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Room-Temperature Metallic Fusion-Induced Layer-by-Layer 
Assembly for Highly Flexible Electrode Applications

Yongkwon Song, Donghee Kim, Sungkun Kang, Younji Ko, Jongkuk Ko, June Huh, 
Yongmin Ko, Seung Woo Lee,* and Jinhan Cho*

To fabricate flexible electrodes, conventional silver (Ag) nanomaterials have 
been deposited onto flexible substrates, but the formed electrodes display 
limited electrical conductivity due to residual bulky organic ligands, and thus 
postsintering processes are required to improve the electrical conductivity. 
Herein, an entirely different approach is introduced to produce highly flexible 
electrodes with bulk metal–like electrical conductivity: the room-temperature 
metallic fusion of multilayered silver nanoparticles (NPs). Synthesized 
tetraoctylammonium thiosulfate (TOAS)-stabilized Ag NPs are deposited 
onto flexible substrates by layer-by-layer assembly involving a perfect ligand-
exchange reaction between bulky TOAS ligands and small tris(2-aminoethyl)
amine linkers. The introduced small linkers substantially reduce the sepa-
ration distance between neighboring Ag NPs. This shortened interparticle 
distance, combined with the low cohesive energy of Ag NPs, strongly induces 
metallic fusion between the close-packed Ag NPs at room temperature 
without additional treatments, resulting in a high electrical conductivity of 
≈1.60 × 105 S cm−1 (bulk Ag: ≈6.30 × 105 S cm−1). Furthermore, depositing the 
TOAS–Ag NPs onto cellulose papers through this approach can convert the 
insulating substrates into highly flexible and conductive papers that can be 
used as 3D current collectors for energy-storage devices.
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focused on solution-processable conduc-
tive nanomaterials that can significantly 
mitigate the impact of external mechanical 
stimuli by minimizing the contact area 
with the substrates.[8–10] In particular, silver 
(Ag) nanomaterials are considered as one 
of the most promising candidates for flex-
ible electrodes because of their superior 
electrical conductivity and low price com-
pared to other conductive metals, such as 
gold (Au) or platinum. In most cases, Ag 
nanomaterials, including nanoparticles 
(NPs) and high-aspect-ratio nanowires 
(NWs), stabilized by bulky organic ligands 
(e.g., oleic acid, trioctylamine, poly(acrylic 
acid) (PAA), or poly(vinyl pyrrolidone)) 
have mainly been used as the conductive 
components to prepare flexible electrodes 
using solution processes (i.e., Meyer rod 
coating, spin-coating, or printing).[11–24] 
However, these approaches generally 
impart the high contact resistance between 
Ag components due to the presence of 
residual bulky ligands or polymers bound 
to the metal surface. Thus, the conven-

tional solution processes require various subsequent sintering 
processes, such as thermal annealing (>200 °C), mechanical 
welding, chemical treatments by electrolyte (or sintering agent), 
plasma/microwave treatments (particularly, the microwave 
treatment onto Ag NP–coated films can generate an electric 
spark), to form a conductive Ag solid.[18–25] For an example, in 
the case of PAA-stabilized Ag NP inks, it should be noted that 
the thermal decomposition of PAA stabilizers occurs above 
200 °C. Therefore, the electrical conductivity of Ag ink-based 
film can be significantly increased after sufficient decompo-
sition or removal of bulky insulating PAA. Furthermore, the 
above-mentioned approaches based mainly on spin-coating or 
inkjet printing methods have limitations in accurately control-
ling the loading amount of metal components and applications 
depending on the mechanical, chemical, and/or thermal proper-
ties of substrates. More specifically, those methods cannot effec-
tively coat the interior surface of 3D porous substrates with Ag 
NPs due to the intrinsic restrictions of processes and the use of 
highly concentrated and viscous Ag NP solution.

A recent study using high-resolution transmission electron 
microscopy (HR-TEM) showed that Ag NPs stabilized with 
anionic citrate ion ligands in water could behave as soft matter 
that wetted the surface of gold nanorods without additional  

