermore enhance device performance. First, we introduce the basics of
various LbL assemblies using electrostatic, hydrogen-bonding, and covalent-bonding interactions. Then, the LbL-assembly-
assisted piezoelectric and triboelectric NGs reported to date are reviewed. Finally, we briefly present perspectives on the
direction of LbL assembly for the realization of various ultrathin piezoelectric and triboelectric NGs with high performance.

1. Introduction

Since the first introduction of the layer-by-layer (LbL) assembly method using ca-
tionic and anionic polyelectrolytes (PEs) in 1991–1992 by Decher et al. [1,2], this as-
sembly method has been demonstrated to offer a high potential and versatile opportu-
nity to prepare functional nanocomposite films with tailored film thickness,
composition, and functionality on substrates of different size and shape [3–16]. Keeping
pace with these notable methodological advantages, the material components used for
the preparation of various functional LbL-assembled films have explosively expanded
from simple insulating PEs to a variety of functional polymers, carbon materials (carbon
nanotubes, graphene oxide) and inorganic nanomaterials (metal or metal-oxide-based
nanoparticles, nanowires, and 2D sheets); furthermore, the complementary interactions
have also varied from electrostatic interactions to covalent bonding interactions
[17–36]. Based on these unique qualities, LbL-assembled organic/organic and organic/
inorganic multilayer films have been widely used for the preparation of various appli-
cations such as light-emitting diodes [24,35], membranes [21], drug delivery systems
[34], nonvolatile memory devices [18,25,27], electrochromic films [28], energy storage
electrodes [31,35], and surface-modulated films (e.g., antireflective and super-
hydrophobic films) [17,19]. Furthermore, with the aid of this LbL assembly approach, it
has been demonstrated that the performance of thin-film devices is strongly influenced
and further enhanced by the precise control of the loading amount, the surface coverage,
and the interfacial chemical species of desired functional components in addition to the
type and size of organic linkers including polymer binders in the nanoscale range.

However, in spite of these notable versatilities of LbL assembly, relatively little effort
has been focused on the preparation of energy-harvesting nanocomposite films that can
convert ambient and sporadic mechanical energy into electricity. In particular, given that
piezoelectricity- or triboelectricity-based energy-harvesting nanogenerators (NGs) require
electrically active nanocomposite films with tailored electrical transfer, controlled surface
morphology, and large area, the application of LbL assembly to energy-harvesting NGs can
strongly contribute to the enhancement of energy-harvesting performance/stability and to a
better understanding of the energy-harvesting mechanism, preparation of ultrathin film

devices, solution-based manufacturing process, and mass production. Additionally, with
rapid progress in various portable electronic devices and microscale devices, increased in-
terest in ultrathin energy-harvesting films can considerably stimulate the use of LbL as-
sembly. Excellent reviews exist in the area of functional nanocomposite films based on LbL
assembly; however, few studies on energy-harvesting NGs using the LbL approach have
been reported to date. In this review, we introduce the basics of LbL assembly and de-
monstrate that the LbL assembly can be effectively applied to piezoelectric and triboelectric
NGs. Furthermore, we demonstrate that electric output performances of piezoelectric and
triboelectric NGs can be significantly controlled and enhanced by LbL assembly.

2. Basics of layer-by-layer assembly

LbL-assembled nanocomposite films are prepared through repetitive and alternating
adsorption/washing processes of different components allowing complementary attractive
interactions such as electrostatic interactions, hydrogen bonding, and covalent bonding
(Fig. 1a) [1–36]. The loading number of LbL-assembled components is significantly in-
fluenced by the deposition time, solution concentration, degree of complementary inter-
actions, and deposition layer number. In particular, in the case of electrostatic LbL as-
sembly performed in aqueous media, additional assembly conditions such as ionic strength
(or ionic salt concentration) and/or solution pH are required for the control of the ad-
sorbed amount per layer [2,8,14,17]. These phenomena are universally applicable to al-
most all the components with electrostatically charged species ranging from polyelec-
trolytes (PEs) to nanoparticles in aqueous media.

For example, in the case of strong PEs with fixed charge density such as poly(so-
dium styrenesulfonate) (PSS) carrying sulfonate groups (SO3

−) or poly(diallyldimethy-
lammonium chloride) (PDADMAC) carrying ammonium groups (Fig. 1b) [8], the elec-
trostatic repulsion between the same charged groups causes PE chains to be adsorbed
onto the substrates with flat and stiff chain conformation, resulting in low surface
coverage and layer thickness of a few angstroms (Å). However, the addition of ionic salt
such as NaCl to PE solutions induces the decrease in electrostatic repulsion between
inter- and/or intramolecular groups by counter ions of ionic salts, and the chain
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conformation of PE is changed from flat to entangled and/or coiled chains by counter
ions of ionic salts, which increases the thickness of the PE layer adsorbed onto the
substrate. Therefore, the total film thickness of strong PE multilayers such as (PSS/
PDADMAC)n multilayers is controlled by the ionic strength in addition to the PE con-
centration, the deposition time, and the bilayer number (n).

Different from strong PEs, the charge density of PEs such as anionic poly(acrylic acid)
(PAA) carrying carboxylate ion (COO-) groups or cationic poly(allylamine hydrochloride)
(PAH) with protonated amine (NH3

+) groups is greatly affected by the solution pH
(Fig. 1b) [6,37,38]. The PEs with these pH-dependent charge densities are called weak PEs,
and weak PEs such as PAA and PAH have two different forms that allow electrostatic
bonding (by COO− for PAA and by NH3

+ for PAH) and hydrogen bonding (by the car-
boxylic acid group (COOH) for PAA and by NH2 for PAH) at a moderate solution pH. With
increasing pH of weak PE solutions, the uncharged COOH groups of PAA are changed into
negatively charged COO− groups, whereas the cationic NH3

+ groups of PAH are converted
into neutral amine (NH2) groups. Using these properties, a large amount of electrostatically
and hydrogen-bonded weak PE chains per layer can be incorporated into multilayer films
under some specific pH conditions, and the acid treatment to the formed films can generate
porous films as a result of rearrangement of electrostatically charged and hydrogen-bonded
PE chains. More specifically, the (PAH/PAA)n multilayers can form the thickest film at a
pH of 7.5 for PAH and a pH of 3.5 for PAA. However, the subsequent acidic treatment
(pH≤2.5) of these films generates a highly porous surface morphology because the partial
electrostatic bonding between the COO− groups of PAA and the NH3+ group of PAH
within the multilayers is fully dissociated and rearranged by the formation of additional
COOH groups of PAA at low pH [37]. These porous films can be used as a mold for the
preparation of functional films with hierarchical structures (specifically, a mold for tri-
boelectric PDMS films with nanoscale and microscale bumpy structures).

Furthermore, electrostatically charged metal or metal oxide nanoparticles (NPs) can
be LbL assembled with oppositely charged polymers in aqueous media using the same
deposition methods. However, the control over the ionic strength and the pH of NP
solutions for increasing the loading number of NPs adsorbed per layer is challenging
relative to that of weak PE solutions because the decrease in electrostatic repulsion
between the same charged NPs can easily cause NP agglomeration and/or sedimenta-
tion. Additionally, the use of electrostatically charged NPs with a dilute solution con-
centration and unfavorable qualities (i.e., a broad size distribution or low crystallinity of
NPs) tends to restrict the formation of densely packed NP arrays (the packing density of
a charged NP layer is< 30%) [39,40] and the desired functionalities of resultant LbL
multilayers, respectively. Furthermore, the electrostatic LbL-assembled NP films are
generally unsuitable for capacitor-type devices such as piezoelectric NGs with a metal-
insulator-metal (MIM) structure due to the evolution of undesirable leakage current
arising from residual moisture.