Energy-Storage Electrodes

1. Introduction

Next-generation wearable electronics with enhanced smart func-
tions, including optoelectronics, healthcare monitoring, and 
flexible energy-storage/conversion devices, have become an 
emerging field in recent years.[1–7] To meet the demands of this 
rapidly growing field, it is crucial to develop flexible electrodes 
that can exhibit and maintain high electrical conductivity under 
mechanical deformations. Therefore, many research efforts have 
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treatments at room temperature because of the low cohesive 
energy of Ag (2.95 eV per Ag atom; 3.81 eV per Au atom).[26] 
Additionally, the metallic bonding between Ag NPs with an 
interparticle separation distance of less than 5 Å has been 
reported.[27,28] Although the occurrence of such metallic wet-
ting and bonding of Ag NPs without additional treatments can 
contribute to the formation of conductive Ag solids, these phe-
nomena were mainly observed in the nanoscale region, and 
did not extend to the practical preparation of conductive films. 
On the other hand, the electrical conductivity of Ag NP–based 
films, which strongly depends on the interparticle distance 
in large scale, are affected by the presence of bulky ligands 
and the packing density of the Ag NPs. Thus, if the distance 
between neighboring Ag NPs can be controlled through inter-
facial engineering, it can induce the metallic fusion of Ag NPs 
at room temperature during the assembly process, substantially 
increasing the electrical conductivity without the need for any 
subsequent treatment.

Along with the preparation of conductive films, significant 
attention has been paid to flexible substrates that act as bases 
for conductive nanomaterials. Among the variety of flexible 
substrates, highly porous cellulose papers are considered prom-
ising substrates for next-generation flexible electrodes due to 
their large specific surface area, good mechanical properties, 
light weight, and low cost. Therefore, many studies have con-
centrated on coating paper substrates with conductive nanoma-
terials without disturbing their native superior properties.[29–35] 
For example, paper electrodes have been easily prepared by the 
incorporation of carbon nanotubes (CNTs), reduced graphene 
oxides, and/or Ag nanomaterials into papers using the soaking 
processes, the vaccum filtration, or the Meyer rod coating.[11,31–35] 
However, these solution processes also have limitations in con-
trolling the loading amount and uniformity of the conductive 
nanomaterials because of the highly porous structure of paper 
substrates. Furthermore, the unfavorable interfacial interaction 
between conductive nanomaterials and paper substrates results 
in the low packing density of conductive components and 
unstable mechanical properties, which are major obstacles to 
the formation of highly conductive and robust large-area paper 
electrodes.

Layer-by-layer (LbL) assembly using complementary interac-
tions enables the fabrication of multilayered nanocomposites 
with tailored thickness (or loading amount), composition, 
and functionalities under mild conditions irrespective of 
substrate size or shape.[36–50] Traditional electrostatic LbL 
assembly of electrodes often involves pairing charged poly-
mers (i.e., polyelectrolytes, PEs) with oppositely charged metal 
NPs (mainly citrate ion–stabilized metal NPs) in water.[47–49] 
However, the polymer linkers that bridge neighboring metal 
NPs increase the contact resistance between metal NPs, which 
results in the low electrical conductivity of the electrodes. 
Additionally, the long-range electrostatic interparticle repulsion 
limits the loading amount of charged metal NPs and increases 
the interparticle distance between adjacent metal NPs (packing 
density <30%), consequently increasing the contact resist-
ance.[2,49] Moreover, if charged metal NPs are deposited onto 
porous paper substrates using oppositely charged polymer 
linkers in water, the consecutive deposition of polymers can 
gradually block the substrate pores.[50]

Herein, we report the assembly of highly porous, flexible, 
and conductive Ag NP–coated paper electrodes using the room-
temperature metallic fusion, which can produce 3D current 
collectors for flexible/wearable energy-storage electrodes. This 
unique metallic fusion process involves the LbL assembly of the 
newly synthesized tetraoctylammonium thiosulfate (TOAS)-sta-
bilized Ag NPs (TOAS–Ag NPs) and the small-molecule linkers 
(tris(2-aminoethyl)amine (TAA, Mw ≈ 146) in organic media 
without electrostatic repulsion between NPs. These TOAS 
ligands can also be used to synthesize a variety of metal NPs 
such as Au and Cu NPs. During the LbL process, almost perfect 
ligand-exchange reaction between the bulky/insulating TOAS 
ligands loosely bound to the Ag NP surface and the small TAA 
molecules dramatically decreased the interparticle distance, 
which induced metallic fusion of the Ag NPs (Figure 1). The 
separation distance between TAA-coated Ag NPs computed 
by atomistic molecular dynamics (MD) simulations was ≈6 Å,  
which was slightly above the threshold distance (≈5 Å) for 
the formation of metallic bonding reported by other research 
groups.[27,28] The closely packed Ag NPs with minimized inter-
particle separation distance became mutually diffusive at room 
temperature without additional treatments. The obtained 
(TOAS–Ag NP/TAA)20 multilayers exhibited a bulk metal–like 
electrical conductivity of ≈1.60 × 105 S cm−1 (≈25.4% of bulk Ag 
conductivity ≈6.30 × 105 S cm−1), and when applying additional 
thermal treatment (160 °C), the electrical conductivity was 
enhanced up to 4.62 × 105 S cm−1 (67.6% of bulk Ag conduc-
tivity), outperforming the existing Ag NP–based films.

Although oleic acid (OA)-stabilized Ag NPs (OA–Ag NPs) 
can also be densely packed and LbL-assembled with TAA mole-
cules through the above-mentioned same ligand-exchange 
reaction, it should be noted that the resulting (OA–Ag NP/
TAA)n multilayers display an insulating property without the 
metallic fusion phenomena because of the remaining bulky OA 
ligands caused by the low degree of ligand-exchange reaction 
between OA ligands and TAA molecules during LbL assembly. 
Furthermore, the presence of bulky organics between vertically 
adjacent Ag NPs can explain why the high electrical conduc-
tivity is difficult to be achieved from the traditional LbL-assem-
bled (charge metal NP/oppositely charged polymer linker)n 
multilayers and the highly viscous Ag NP inks containing  
polymer stabilizers and/or binders as well as (OA–Ag NP/TAA)n 
films without additional treatments. On the other hand, our 
approach based on the small molecule linker-induced ligand-
exchange reaction allows a dramatic increase in electrical 
conductivity by providing the metallic fusion effects at room 
temperature (Figure 1; Figure S1, Supporting Information).

Based on this unique LbL assembly involving metallic 
fusion, we also demonstrate that the consecutive deposition 
of TOAS–Ag NPs onto cellulose papers can convert the insu-
lating substrates into porous metallic papers by uniformly 
coating over the entire surface area ranging from the interior 
to the exterior. Furthermore, the subsequent deposition of high-
energy pseudocapacitive OA-stabilized Fe3O4 NPs (OA–Fe3O4 
NPs) onto these metallic papers can produce flexible energy-
storage electrodes. These flexible electrodes maintained a high 
degree of mechanic flexibility similar to that of their pristine 
papers and exhibited high areal capacitances due to their highly 
porous structure. We believe that our approach can provide an 
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important basis for developing flexible electrodes in a variety 
of other energy applications, such as energy-storage/conver-
sion devices, sensors, actuators, and fuel cells, requiring a high 
electrical conductivity and large surface area.

2. Results and Discussion

To obtain the stable dispersion of Ag NPs needed to facilitate a 
perfect ligand-exchange reaction with organic linkers in organic 
media, we prepared TOAS–Ag NPs in toluene by the modi-
fied Brust–Schiffrin method.[51,52] When sodium thiosulfate 
(Na2S2O3) was added to a reaction mixture containing precursor 
silver ions (Ag+), dithiosulfatosilver(I) anions ([Ag(S2O3)2]3−) 
complexed with tetraoctylammonium (TOAS–Ag+) were 
formed in the toluene phase, as confirmed in 1H NMR spectra 
(Figure S2, Supporting Information),[53] and subsequent 
reduction by sodium borohydride (NaBH4) produced a highly 
stable TOAS–Ag NP dispersion in toluene (Figure 2a). The 
synthesized TOAS–Ag NPs showed a uniform size of ≈8.3 nm 
in diameter with a well-defined crystal structure (Figure 2b; 
Figure S3a–c, Supporting Information). Additionally, the TOAS–
Ag NPs maintained a good dispersion in toluene without aggre-
gation even after one month, representing their high colloidal 
stability (Figure S3d, Supporting Information). Considering that 
the Ag NPs stabilized with conventional tetraoctylammonium 
bromide (TOABr) ligands exhibit unsatisfactory long-term sta-
bility (a few hours),[54] the enhanced stability of TOAS–Ag NPs 
is due to the presence of thiosulfate counter anions, which 

interact more strongly with the metal NP surface than bromide 
anions.[52] We also confirmed that these TOAS ligands can 
be employed to synthesize other metal NPs such as gold and 
copper (Cu) NPs (Figure S4, Supporting Information).