As an alternative, many studies have recently focused on the preparation of (hy-
drophobic metal or metal oxide NP/polymer)n multilayers using complementary covalent-
bonding interactions in organic media [41,42]. Although various metal or metal oxide
NPs with high quality (i.e., with uniform size and high crystallinity) have been synthe-
sized using hydrophobic stabilizers with carboxylic acid, amine, or ammonium moieties
(e.g., oleic acid (OA), palmitic acid (PA), or tetraoctylammonium (TOA)) in organic
media, the conventional LbL assembly of hydrophobic NPs in conjunction with polymers
has generally required a phase transfer step from nonpolar to aqueous media using

selective and limited ligands that facilitate weak electrostatic and/or hydrogen-bonding
interactions. However, more recently, it has been reported that OA-, PA-, and TOA-sta-
bilized metal or metal oxide NPs can be directly LbL assembled with NH2-functionalized
organics in organic media due to the higher affinity of the bare surface of metal or metal
oxide with NH2 moieties (Fig. 1c) [30,32,36,43–45]. These findings clearly imply that the
well-defined hydrophobic NPs ranging from metal to binary or perovskite-type NPs can be
directly LbL-assembled with various NH2-functionalized polymers in organic media ex-
hibiting high packing density and desired functionalities of NPs; furthermore, the formed
nanocomposite multilayers can be effectively applied to various capacitor-type devices
such as piezoelectric devices requiring low leakage current levels.

3. Piezoelectric nanogenerators using layer-by-layer assembly

In the case of capacitor-type piezoelectric nanogenerators (PENGs) composed of
metal electrodes (i.e., top and bottom electrodes) and a piezoelectric layer, a variety of
perovskite-type materials such as barium titanate (BaTiO3, BTO) [46–49], potassium
niobate (KNbO3) [50,51], or zinc stannate (ZnSnO3) [52,53] have been used as elec-
trically active films because of their excellent piezoelectricity and ferroelectricity that
originate from noncentrosymmetric properties, associated with how much transition
metal cations distorted in the perovskite lattice. However, the use of sub-10 nm per-
ovskite NPs for ultrathin energy-harvesting films is severely restricted because bulky
organic ligands bound to the surface of NPs result in poor processability (such as that
associated with phase separation and/or the segregation of NPs within polymeric ma-
trices) and consequently obstruct the formation of stable and homogeneous films. These
phenomena also hinder the formation of an experimental consensus on the critical size
at which the size-dependent piezoelectricity/ferroelectricity of the perovskite NPs is
suppressed [54]. Notably, most studies of perovskite NP-based energy-harvesting de-
vices reported to date have focused on the use of large NPs (>100 nm) [46–49].
However, considering that the surface of perovskite NPs has a high affinity with amine
(NH2) groups, these sub-10 nm perovskite NPs can be LbL assembled with NH2-func-
tionalized organic linkers, resulting in (perovskite NP/NH2-organic linker)n multilayer
films with piezoelectric properties [44,45]. Additionally, the piezoelectric performance
of the formed ultrathin multilayers can be easily and precisely controlled by the bilayer
number (n), the adsorbed number of NPs, and the type of organic linkers and external
applied force during the measurements, will be discussed in detail in 3.2.2. section.

3.1. Ferroelectric nanomaterials for piezoelectric nanogenerators

3.1.1. Ferroelectric polymers
Preceding a detailed discussion of LbL-assembled piezoelectric NGs, we introduce

organic and inorganic ferroelectric materials for piezoelectric NGs. First, ferroelectric
polymers, such as poly(vinylidene fluoride) (PVDF), have been widely used in piezoelectric
NGs because of their high flexibility, ease of solution processing, spontaneous polarization,
high dielectric constant, and strong piezoelectricity. More specifically, PVDF with fluorine-
terminated functional groups, which is well known as a semicrystalline ferroelectric
polymer, shows different crystalline phases according to its lattice structure and chain
conformation. Among its various crystalline phases, the β-phase of PVDF exhibits the
highest piezoelectric coefficient of −29 pmV−1, originating from the strongest dipole
moment of 2.10 D perpendicular to the β-phase chain conformation (Fig. 2a and b)
[55,56]. Therefore, the β-phase PVDF have been the most widely used as an active layer
for the preparation of piezoelectric NGs with high electric output performance [57–59].
Additionally, these PVDF polymers can be easily solution processed to fabricate a piezo-
electric active layer with the desired forms (i.e., thin films and wires) because of their
spontaneous dissolution in various polar solvents such as methyl-ethyl-ketone (MEK) and
dimethylformamide (DMF). After the formation of an amorphous PVDF film, the β-phase
PVDF with higher ferroelectricity can be obtained through an additional thermal annealing
process (near the Curie temperature of PVDF) and electrical poling process.

Based on these phenomena, various PVDF-based copolymers such as poly(vinylidene
fluoride-co-hexafluoropropene) (P(VDF-HFP)), poly(vinylidene fluoride-co-tri-
fluoroethylene) (P(VDF-TrFE)), poly(vinylidene fluoride-co-chloride trifluoride ethylene)
(P(VDF-CTFE)), and poly-(vinylidene fluoride-trifluoroethylene-chlorotrifluoroethylene)
(P(VDF-TrFE-CFE)) have also been employed to further improve the ferroelectric and
piezoelectric properties (Fig. 2c) [58,59]. Considering that the dipole moments of PVDF
are generated only in the direction perpendicular to the polymer chains and that their
ferroelectricity is therefore highly dependent on chain conformation, the PVDF-based co-
polymers with the all-trans chain conformations can significantly enhance the dipole
moments, resulting in improved ferroelectricity and piezoelectricity.

However, these PVDF-based copolymers still exhibit relatively low thermal, me-
chanical and dielectric properties relative to those of inorganic ferroelectric and piezo-
electric materials. For resolving these drawbacks, inorganic piezoelectric nanomaterials
(>100 nm in size) such as perovskite BaTiO3 have been generally incorporated into PVDF-
based copolymer matrices for high-performance piezoelectric device applications.
Additionally, for the preparation of active layers of piezoelectric NGs, simple blending
solutions composed of PVDF-based copolymers and bulky piezoelectric nanomaterials have
been deposited onto the electrodes using the spin-coating or doctor blade-coating method,
which generally produces a relatively thick film over a few μm thickness (Fig. 2d and e)
[46–49]. However, these conventional methodologies encounter challenges in inducing a
homogeneous and uniform distribution and controlling the loading amount of inorganic
piezoelectric nanomaterials within the PVDF-based copolymer matrix. In most cases,
thermodynamically unfavorable interfacial interaction between inorganic nanomaterials
and polymer matrix causes severe NP agglomerations and/or phase separation, which can
have a fatal effect on the uniformity/consistency of device performance and furthermore is
inappropriate for ultrathin-film device applications [60]. Given by the fact that PVDF-
based copolymers are highly dispersed in polar solvent as mentioned above, these

Fig. 1. a) Schematic overview of LbL assembly using electrostatic interactions, hydrogen
bonding, and covalent bonding. b) Molecular structures of strong electrolytes (PSS and
PDADMAC) and weak electrolytes (PAA and PAH). c) Affinity between metal or metal
oxide nanoparticles and various functional groups in organic media.
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polymers are expected to be alternatively LbL-assembled with the BTO NPs in nonpolar
solvent due to the orthogonal solvent effects. Therefore, we expect as a prospective ap-
proach that the PVDF copolymer/BTO NP thin films could be fabricated with precisely
controlled film thickness and amount of piezoelectric nanomaterials in polymer matrix.