The synthesized TOAS–Ag NPs were LbL-assembled with 
TAA molecules by the perfect ligand-exchange reaction between 
the TOAS ligands loosely bound to the Ag NP surface and the 
NH2 groups of the TAA molecules. This ligand-exchange reaction 
was examined as a function of bilayer number (n) using Fourier 
transform infrared (FTIR) spectroscopy (Figure 2c; Figure S5, 
Supporting Information). Specifically, the absorption peaks cor-
responding to C–H stretching (≈2850–2950 cm−1) of the TOAS 
alkyl chains appeared after submerging the poly(ethylenimine) 
(PEI)-coated substrate into a toluene solution of dispersed 
TOAS–Ag NPs, which was consistent with the deposition of 
the TOAS–Ag NP layer (n = 0.5). These characteristic peaks of 
the TOAS ligands disappeared completely after submerging the 
TOAS–Ag NP layer-coated substrate into an ethanol solution of 
dissolved TAA (n = 1), indicating that the TOAS ligands attached 
to the Ag NP surface were eliminated entirely. Considering 
that the NH2 groups of TAA molecules, with their lone pair of 
electrons, have a higher affinity for the metal surface than the 
ammonium groups of TOAS ligands, these observations in the 
FTIR spectra imply that TAA mole cules are directly adsorbed 
onto the Ag NP surface through the perfect ligand-exchange 
reaction with TOAS ligands. This trend recurred with increasing 
bilayer number and represented the successful LbL assembly 
of (TOAS–Ag NP/TAA)n multilayers. As a result, the organic 
linker bridging adjacent Ag NPs consisted of only one small 
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Figure 1. Schematic illustration of the formation of (TOAS–Ag NP/TAA)n multilayers on paper by room-temperature metallic fusion during perfect 
ligand-exchange LbL assembly.
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TAA molecule (Mw ≈ 146), which significantly decreased the dis-
tance between neighboring Ag NPs and consequently induced 
the metallic fusion of Ag NPs with minimized interparticle dis-
tance. We also monitored the optical properties of LbL-assem-
bled (TOAS–Ag NP/TAA)n multilayers with increasing bilayer 
number by UV–vis spectroscopy (Figure 2d). The characteristic 
surface plasmon peak of TOAS–Ag NPs dispersed in toluene  
(at 418 nm, red dashed line in Figure 2d) completely disap-
peared after the deposition of two bilayers, which shows 
an absorbance behavior similar to that of Ag-sputtered film 
(Figure S6, Supporting Information). These results suggest that 
the interparticle distance of adjacent Ag NPs decreases remark-
ably in both the lateral and vertical directions.

Building on these results, we further investigated the sur-
face morphology of LbL-assembled (TOAS–Ag NP/TAA)n 
multilayers with increasing bilayer number and TOAS–Ag NP 
deposition time by field-emission scanning electron micros-
copy (FE-SEM; Figure 3a). Interestingly, larger Ag particles, 
created by fusing small TOAS–Ag NPs into large Ag particles, 
were observed as the bilayer number increased. This phenom-
enon is similar to Ostwald ripening, in which small particles 
are incorporated into larger particles.[25] Longer deposition 
times for the TOAS–Ag NP layer also resulted in the slight 
growth of the Ag NPs, but this effect was not as pronounced 
as for the bilayer number. With the formation of three bilayers 

(i.e., (TOAS–Ag NP/TAA)3 multilayers), the fused Ag particles 
with a few hundred nanometers in size started to interconnect, 
and individual nonfused TOAS–Ag NPs were hardly detected 
by FE-SEM. When the bilayer number increased from 5 to 20, 
the total film thickness increased substantially from ≈83 to 
465 nm (Figure 3b,c; Figure S7, Supporting Information). The 
average bilayer thickness of the (TOAS–Ag NP/TAA)20 multi-
layers was 23.3 nm, which exceeded the diameter of the TOAS–
Ag NPs (8.3 nm). This difference is caused by the metallic 
fusion of densely packed Ag NPs within (TOAS–Ag NP/TAA)n 
multilayers, which allows the bilayer to be thicker than the ini-
tial size of the TOAS–Ag NPs, but in a controlled manner, as 
shown in Figure 3c. In contrast, for (inorganic NP/polymer)n 
multilayers fabricated by traditional electrostatic LbL assembly 
in water, the average bilayer thickness did not reach the diam-
eter of the NPs because of the insufficient deposition of NPs 
due to the long-range electrostatic repulsion between the 
same charged NPs.[49] Here, it should be noted that the fused 
structure of the (TOAS–Ag NP/TAA)n multilayers is obtained 
by the perfect ligand-exchange reaction between the bulky 
TOAS ligands and the small TAA linkers, which can mini-
mize the interparticle separation distance between neighboring  
Ag NPs.

To confirm our hypothesized mechanism, we prepared OA–
Ag NPs ≈6.5 nm in diameter in toluene (Figure 4a), and then, 
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Figure 2. a) Synthetic process of TOAS–Ag NPs dispersed in toluene. b) HR-TEM images of TOAS–Ag NPs. The inset shows that the TOAS–Ag NPs 
have a well-defined crystal structure with a lattice spacing (d) of 2.36 Å. c) FTIR spectra and schematic representation of LbL-assembled (TOAS–Ag 
NP/TAA)n multilayers as a function of bilayer number (n), exhibiting the perfect ligand-exchange reaction. d) UV–vis absorbance spectra of (TOAS–Ag 
NP/TAA)n multilayers on a quartz substrate as a function of bilayer number. UV–vis absorbance spectra of TOAS–Ag NPs in toluene (red dashed line, 
arbitrary unit) are also shown for comparison. The inset displays the reflective property of the (TOAS–Ag NP/TAA)7 multilayer-coated quartz substrate.
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Figure 3. a) Planar FE-SEM images of (TOAS–Ag NP/TAA)n multilayers as a function of bilayer number and TOAS–Ag NP deposition time. b) Tilted 
(main image), planar (top right inset), and cross-sectional (top left inset) FE-SEM images of the (TOAS–Ag NP/TAA)20 multilayers. c) Film thickness 
of the (TOAS–Ag NP/TAA)n multilayers as a function of bilayer number (n = 5, 10, 15, and 20).
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these NPs were LbL-assembled with TAA molecules by a ligand-
exchange reaction using the same experimental conditions as 
those used in the formation of (TOAS–Ag NP/TAA)n multilayers. 
As shown in the FTIR spectra (Figure 4b; Figure S5, Supporting 
Information), the C–H stretching peaks (≈2850–2950 cm−1) 
derived from the long alkyl chains of the OA ligands were still 
present, although the outermost OA–Ag NP layer-coated sub-
strate was sufficiently submerged into an ethanol solution of 
TAA for 3 h. This phenomenon considerably conflicts with the 
previous disappearance of the absorbance peaks of the TOAS 
ligands within 20 min. Consequently, the degree of ligand-
exchange reaction was estimated to be ≈68.5% based on the 
area of the absorbance peaks. Additionally, the UV–vis absorb-
ance spectra of the (OA–Ag NP/TAA)n multilayers exhibited an 
evident surface plasmon peak at 500 nm with a slight redshift 
despite the increase in bilayer number (Figure 4c). These obser-
vations imply that the separation distance between adjacent 
Ag NPs is almost constant, but not close, due to the residual 
OA ligands. Therefore, the (OA–Ag NP/TAA)20 multilayers 

preserved the pristine size and shape of the OA–Ag NPs 
without any merged structure, as shown in the FE-SEM images 
(Figure 4d), which is in stark contrast with the (TOAS–Ag NP/
TAA)20 multilayers. These results strongly support that the sepa-
ration distance between neighboring Ag NPs is significantly 
influenced by the degree of ligand-exchange reaction, which 
operates as a critical factor for controlling the structural and 
optical properties of LbL-assembled nanocomposites.

The separation distance between adjacent TAA-coated Ag 
NPs in the (TOAS–Ag NP/TAA)n multilayers was calculated 
using atomistic MD simulations. When the ratio of the surface 
area of the Ag NPs to that covered by TAA molecules (STAA/SAg) 
was assumed to be around unity, the separation distance was 
estimated to be ≈6 Å (Figure 5a), slightly exceeding the reported 
threshold distance (≈5 Å) for the metallic fusion of Ag NPs.[27,28] 
This minimized interparticle distance between neighboring Ag 
NPs with low cohesive energy (2.95 eV per atom) facilitates 
mutual atom diffusion within the assembled TOAS–Ag NPs 
(more specifically, Ag NPs separated by one TAA molecule). In 
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Figure 4. a) HR-TEM images of OA–Ag NPs with a lattice spacing of 2.36 Å. b) Time-dependent FTIR spectra of the partial ligand-exchange reaction 
during the deposition of TAA onto the OA–Ag NP layer-coated substrate. c) UV–vis absorbance spectra of (OA–Ag NP/TAA)n multilayers on a quartz 
substrate with increasing bilayer number. The red dashed line shows the UV–vis absorbance spectra of OA–Ag NPs dispersed in toluene (arbitrary 
unit) and the inset exhibits the absorbance of (OA–Ag NP/TAA)n multilayers at 500 nm as a function of bilayer number. d) Planar FE-SEM images of 
the (OA–Ag NP/TAA)20 multilayers.
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turn, the metallic fusion of multilayered Ag NPs can be readily 
triggered by small perturbations, such as the fluctuation-
induced transient exposure of the bare Ag NP surface, even at 
room temperature. Additionally, the room-temperature metallic 
fusion is predicted to significantly decrease the contact resist-
ance between Ag components by increasing the contact points 
in the Ag NP arrays. The sheet resistance of the (TOAS–Ag NP/
TAA)n multilayers dramatically decreased from >108 to 1 Ω sq−1 
(electrical conductivity ≈1.23 × 105 S cm−1) when the bilayer 
number was increased from 2 to 5 (Figure 5b). This remark-
able change in the electrical conductivity obtained from room 
temperature process can also be predicted from the surface 
morphology of the (TOAS–Ag NP/TAA)n multilayers, as shown 
in Figure 3a. When the bilayer number was increased from 2 
to 3 (see the FE-SEM images referred to as “Ag NP 60 min”), 
the fused Ag NPs were clearly interconnected. Therefore, three 
bilayers (n = 3) could be considered the onset point (i.e., per-
colation threshold) for the formation of conductive networks 