3.1.2. Ferroelectric perovskite oxides
As mentioned above, perovskite oxides with an ABO3 (A=Ba, Sr, Pb, etc./B=Ti,

Zr, etc.) lattice formula, such as PbTiO3, BaTiO3 (BTO), SrTiO3 (STO) and Pb(Zr,Ti)O3
(PZT), have attracted considerable attention due to their excellent ferroelectric and
piezoelectric properties, which are dominated by how much the B-site cations

surrounded by A-site cations and oxygen in the perovskite lattice structure are distorted
[61–64]. Ferroelectric perovskite oxides have been recognized as promising piezo-
electric materials for energy harvesting because of their electrically and mechanically
induced spontaneous polarizations, leading to high device performance with or without
an electrical poling process [49,53,65–69]. For practical applications of piezoelectric
NGs, perovskite oxide nanomaterials have generally been prepared using three different
processes as follows: first, the perovskite oxides are fabricated using vacuum deposition
methods [70,71], such as pulsed laser deposition (PLD) (Fig. 3a and b) or radio fre-
quency (RF) sputtering. Second, the oxide perovskite materials, such as nanoparticles
(NPs), nanowires, and nanotubes, are prepared in the form of ceramic films or powders

Fig. 2. a) Schematic representation of the chain conformation for the α, β, and γ phases of PVDF [55]. b) Unit cells of PVDF crystals viewed along the c-axes. Red, cyan, and blue spheres
represent fluorine, carbon, and hydrogen atoms, respectively. The projections of dipole directions are indicated by green arrows [56]. Reproduced with permission from ACS (2012). c)
Schematic representation of PVDF-based copolymers [55]. Reproduced with permission from Elsevier B.V. (2014). d) Schematic illustration and photo image of the nanogenerator
composed of PDMS-covered BTO-P(VDF-HFP). Bottom shows the SEM images of BTO-P(VDF-HFP) composite film, PDMS-covered BTO-P(VDF-HFP) composite film, and BTO NPs,
respectively [47]. Reproduced with permission from ACS (2014). e) The detailed fabrication procedure of flexible piezoelectric nanocomposites composed of PVDF and BTO NPs [48].
Reproduced with permission from Elsevier B.V (2015). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. a) Schematic illustration of the fabrication
process of flexible BTO nanogenerator on plastic sub-
strates fabricated using RF magnetron sputtering,
standard microfabrication and soft lithographic
printing techniques [70]. Reproduced with permission
from ACS (2010). b) Schematic illustration of fabri-
cation process of PZT nanowires arrays on a STO
substrate via PLD technique [71]. Reproduced with
permission from ACS (2012). c) SEM and TEM images
of NaNbO3 nanowires and nanocubes synthesized
using sol-gel-derived solution process [72]. Re-
produced with permission from ACS (2011). d)
Scheme of the as-developed nanogenerators fabricated
using BTO nanotubes, with the SEM image of the BTO
nanotubes/PDMS composite and TEM images, Raman
spectrum of the synthesized BTO nanotubes [73]. Re-
produced with permission from ACS (2012).
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via sol-gel methods (Fig. 3c and d) [53,72–74]. Finally, the oxide perovskites with na-
nocrystal forms are synthesized via thermal decomposition, hot injection, or hydro- and
solvothermal methods, producing the desired crystal size in the range from a few to tens
of nanometers and a stable dispersion in organic solvent. These solution-dispersible
perovskite NPs can be effectively applied to produce flexible, miniaturized and ultrathin
film piezoelectric NG devices using solution processes such as LbL assembly. Therefore,
we introduce a variety of synthetic approaches for ferroelectric perovskite oxide NPs
reported to date in this section.

Murray et al. reported that spherical BTO NPs with diameters ranging from 6 to
12 nm could be synthesized via an injection-hydrolysis method using alkoxide-based bi-
metallic precursors and oleic acid stabilizers. The formed NPs exhibited a stable dispersion

in nonpolar solvents such as hexane or toluene with a narrow size distribution (Fig. 4a)
[75]. This initial study opened up possibilities for the synthetic routes of size- and shape-
controlled perovskite oxide NPs with high crystallinity. Li et al. reported a synthetic ap-
proach using chemical reactions at the interfaces among the different phases for the
preparation of various perovskite oxide NPs including BTO and STO perovskite NPs
(Fig. 4b) [76]. The resulting BTO NPs with a diameter of approximately 17 nm showed a
tetragonal crystal structure as confirmed by high-resolution transmission electron mi-
croscopy (HR-TEM) and X-ray diffraction (XRD) measurements. Furthermore, the synth-
esis and characterization of perovskite oxides in the form of colloidal nanocrystals have
been intensively studied using various nanocrystal synthetic chemistry for providing
chemical-composition-tunable and size-tunable properties and high crystallinity [77–81].

Fig. 4. a) TEM micrographs of a high-resolution lattice image of an individual 8 nm diameter BTO NP and an ensemble of discrete BTO NPs. Inset: Selected area electron diffraction
(SAED) pattern [75]. Reproduced with permission from ACS (2001). b) Schematic illustration of liquid-solid-solution (LSS) phase transfer synthetic strategy for the synthesis of BTO
NPs and TEM image of the as-synthesized BTO NPs. Inset: Colloidal dispersion of BTO NPs in cyclohexane [76]. Reproduced with permission from Springer Nature (2005) c) TEM
images of monolayers of cubelike (top) and cubic (bottom) BTO NPs. d) XRD pattern and e) Raman spectrum of the 22 nm cubelike BTO NPs. Reprinted with permission from reference
[82]. Reproduced with permission from ACS (2010). f) Piezoresponse phase (top) and amplitude (bottom) for a single 10 nm BTO nanocube measured by PFM at 25, 60, and 80 °C,
respectively. g) Atomic PDF and model structures for 8 nm-BTO nanocubes [54]. Reproduced with permission from Springer Nature (2012). h) TEM images of the particles synthesized
at 200 °C in 1mol L−1 NaOH with a molar ratio of Ba : OLA : butylamine= 1 : 8 : 8 for 72 h. i) TEM images of the particles synthesized at 200 °C in 1mol L−1 NaOH with the molar
ratios of Ba : OLA : butylamine= 1 : 8 : 12, 1 : 8 : 16 and 1 : 4 : 8 for 72 h. j) Schematic illustration of a possible mechanism for the development of BTO nanocubes [83]. Reproduced
with permission from Royal Society of Chemistry (2012).

S. Lee et al. Nano Energy 56 (2019) 1–15

4



In addition to spherical-type NPs, high-quality and monodisperse BTO NPs with cube-
like shapes of approximately 20 nm size were introduced by Caruntu et al. [82]. These BTO
NPs were synthesized using oleic acid ligands via thermal decomposition of metal complex
precursors under hydrothermal conditions, and they were well dispersed in nonpolar
media due to the hydrophobic oleic acid ligands bound to the surface of NPs. The resulting
BTO NPs exhibit the results of distorted Ti4+ ions in pseudocubic perovskite lattices, which
contribute to ferroelectric and piezoelectric properties as confirmed by XRD and Raman
spectra (Fig. 4c–e). Ramesh et al. observed the ferroelectric and piezoelectric behaviors of
isolated single BTO NPs at room temperature [54]. They also reported that the polarization
switching of sub-10 nm BTO NPs was driven by direct electrical measurements, and their
switching behavior disappeared below a critical size ranging from 5 to 10 nm as confirmed
by atomic pair distribution function (PDF) and piezoresponse force microscopy (PFM)
studies. Although the 10 nm BTO NPs exhibited a piezoelectric coefficient of 1.55 pmV−1,
which is much lower than that of bulk BTO (75 pmV−1), these results imply that the sub-
10 nm BTO NPs preserve the piezoelectric properties (Fig. 4f and g).