in the (TOAS–Ag NP/TAA)n multilayers. The (TOAS–Ag 
NP/TAA)20 multilayers with highly interconnected structures 
exhibited an extremely low sheet resistance (0.14 Ω sq−1) and a 
high electrical conductivity (1.60 × 105 S cm−1). Furthermore, it 
should be noted that an additional heat treatment can improve 
the electrical conductivity of (TOAS–Ag NP/TAA)20 multilayers 
up to 4.26 × 105 S cm−1 at an annealing temperature of 160 °C, 
which is superior to previously reported Ag NP–based films 
(Figure S8 and Table S1, Supporting Information). On the other 
hand, (OA–Ag NP/TAA)20 multilayers without merged struc-
tures exhibited an electrically insulating property (>108 Ω sq−1), 
suggesting that the long alkyl chains of the remaining OA 
ligands seriously limited electron transfer between adjacent 
OA–Ag NPs.

We also confirmed that the electron-transfer mechanism 
of the (TOAS–Ag NP/TAA)20 multilayers followed the tem-
perature-dependent electrical conductivity equation used to 
describe the metallic conduction behavior (i.e., ΔR/R0 = αΔT, 

Adv. Funct. Mater. 2019, 29, 1806584

Figure 5. a) Atomistic MD-computed minimal distance between Ag atomic surfaces separated by TAA molecules as a function of surface coverage 
ratio (STAA/SAg), where STAA and SAg are the surface area covered by TAA molecules and the surface area of the Ag atomic layers, respectively. The blue 
dashed line represents the Ag–Ag distance in the bulk lattice (≈2.89 Å). The inset shows the simulated molecular structure of TAA molecules between 
the Ag atomic surfaces at STAA/SAg = 0.76. b) Sheet resistance and electrical conductivity of (TOAS–Ag NP/TAA)n multilayers on Si wafers as a function 
of bilayer number. c) Change in the resistance (R(T)/R(0)) of the (TOAS–Ag NP/TAA)20 multilayers on a Si wafer as the temperature is decreased from 
300 to 2 K. d) Change in the electrical conductivity (σ/σ0) of the (TOAS–Ag NP/TAA)10 multilayer-coated PET substrate as a function of bending cycles 
(curvature radius: 1 mm), where σ0 is the electrical conductivity at the initial state.
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where R and α are the resistance (Ω) and the temperature coef-
ficient, respectively) instead of tunneling (or hopping) conduc-
tion behavior (i.e., the equation for semiconducting kinetics is 
σ = σ0 exp(−A/T(1/d+1)) for a variable-range tunneling (d = 1) or 
hopping (d = 3) mechanism, where σ is the conductivity, T is the 
absolute temperature (K), A is a constant, and d is the dimen-
sionality; Figure 5c; Figure S9, Supporting Information).[2] 
More specifically, with decreasing the temperature from 300 to 
2 K, the electrical resistivity of the (TOAS–Ag NP/TAA)20 multi-
layers gradually decreased, whereas their electrical conductivity 
increased, indicating typical metallic behavior. The (TOAS–Ag 
NP/TAA)20 multilayers exhibited a positive temperature coeffi-
cient of 1.7 × 10−3 K−1, calculated by the equation for metallic 
conduction behavior. To evaluate the mechanical stability of 
the LbL-assembled multilayers, we deposited (TOAS–Ag NP/
TAA)10 multilayers onto poly(ethylene terephthalate) (PET) sub-
strates and investigated their electrical conductivity under repet-
itive mechanical stress (or strain). Even under high mechanical 
stimulus during repeated bending cycles and curvature tests, 
the prepared flexible electrodes consistently maintained a 
high electrical conductivity (Figure 5d; Figure S10, Supporting 
Information). They retained 96.0% of their initial electrical 
conductivity (σ0 ≈ 1.30 × 105 S cm−1) after 10 000 bending 
cycles. These results imply that the (TOAS–Ag NP/TAA)n mul-
tilayers can effectively offset the impact of external mechanical 
stimuli, making them promising flexible electrodes.

Based on these results, we prepared highly porous Ag NP–
coated papers that can be used as 3D current collectors with 
large surface areas. To this end, (TOAS–Ag NP/TAA)n multi-
layers were deposited onto cellulose papers (Korean Hanji), 
successfully converting the insulating substrates to metallic 
conductive papers (MCPs). FE-SEM and energy dispersive 
X-ray spectroscopy (EDX) images of the (TOAS–Ag NP/TAA)30 
multilayer-coated paper showed that the entire surface area 
of the paper, ranging from the interior to the exterior, was 
uniformly and densely coated by Ag NPs without notably 
changing its native porous structure (Figure 6a). More impor-
tantly, the 104 µm thick MCP exhibited an extremely low sheet 
resistance of 0.31 Ω sq−1 and a high electrical conductivity 
of 308 S cm−1, despite a relatively low density of 0.41 g cm−3 
(for comparison, the density of pristine paper is 0.29 g cm−3) 
(Figure 6b). Additionally, our approach, metallic fusion LbL 
assembly, can be applied to various types of substrates irre-
spective of shape or size. For example, depositing (TOAS–
Ag NP/TAA)n multilayers onto Kirigami-structured paper 
produced a conductor that could be mechanically increased 
up to 250% without a decrease in the electrical conductivity 
(Figure 6c). Large-area Ag NP–coated paper (15 cm × 15 cm) 
was also prepared and maintained its electrical conductivity 
even after repeated exposure to mechanical stimuli, such 
as crumpling and unfolding (Figure 6d). Moreover, flexible 
electrodes based on various substrates, including cellulose 
paper, polyester textile, cotton textile, and cotton thread, were 
fabricated by depositing (TOAS–Ag NP/TAA)n multilayers 
and displayed metallic conductive behavior (Figure S11,  
Supporting Information).

The prepared MCPs (i.e., (TOAS–Ag NP/TAA)30 multi-
layer-coated papers) were utilized as 3D current collectors for 
flexible energy-storage electrodes. To produce a model system, 

the high-energy pseudocapacitive OA–Fe3O4 NPs were succes-
sively deposited with TAA molecules on the MCPs through 
a partial ligand-exchange reaction, which resulted from the 
higher affinity of the TAA molecules for the Fe3O4 NP surface 
compared to the OA ligands (Figure S12, Supporting Informa-
tion). In this case, TAA molecules directly bridged the cellulose 
fiber/Ag NP/Fe3O4 NP interfaces and enabled the fabrication 
of highly integrated flexible energy-storage electrodes without 
blocking the porous structure of the MCPs (Figure S13, Sup-
porting Information). The mass loading of (OA–Fe3O4 NP/
TAA)m multilayers on the MCPs increased linearly with bilayer 
number (m) and was ≈25 times higher than that of (OA–Fe3O4 
NP/TAA)m multilayers on nonporous Ag substrates (Ag foils) 
(Figure 7a). These observations suggest that the areal capacity 
of energy-storage electrodes can be greatly enhanced by using 
porous MCPs and controlled by tuning the layer number of 
high-energy pseudocapacitive OA–Fe3O4 NPs.