Furthermore, Dang et al., reported the crystal growth kinetics of BTO NPs that were
synthesized using bis(ammonium lactate) titanium dihydroxide (TALH), oleic acid and
tert-butylamine under solvothermal conditions [83]. TALH is a Ti4+ precursor, six-

coordinated with the octahedral oxygen groups in the form of TiO6 octahedra, facilitating
hydrolysis and condensation. The size and morphology of BTO NPs are determined by the
solution concentration of oleic acid used as ligands, and then cube-shaped BTO NPs are
formed by the addition of tert-butylamine suppressing the further growth of [TiO6]
building blocks during the synthesis. The resulting BTO NPs showed cubic morphologies,
uniform size distribution, high crystallinity and favorable dispersion in organic media.
They also demonstrated that other perovskite oxide NPs such as STO and BaxSr1-xTiO3
could be successfully synthesized using the modified synthetic routes based on the
abovementioned formation mechanism of cube-shaped BTO NPs [84–86].

3.1.3. Organic-inorganic lead halide perovskites
Organic-inorganic lead halide perovskites, with an APbX3 (A=methylammonium

(MA), formadinium (FA)/X= I, Br, Cl) lattice formula, have been frequently used as a
photoactive material in optoelectronic applications such as solar cells and light-emitting
diodes (LEDs). Recently, it has been confirmed by PFM studies [87] that lead halide
perovskites feature ferroelectric polarization originating from the rotations of the BX6
octahedron cage and dipolar A-site cations inside the perovskite lattice structures

Fig. 5. Topographic and out-of-plane PFM-phase image of MAPbI3 films a) with small crystals and b) with large crystals. Image size is 8× 8 µm2. PFM phase image is in false color. The
insets show SEM images of the corresponding samples [87]. Reproduced with permission from ACS (2015). c) Dielectric permittivity and dissipation factor, leakage current density vs.
applied voltage, and P–E hysteresis loop of the 500 nm-thick MAPbI3 films, respectively. d) PFM topography, amplitude, and phase images of the MAPbI3 films recorded at scan rate of
0.5 Hz, respectively. The image size is 3× 3mm2. e) Piezo amplitude, piezo phase, and piezoresponse hysteresis loop of the MAPbI3 films, respectively. f) The power generation
mechanisms and output performance of MAPbI3 piezoelectric thin film generators under non-poled (left) and poled (right) conditions, respectively [90]. Reprinted with permission
from reference Royal Society of Chemistry (2016). g) SEM surface images; insets show cross-sectional images for different incorporated concentrations of Fe2+ in MAPb1-xFexI3 thin
films. h) Output voltage and current density of MAPb1-xFexI3 (0≤ x≤0.07) piezoelectric generators measured by forward connection [91]. Reproduced with permission from Elsevier
B.V (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 5a and b) [87–89]. Based on these properties, organic-inorganic lead halide per-
ovskites have been successfully used as a piezoresponsive layer in the piezoelectric NGs
with metal-insulator-metal (MIM) device architectures, driven by external mechanical
forces. Yoon et al. reported that solution-processed MAPbI3 perovskite thin films have
ferroelectric and piezoelectric properties using the measurements of Curie temperature,
dielectric constant, and polarization–electric field (P–E) curve; consequently, these films
can be used as an active layer for piezoelectric NGs [90]. Additionally, the piezoelectric
performance of MAPbI3 perovskite NGs is significantly enhanced through electric poling
process, resulting in an output voltage of 2.7 V and a current density of 140 nA cm−2.
They also reported that in the case of incorporating Fe2+ cations into the perovskite
structure, the piezoelectric coefficient of MAPbI3 perovskites could be increased up to
17.6 pmV−1 as a result of the improved surface morphologies and crystallinities of
perovskites [91]. In particular, when the concentration of Fe2+ was increased
(x= 0.07), the phase transition temperature of MAPb1-xFexI3 decreased by approxi-
mately 45 °C, which improved the dielectric and ferroelectric properties. As a result, the
output voltage and current density of piezoelectric NGs based on the Fe2+-incorporated
MAPbI3 perovskite thin films were increased to approximately 7.29 V and 0.88 µA cm−2,
respectively, after electric poling (Fig. 5g and h). Zheng et al. also demonstrated that the
FAPbBr3 NP-polydimethylsiloxane (PDMS) nanocomposite films sandwiched between
flexible ITO electrode and aluminum (Al) foils exhibit high piezoelectric performance
with an output voltage of 8.5 V and a current density of 3.8 µA cm−2 under a periodic
compressive force of 0.5MPa after the electric poling process [92]. In this case, the
FAPbBr3 NPs had ferroelectric properties with a high piezoelectric coefficient (d33) of
25 pmV−1 (Fig. 6a and b). Furthermore, when ferroelectric PVDF was used instead of
the PDMS matrix [93], the device performance (including an output voltage of 30 V and
a current density of 6.2 µA cm−2) of FAPbBr3-based piezoelectric NGs was significantly
enhanced due to the higher piezoelectric coefficient of the PVDF polymer matrix
(~29 pmV−1) (Fig. 6i and j). However, as mentioned earlier, the preparation of
FAPbBr3 NP-PDMS nanocomposite films using a simple blending process can cause NP
aggregation and/or phase segregation within the formed nanocomposites.

3.2. Layer-by-layer assembled ferroelectric and piezoelectric applications

BTO NPs have been recognized as one of the most promising perovskite-type

ferroelectric NPs for use in piezoelectric NGs due to their strong piezoelectric properties
and lead-free chemical composition. In most cases, the BTO NPs with size of a few
hundred nanometers are blended with polymers via solution mixing and mechanical
stirring for the preparation of BTO/polymer nanocomposite films [49,94,95] . These
conventional approaches are inappropriate for preparing ultrathin film devices
(< 200 nm) because of the formation of relatively thick BaTiO3/polymer films
(> 10 µm) in addition to NP aggregation and/or phase segregation. To resolve these
critical issues, two important factors must be satisfied: First, the successful synthesis of
high-quality BTO NPs with approximately 10 nm size and high colloidal stability in
organic media is required. Second, the unique LbL assembly, which can bridge the two
different interfaces between hydrophobic BTO NPs and polymers in organic media, is
required for the preparation of nanocomposite films with the high loading amount of
BTO NPs and the controlled thickness. In this section, we review LbL-assembled pie-
zoelectric films based on hydrophobic BTO NPs with 8 and 13 nm sizes.

3.2.1. Layer-by-layer assembled BaTiO3 nanoparticle films with
ferroelectric properties

Cho et al. , for the first time, reported that the oleic acid-stabilized BTO NPs with sub-
10 nm size could be LbL-assembled with (NH2)-functionalized polyamidoamine dendrimers
via a unique ligand-addition LbL assembly process based on the covalent-bonding inter-
action between the Ti4+ cations within BTO NPs and the NH2 groups of dendrimers
(Fig. 7a) [44]. The LbL growth mechanism of (BTO NP/dendrimer)n nanocomposite thin
films as a function of bilayer number (n) was demonstrated using Fourier transform infrared
(FTIR) and X-ray photoelectron spectroscopy (XPS). These results indicated that the NH2
moieties of dendrimers are additionally adsorbed onto the Ti4+ cation sites exiting on the
surface of BTO NPs without the removal of the original surface ligands (i.e., oleic acid)
bound to the Ba2+ cations. The adsorbed amount of 8 nm BTO NPs in the nanocomposite
thin films was quantitatively investigated via a quartz crystal microgravimetry (QCM)
measurement and was calculated to have a number density of 5.12×1011 cm−2 using the
Sauerbrey equation with the frequency change measured from QCM [96]. In addition, the
thickness of nanocomposite thin films linearly increased from 50 to 204 nm as a function of
bilayer number, showing the extremely smooth surface morphologies (Fig. 7b–e).

The (BTO NP/dendrimer)n nanocomposite thin films showed typical ferroelectric
properties with reversible spontaneous polarization, confirmed by a polarization-electric

Fig. 6. a) Amplitude “butterfly” loop (A(E)). b)
Phase hysteresis loop (φ(E)) obtained with a DC
voltage of 1 V. c) The piezoresponse hysteresis loop,
PR(E), which is calculated and plotted using the
equation PR(E)=A(E) cos[φ(E)]. d) Topography, e)
amplitude, and f) phase images of the FAPbBr3 NPs,
respectively. The size for the images is 20× 20 µm2.
g) Schematic diagram and cross-sectional SEM
image of piezoelectric nanogenerator composed of
FAPbBr3-PDMS composite. h) Output voltage and
current density from FAPbBr3 NPs composite na-
nogenerator induced by periodically vertical com-
pression [92]. Reproduced with permission from
Wiley (2016). i) The detailed fabrication procedure
of composite nanogenerator based on FAPbBr3 NPs
@ PVDF. Bottom shows the cross-sectional SEM
image of the nanogenerator and the magnified
cross-sectional SEM image of FAPbBr3 NPs, which
are randomly distributed inside the PVDF polymer.
j) Piezoelectric output voltage of the FAPbBr3 NPs@
PVDF composite-based nanogenerator in the for-
ward connection (left) and the reverse connection
(right) [93]. Reproduced with permission from
Elsevier B.V (2017).
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field (P-E) measurement. The polarization switching of respective BTO NPs was con-
firmed from the phase and amplitude images measured by dynamic-contact electrostatic
force microscopy (DC-EFM). In addition, the ferroelectric properties of LbL-assembled
nanocomposite thin films were controlled according to the bilayer numbers (i.e., film
thickness) related to the loading amount of BTO NPs. Although it was reported that the
ferroelectricity of BTO NPs with a size of less than 5–10 nm disappeared due to the
influence of depolarizing field generated within BTO NPs [54], the nanocomposite films
composed of 8 nm BTO NPs still exhibited ferroelectric properties occurring from the

tetragonality of distorted Ti4+ cations within the BTO lattice. Therefore, these results
clearly indicate that the sub-10 nm BTO NPs can be effectively used as a ferroelectric
material in nanoscale device applications (Fig. 7f and g).

3.2.2. Layer-by-layer assembled BaTiO3 nanoparticle films for piezoelectric
NGs

It was reported by Cho et al. that LbL-assembled (13 nm BTO NP/polymer)n fer-
roelectric nanocomposite thin films could be successfully used in a piezoresponsive

Fig. 7. a) Schematic diagram of the (perovskite NP/NH2-functionalized organic linker)n multilayer films. b) ATR-FT-IR spectra of the (NH2-dendrimer/OA-BTO NP)n=1,2,3 multilayers
as a function of the bilayer number (n). c) XPS spectra of Ti 2p collected from the OA-BTO NPs and NH2-dendrimer-encapsulated films [i.e., (NH2-dendrimer/OA-BTO NP/NH2-
dendrimer) multilayer]. d) Frequency and mass change of the NH2-dendrimer/OA-BTO NPs multilayers as a function of the layer number. e) Total film thicknesses of the (NH2-
dendrimer/OA-BTO NP)n=5,10,15,20 multilayers measured from the cross-sectional SEM images. f) P–E curves for the (NH2-dendrimer/OA-BTO NP)n=10,20,30 multilayers. g)
Topographic, phase, and amplitude images from the DC-EFM for the OA-BTO NPs on a Pt-coated substrate [44]. Reproduced with permission from ACS (2014).

Fig. 8. a) A schematic illustration of the LbL growth
of a PAA/OA-BTO NP multilayer. b) FT-IR spectra of
13 nm OA-BTO NP, PAA, and PEI, respectively. c) FT-
IR spectra of the (PAA/13(nm OA-BTO NP)n multi-
layers as a function of the number of bilayers. d) A
schematic illustration of a piezoelectric nanogen-
erator based on a (PAA/OABTO NP)n multilayer. e)
The output voltage and current of the multilayered
piezoelectric nanogenerators as a function of the
number of bilayers (n) [45]. Reproduced with per-
mission from Wiley (2014).
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active layer in piezoelectric NGs for energy harvesting. In their study, the nano-
composite films were prepared using ligand addition-induced LbL assembly between
oleic acid-stabilized BTO NPs and PAA in nonpolar solvent [45]. In this case, the existing
metal ions on the surface of BTO NPs are coordinated with the carboxylic acid groups of
PAA polymers. As confirmed by FT-IR spectroscopy, the Ti4+ cations on the surface of
BTO NPs are covalently bound to COO− functional groups of PAA polymers due to their
higher affinity without the removal of pristine oleic acid ligands. Furthermore, they
reported that the piezoelectric performance (i.e., output voltage and current) of LbL-
assembled (BTO NP/polymer)n nanocomposite films could be significantly increased by
increasing the bilayer number and/or the compressive force without any electrical
poling process. The highest output performance was obtained from the approximately
1 µm-thick nanocomposite device with an output voltage and current of 1.8 V and
700 nA, respectively. These results imply that the LbL-assembly approach can be used as
an effective tool for developing and designing ultrathin piezoelectric NGs using a variety
of perovskite-type ferroelectric nanomaterials including BTO NPs (Fig. 8).

4. Triboelectric nanogenerators using layer-by-layer assembly

Triboelectric nanogenerators (TENGs) represent another important application
among LbL-assembled energy-harvesting devices. TENGs can generate electricity from
irregular frictional contacts between different triboelectric surfaces with tailored surface

functionalities and morphologies [97–105]. Therefore, there have been significant ef-
forts to implement TENGs into the wearable smart devices as sustainable power sources
without involving conventional batteries [106–109]. In this embodiment, larger dif-
ferences in electron affinity of two contact surfaces and larger surface areas can generate
higher electrical outputs under the application of the same degree of external forces. In
the case of TENGs with Al electrodes and poly(dimethylsiloxane) (PDMS) films, various
types of nanostructures, such as self-assembled nanoparticles [110]and etched block
copolymers [99], are introduced on the triboelectric surfaces to provide protuberant
topologies at the nanoscale for the purpose of high surface area and polarity differences.
However, in relatively high-humidity environments, their electric outputs rapidly de-
teriorate by loss of triboelectric surface charges, which can be a critical issue in practical
applications. Nguyen et al. reported that TENGs composed of Al electrode and pyramidal
shape-patterned PDMS showed an increase in charge generation of more than 20%
under a relative humidity (RH) of 10% relative to 90% [111,112]. Therefore, the pre-
vention of water skin layers on the triboelectric surfaces is a key requirement for better
performance of TENGs in highly humid conditions.

4.1. Triboelectric nanogenerators for high humidity resistance

To resolve the aforementioned issue, several studies have adapted super-
hydrophobic surfaces (water contact angle> 150°) in the preparation of TENGs. These

Fig. 9. (a) Schematics for the fabrication of the TENG device with the SWA PDMS replicated by the AAO template. (b) SEM images of the AAO template (I and iii) and the SWA PDMS (ii
and iv), and photographs indicating water contact angles on flat and SWA PDMS layer [118]. Reproduced with permission from ACS (2015). (c) Schematic illustrations of the lawn
structured TENG, which is consisted of PET nanowire array. (d) Influence of the humidity on the open-circuit voltage and short-circuit current of the lawn structured TENG, and water
contact angles on ITO (left) and PET nanowire array (right) [124]. Reproduced with permission from Wiley (2016).

Fig. 10. (a) A schematic illustration for the
fabrication process of sponge structure-based
TENG (STNG) and (b) FE-SEM images of
sponge-structured PDMS film. Output voltage
of the FTNG and STNGs (0.5, 1, 3, and 10 µm)
under various (c) compressive force and (d)
relative humidity [102]. Reproduced with
permission from Wiley (2014).
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surfaces, which exhibit a low surface energy and large surface area arising from hier-
archical micro- and nanostructures, effectively disrupt the formation of water droplets
and water skin layers on top of the triboelectric surfaces. Liu et al. reported that pro-
tuberant surfaces with micro and nanostructures can effectively reduce wetting area by
trapping air bubbles between rough features [113,114]. Moreover, when water vapor
begins to condense under highly humid conditions, condensates form in distinct droplets
on the hydrophobic surfaces that can be easily removed rather than forming liquid films
[115]. For these reasons, many studies have investigated the fabrication of TENGs with
superhydrophobic surfaces by utilization of a variety of surface structures, such as
micro- or nanoarrays [116–126], porous sponges [102,127–129], and hierarchical
structures [130–135].

The nanopillar array is one of the widely used structures in TENGs as it presents a
high surface area with hydrophobic properties (ref nano array). Dudem et al. reported
sub-wavelength-architecture (SWA) PDMS prepared by using nanoporous anodic alu-
minum oxide (AAO) template as a replica mold (Fig. 9a) [118]. Preparation of the AAO
template is relatively simple and cost-effective and can be used to make a PDMS array
with nanopillars of ≈100 nm diameter. The surface of SWA PDMS exhibited enhanced

hydrophobicity (θCA ≈115°) relative to a flat PDMS surface (θCA ≈93°) (Fig. 9b), and
the TENGs built with SWA PDMS produced electrical outputs of 3.8 V and 0.8 μA cm−2

under a compressive force of 3 N. Zhang et al. reported that wind-energy-driven TENGs
consisting of a polyethylene terephthalate (PET) nanowire array fabricated via reactive
ion etching (RIE) (Fig. 9c) [124]. They demonstrated that the TENGs could self-re-
generate their performance after exposure to high-humidity conditions (RH 90%) by
inclusion of hydrophobic surfaces that can effectively suppress the presence of moisture
at interfaces (Fig. 9d). This advanced enabled TENGs to operate even in outdoor en-
vironments such as on rooftops.

Porous sponge structured film also have been frequently used as triboelectric film
because of its high surface to volume ratio, compressibility, and hydrophobicity. Lee
et al. proposed a triboelectric hydrophobic sponge structure-based TENG(STNG) which
is composed of inverse opal-structured PDMS film [102]. Polystyrene sphere based opal
with face-centered cubic structure was prepared by convective evaporation, then PDMS
solution infiltrated into the structure followed by curing. The inverse opal-structured
PDMS film is then obtained after removal of PS spheres, and fabricated into TENG. The
author conducted nanoindentation measurements, and demonstrated that a sponge-

Fig. 11. (a) Schematic illustration of the fabrication procedure of the porous PDMS sponge using sugar particles (b) Morphologies of three types of triboelectric sponges (TES) using
SEM. All of the scale bars (white) shown in the figures are 500 µm. (c) Static water contact angle on the TES and flat film with optical images of water droplets (d) Humidity
dependency of the normalized output voltage of the TESs and flat film with a wide range of relative humidity from 20% to 85% [127]. Reproduced with permission from Wiley (2016).

Fig. 12. (a) Schematics describing the fabrication process of the replica-molding method. (b) Results of the replica-molding process (c) Voltage–time characteristics of TENGs with the
interface structures of the flat film (black) and lotus leaf (green) at a relative humidity of 50% (filled) and 80% (empty). (d) Humidity effects upon instantaneous voltage for TENGs
with the interface structures of the fl at, lotus leaf, rose flower, and cicada wing [133]. Reproduced with permission from Wiley (2014). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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structured PDMS film had 30% decreased elastic modulus compare to bulk film, which
implies that the sponge structure possesses higher compressibility. Thus, when com-
pressive forces are applied on the sponge structure, it becomes thinner than a bulk film,
inducing the higher capacitance change. Another advantage of the triboelectric sponge

mentioned by the author is that the inner pores which do not directly contact with an
electrode also play a role in additional charge generation. For the humidity resistant,
voltage output of STNG showed higher electrical output performance than flat film
based TENG, because of the hydrophobicity originated from upward force generated by

Fig. 13. (a) Schematic illustration of a) substrate transfer from leaf to PDMS, b) SU-8 spin coated on a glass slide, c) UV flood exposure of SU-8, d) pre-setup of LSI, e) LSI process, f) the
free-standing LSI/Al foil peeled from SU-8 mold, and g) SAMs-coated water-TENG (lower-right: a digital photo of the final product). (b) Leaves from (a1) Bamboo (BB), (b1) Iris (IRS),
(c1) Northern Starburst (NSR), and (d1) Japanese Stewartia (SP). Their respective contact angle measurement (inset) and SEM images of original leaves are presented from (a2) to (d2),
respective SEM images of SU-8 shown from (a3) to (d3), and respective SEM images of LSI/Al listed from (a4) to (d4). (Scale bar: 80 µm). (c) Absolute voltage output comparison
among non-LSI-processed and different LSI-processed leaves (green and nonshaded) and corresponding devices with PFTS coated (blue and shaded) (d) Absolute short-circuit current
density comparison among non-LSI-processed and different LSI-processed leaves (green and nonshaded) and corresponding devices with PFTS coated (red and shaded) [134].
Reproduced with permission from Wiley (2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. (a) Schematic showing the preparation of dual-embossed-PDMS films. (b) FE-SEM image of dual-embossed-PDMS films. (c) Total output voltages and (d) current densities of a
flat TENG, 1 μm- and 2 µm-embossed-FTENGs and a dual embossed-FTENG. (e) Dependence of the peak voltage and peak current density on external load resistance under the
compressive force of 90 N. (f) Dependence of the instantaneous power output on external load resistance under the compressive force of 90 N [138]. Reproduced with permission from
Elsevier B.V (2016).
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the air inside the pores (Fig. 10).
Kim et al. reported a triboelectric sponge fabricated from a commercially available

cube sugar as a template, exhibiting superhydrophobicity [127]. The sponge structure
was fabricated via PDMS casting on sugar cube followed by sugar template removal.
Pore sizes of the sponge were controlled by using different sizes of sugar particles, 1500,
500, and 300 μm, respectively. The largest electrical outputs were exhibited from TENG
with pore size of 300 µm because the amounts of triboelectrically induced charges in-
creases with the contact surface area. Further, hydrophobicity of the films were ex-
amined by measuring water contact angle on its surfaces, and the sponge with 300 µm-
sized pore exhibited superhydrophobicity with approximately 151° of static water
contact angle originated from over-hang-like structure (re-entrant profile) on the surface
(Fig. 11).

Seol et al. prepared nature-replicated nano/micro structures through multi-replica
process with lotus leaves, rose petals, and cicada wings [133]. In nature, those surfaces
present superhydrophobic properties due to their nano-in-micro hierarchical bumps.
The authors integrated such unique features into TENGs. In particular, energy genera-
tion from TENGs with cicada wing replica films was enhanced 3 times relative to TENGs
with flat surface films. Furthermore, the lotus leaf replica showed efficient suppression
of the humidity presenting the lowest level of 85% from the original output perfor-
mance. The enhancements are attributed to the hierarchical morphologies in the bump
structures with high aspect ratios (Fig. 12).

Recently, Jin et al. demonstrated water-drop-energy-harvesting TENGs with 3D bio-
mimetic hierarchical metal surfaces fabricated by a laser-shock imprinting (LSI) method.
As described in the case of conventional TENGs based on the contact-separation mode, the
control of surfaces to be hydrophobic is the most critical factor since water droplets must
be removed to induce electron flows. The laser-shock imprinting process induces the
superplastic state of metal using short laser pulses so that the metal can deform con-
formably and fit to the surface of a nanoscale mold [134]. Various types of leaves, such as
bamboo and iris, with nano/microhierarchical surface morphologies were used to fabri-
cate molds for the LSI process. The biomimetic structures were replicated on the surface of
Al foils. In addition, Al surfaces with pristine water contact angle of 80° were treated with
fluorinated silane to produce hydrophobicity measured as 105° of the water contact angle
(Fig. 13).

Although such rough surfaces can be fabricated by the use of natural templates, the
sizes and shapes of surface structures transferred to the PDMS replicas are essentially
dependent of those of the natural templates. Therefore, such limits in the control of
microstructures stimulate the development of general and facile fabrication routes for
the preparation of TENGs with dual-size topologies at the nanoscale and microscale.
Along with such efforts in the fabrication of high-performance TENGs with humidity
resistance, LbL assemblies were used in the realization of hierarchical surface topolo-
gies. These LbL-assembled TENGs can significantly enhance the charge generation by
their high surface area while effectively obstructing the formation of water droplets.

4.2. Force-assembled triboelectric nanogenerators with hierarchical surface
morphology

Large-area production of TENGs with hydrophobic surfaces remains challenging.
The reproducibility of hierarchical micro and nanostructures and the mechanical dur-
ability of such structures are the most important concerns in the large-area fabrication of
TENGs. In this regard, the force-assembly method for colloidal monolayer fabrication
has advantages over conventional methods [136]. This method uses mechanical rubbing
of colloids between two rubbery materials, such as PDMS, for the preparation of hex-
agonally packed colloidal monolayers. In principle, the mechanical rubbing process can
be applied to any substrate size; a substrate of wafer size was demonstrated [137].
Various sizes of intaglio and embossed microstructures can be prepared over large areas
with high reproducibility.

On the basis of these features, force-assembled TENGs (FTENGs) were fabricated
and showed strong electrical performance, mechanical durability, and humidity re-
sistance [138]. Polystyrene (PS) colloids in dried powder form with a diameter of 1, 2, or
5 µm were used to form a hexagonally packed array on a PDMS substrate through a
mechanical rubbing process. The array was used as a first mold to replicate intaglio-
structured PDMS with micropores. The prepared intaglio-PDMS film was then used as
second mold to produce an embossed microstructured PDMS replica film. Moreover, an
additional layer of PS nanocolloids was introduced onto the hexagonally packed PS
microsize colloidal monolayer to impart a dual scale of roughness on the microscale and
nanoscale. In detail, a cationic poly(ethylene imine) (PEI) layer was deposited on a
force-assembled array of 2 μm PS colloids, resulting in a positively charged PEI-coated
microscale PS colloidal monolayer. Then, anionic PS colloids with 600 nm size were
adsorbed over the PEI-coated microsized PS colloidal monolayer via electrostatic self-
assembly. The resultant film contained a dual length scale of roughness arising from the
microscale and nanoscale PS colloids. Such colloidal films with dual roughness scales
can serve as templates for intaglio-PDMS films and can be further used to produce dual
embossed-PDMS films by a subsequent replication process (Fig. 14a).

The open-circuit voltage and current density of a dual-embossed-FTENG were 207 V
and 14.1 μA cm−2 under a compressive force of 90 N. The power density of dual-em-
bossed-FTENG was examined with external loads, and the instantaneous power density
reached a maximum of 5.42Wm−2 with 10MΩ external load resistance (Fig. 14c–f).

The dual-embossed PDMS films present superhydrophobic surface properties ori-
ginating from its unique hierarchical structures with dual length scales that consist of
nanosized protuberances on embossed microstructures. Static water contact angles of
flat, embossed, and dual-embossed PDMS films were increased from 106° to 125° to 136°
respectively (Fig. 15a). The dual-embossed FTENG exhibited humidity resistance. The
output voltage was 174 V at 80% RH, representing only 16% loss relative to the output
voltage at 20% RH. In contrast, the flat TENG lost 85% of the output voltage in the same
test. The dual-embossed PDMS films exhibited significant mechanical stability during

18,000 cycles of compressive loadings with 5 Hz frequency, attributed to the in-
corporated hierarchical structures at dual length scales (Fig. 15b).

In addition, analytical simulations were conducted with the COMSOL Multiphysics
package to investigate how the dual-sized morphology affects tribo-induced electric
potentials. Al top electrodes were assigned with triboelectric charge density
of ± 32.3 μC/m2 (Fig. 15a). In comparison of to the flat and the embossed morpholo-
gies, the dual-embossed morphology shows remarkable enhancement of triboelectric
potential, suggesting that much higher charge density can be generated when the sur-
face contains nanoscale and microscale hierarchical structures.

4.3. Electrostatic layer-by-layer assembly-induced triboelectric NGs with
high and stable electric output

LbL-assembled films associated with weak polyelectrolytes have capabilities for
manipulations of their nanoscale and microscale structures by control of molecular in-
teractions. Rubner et al. reported that LbL-assembled films consisting of weak poly-
electrolytes (PEs) could be reversibly transformed from smooth surface films to highly
porous films with a significant degree of roughness [37,139]. Poly(allylamine hydro-
chloride) (PAH) and poly(acrylic acid) (PAA) were used for demonstrations of such
transformation. The pore size and surface morphologies can be controllable to a great
degree depending on the film compositions, pH conditions, and salt concentrations.
Such versatile fabrication methods involving LbL-assembled films could be a potential
approach to realize superhydrophobic surfaces for improvements of TENG performance
in humid conditions (Fig. 16a).

The sizes and the morphology of pores in LbL-assembled films can be systematically
controlled by changing the PE solution concentration used in the LbL assembly process
[140]. It has been observed that the overall pore size decreases with decreasing PAA
solution concentration. Notably, unique morphologies with nanoscale pores embedded
in the microsized pores could be observed Fig. 16c. The evolution of such hierarchical
structures is attributed to the excessive amount of PAA chains within the film, which

Fig. 15. (a) Analytical (or color-coded) results showing triboelectric potential differ-
ences of flat, 1 μm-embossed and dual-embossed-PDMS films under the same compres-
sive force, as simulated using the COMSOL multiphysics software. In this case, dual
embossed-PDMS exhibited the largest potential differences. (b) Water contact angles on
flat-TENG, 1 µm and 2 μm-embossed and dual-embossed-PDMS films. (c) The output
voltages of flat TENG, 1 µm and 2 μm-embossed and dual-embossed-FTENGs as functions
of RH. In these cases, a 22 cycled compressive force of 90 N was used for the triboelectric
measurements. The respective data points were the average values obtained from 100
cycles. (d) The use of electrical energy generated by the dual-embossed-FTENGs to
operate 100 LEDs at 20% and 80% RH [138]. Reproduced with permission from Elsevier
B.V (2016). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

S. Lee et al. Nano Energy 56 (2019) 1–15

11



increases the degree of rearrangements and inhibits the formation of nanosized pores.
The porous LbL-assembled films were further used as molding templates for the fabri-
cations of PDMS films with nanoscale/microscale hierarchical surface structures. As
shown in Fig. 16d, a PDMS replica of [1.5mgmL−1 PAH/0.5 mgmL−1 PAA]20 films
presents hierarchical morphologies with a nano/microembossed structure with a static
water contact angle of 131° (Fig. 16e). The contact angle is increased over that of flat
PDMS due to development of Cassie state of wetting by the presence of trapped air at the
film-air interfaces. Therefore, it can be estimated that PDMS surfaces with such hy-
drophobicity can efficiently suppress water layer formation, potentially increasing the
electrical output of TENGs in humid conditions.

The electrical output of a TENG with a flat film and LbL-TENGs was measured under a
compressive force of 10–90N at a 5Hz frequency. The open-circuit voltage and short-
circuit current density of the flat TENG were 81 V and 8.9 μA cm−2, respectively, and
those of the LbL-TENG showed significant improvements of outputs of 242 V and 16.2 μA
cm−2, respectively. The increased electric outputs could be explained by the hierarchical
morphology with larger surface area and higher compressibility than that of flat PDMS
film. A compressible structure with a large surface area not only can induce more capa-
citance change but also results in larger electrostatic induction area [102]. Under humid
environments at 80% relative humidity, the LbL-TENGs retained their output perfor-
mances up to 80% with a Voc of 194 V and Isc of 12.6 μA cm−2, as expected from the
enhanced hydrophobicity, while the electric outputs of the flat TENGs showed a dramatic
decrease to 14 V and 8 μA cm−2, respectively, corresponding to only 18% of the initial
voltage value, due to dissipations of charges by water layer formation (Fig. 17a and b).

Furthermore, electrical outputs could be improved further by increasing the hy-
drophobicity of LbL-TENGs by treating the hierarchical PDMS surfaces with 1H, 1H, 2H,
2H-perfluorooctyltrichlorosilane (FOTS) [141,142]. Along with the high electron affi-
nity of fluorine, the low surface energy of FOTS can have advantages in terms of in-
creasing the hydrophobicity. In contrast to the untreated dual-sized PDMS film, the
water contact angle on the fluorinated PDMS surface was 147°, which is close to su-
perhydrophobic (Fig. 17d). After the formation of an SAM with FOTS on the LbL-in-
duced dual-sized PDMS film, the electric outputs of the LbL-TENGs, as measured by the
open-circuit voltage and short-circuit current density, were increased to 288 V and
17 μA cm−2, respectively. In addition, a power density of 18.5Wm−2 was measured by
applying an external load resistance from 103 to 109 Ω, with the fluorinated LbL-TENGs
(Fig. 17e). The electrical output performance of the fluorinated LbL-TENG in 80% RH
conditions was decreased by approximately only 16%, corresponding to an output
voltage of 242 V and a current density of 14.2 μA cm−2 (Fig. 17f).

5. Summary and perspective

This review summarized recent research trends for piezoelectric NGs and

triboelectric devices using LbL assembly approaches based on covalent bonding and
weak electrostatic interactions. The major advantages and characteristics of LbL as-
sembly for the preparation of energy-harvesting films were systematically investigated
from the viewpoints of the LbL-assembled components, adsorption mechanism, inter-
facial interactions, loading amount of electrically active components, surface mor-
phology control, and device performance improvement.

First, most solution-processable piezoelectric nanocomposite films reported to date
have been prepared using a simple blending process between perovskite-type ferro-
electric nanomaterials with bulky size (> 200 nm) and polymers, generally restricting
the development of ultrathin PENGs. On the other hand, the traditional electrostatic LbL
assembly performed in aqueous media is also inappropriate for the preparation of such
capacitor-type films with MIM structure because of the evolution of undesirable leakage
current by residual moisture in addition to the low loading number of inorganic NPs
occurring from electrostatic repulsion between same-charge NPs. As an alternative, it
has been demonstrated that oleic acid-stabilized BTO NPs with sizes of 8–13 nm can be
directly LbL-assembled with NH2- or COOH-functionalized polymers through a unique
ligand-addition mechanism in organic media. The piezoelectric performance of the
formed ultrathin nanocomposite films can be precisely and easily controlled by the bi-
layer number under external compressive force. Furthermore, considering that a variety
of perovskite-type ferroelectric NPs can be synthesized using various fatty acid ligands
including oleic acid in organic media, we envision that ultrathin piezoelectric NGs with
higher piezoelectric performance and additional integrated functionalities can be pre-
pared using the ligand-addition LbL assembly approach.

Furthermore, it has been demonstrated that electrostatic LbL assembly can be ef-
fectively applied to the fabrication of triboelectric PDMS films with hierarchical surface
morphology or dual-size surface structures. Subsequent PDMS replicas using (1) mul-
ticolloidal films (i.e., the anionic 0.6 μm-sized PS colloid/cationic polyelectrolyte/2 μm-
sized PS colloid/substrate) or (2) acid treatment-induced porous PAH/PAA multilayers
were used to generate triboelectric PDMS films with micro- and nanosized PDMS pro-
tuberances, which significantly increased the charge generation area and structure-in-
duced hydrophobicity. As a result, these TENG devices based on the dual-size structured
PDMS displayed much higher output voltage and current density than flat PDMS-based
TENG devices in various humidity conditions. LbL-assembled films have previously been
used as a mold for the preparation of PDMS replicas, the relatively new application of
LbL assembly to triboelectric metal electrodes with positive polarity can open up the
way for further increasing triboelectric performance due to the formation of larger
charge generation areas. To this end, more systematic studies must focus on the inter-
facial interactions between the triboelectric metal electrode and metal NPs.
Furthermore, if PDMS-based Al or Au electrodes with high flexibility and compressi-
bility can be developed using LbL assembly, then we suggest that the electrical per-
formance of TENGs can be significantly enhanced over that of various TENGs reported to
date.

Fig. 16. (a) Schematic for the preparation of triboelectric PDMS films with hierarchically embossed structures using porous PE-multilayered templates. (b) AGA-FTIR spectra of [PAH/
PAA]n multilayers as a function of the bilayer number. (c) AGA-FTIR spectra of pristine and acid-treated PAH/PAA multilayers during 15min. (d) Top-view FE-SEM images of porous
[PAH/PAA]20 multilayer templates prepared from four different solution concentrations of PAA (2, 1.5, 1.0, and 0.5mgmL−1). In this case, the solution concentration of PAH and the
pH value for the acid treatment were fixed at 1.5mgmL−1 and 2.1 mg mL-1, respectively (e) Top-view FE-SEM images of the embossed PDMS films replicated from the [PAH/PAA]20
templates with four different porosities. (e) Static contact angles of water drops on flat, [1.5mgmL−1 PAH/ 2.0mgmL−1 PAA]20, [1.5 mgmL−1 PAH/1.5mgmL−1 PAA]20,
[1.5 mgmL−1 PAH/1.0mgmL−1 PAA]20, [1.5mgmL−1 PAH/0.5mgmL−1 PAA]20 template-molded PDMS films. All the LbL-assembled multilayer templates were treated with a pH
2.1 aqueous solution [140]. Reproduced with permission from Elsevier B.V (2018).
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