The charge-storage performance of (OA–Fe3O4 NP/TAA)m 
multilayer-coated MCP electrodes (Fe3O4-MCP electrodes) 
was investigated in a three-electrode cell configuration using 
0.5 m Na2SO3 as an electrolyte. Cyclic voltammetry (CV) meas-
urements of the Fe3O4-MCP electrodes were conducted at a 
scan rate of 5 mV s−1 (Figure S14a, Supporting Information), 
and their corresponding areal and specific capacitances were 
evaluated as a function of the OA–Fe3O4 NP mass loading 
(Figure 7b). The asymmetric CV curves exhibited the character-
istic redox peaks of Fe3O4 NPs (i.e., the redox reaction of sulfur 
in the form of sulfate and sulfite anions on the surface of the 
Fe3O4 NPs and the redox reaction between Fe(II) and Fe(III) in 
the electrolyte solution),[55] and the current density and areal 
capacitance gradually improved with increasing mass loading 
or bilayer number. The areal capacitance of the Fe3O4-MCP  
electrodes increased from 102 to 212 mF cm−2 when the 
OA–Fe3O4 NP mass loading was increased from 0.40 to 
0.80 mg cm−2. However, as mentioned above, the OA–Fe3O4 NP 
mass loading and the areal capacitance in our system can be 
further scaled by increasing the bilayer number, although the 
specific capacitance will gradually decrease due to the increased 
internal resistance of the electrodes (Figure S14b, Supporting 
Information).

We also assessed the impact of the porous substrate on the 
areal capacitances by comparing Fe3O4-MCP electrodes and 
(OA–Fe3O4 NP/TAA)m multilayer-coated Ag foil electrodes 
(Fe3O4-nonporous Ag electrodes). As shown in Figure 7c, the 
current response of the Fe3O4-MCP electrode was remark-
ably higher than that of the Fe3O4-nonporous Ag electrode at 
the same bilayer number (m = 20). Corresponding to the cur-
rent response, the Fe3O4-MCP electrode displayed a high areal 
capacitance of 212 mF cm−2 at a scan rate of 5 mV s−1, in stark 
contrast to the value obtained for the Fe3O4-nonporous Ag elec-
trode (20 mF cm−2). At other bilayer numbers (m = 10 and 15; 
Figure S14c, Supporting Information), the areal capacitance 
displayed similar trends. In addition, the Fe3O4-MCP electrodes 
with a mass loading of 0.88 mg cm−2 exhibited good pseudoca-
pacitive behavior in the CV curves for scan rates ranging from 5 
to 200 mV s−1 (Figure S14d, Supporting Information) and in the 
galvanostatic charge/discharge (GCD) curves for current den-
sities ranging from 1 to 5 mA cm−2 (Figure S14e, Supporting 
Information). This superior electrochemical performance 
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mainly originates from the large surface area of the highly 
porous electrodes, which is closely related to the OA–Fe3O4 NP 
mass loading. The Fe3O4-MCP electrodes with a mass loading 
of 0.88 mg cm−2 maintained 96.7% of their initial capacitance 
after 5000 CV cycles at a scan rate of 100 mV s−1 (Figure 7d), 
which indicates stable adsorption of the NPs.

3. Conclusion

We demonstrated that highly flexible paper with metal-like 
electrical conductivity can be prepared by the room-temper-
ature metallic fusion of LbL-assembled Ag NPs. Specifically, 
the loosely bound, bulky TOAS ligands on the Ag NP surface 

Figure 6. a) Planar, tilted, and cross-sectional FE-SEM images and EDX images of (TOAS–Ag NP/TAA)30 multilayers on cellulose paper. b) Sheet resist-
ance and electrical conductivity of the (TOAS–Ag NP/TAA)n multilayer-coated papers (104 µm thickness) as a function of bilayer number. The inset 
shows a photograph of the (TOAS–Ag NP/TAA)30 multilayer-coated paper. c) Photographic images of stretchable (TOAS–Ag NP/TAA)30 multilayer-
coated paper with a Kirigami structure under various strain conditions. d) Photographic images of large-area Ag NP–coated paper (15 cm × 15 cm). 
The red LED remained on even after repetitive crumpling and unfolding.
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underwent a nearly perfect ligand-exchange reaction with 
NH2-functionalized small TAA molecules during the LbL pro-
cess, which substantially decreased the interparticle distance 
between Ag NPs to ≈6 Å. This decreased distance induced the 
metallic fusion of the multilayered Ag NPs at room tempera-
ture without additional treatments. The resultant (TOAS–Ag 
NP/TAA)20 multilayers achieved a remarkably high electrical 
conductivity of 1.60 × 105 S cm−1 and a low sheet resistance of 
0.14 Ω sq−1. Our approach can be widely applied to various sub-
strates, including cellulose papers, polyesters, and cottons, irre-
spective of substrate size or shape. Furthermore, we confirmed 
that our highly porous MCPs with large surface areas can be 
used as conductive reservoirs for high-performance energy-
storage electrodes. In particular, (OA–Fe3O4 NP/TAA)20 multi-
layer-coated MCP electrodes exhibited a high areal capacitance 
of 212 mF cm−2 (241 F g−1) at a scan rate of 5 mV s−1, which 
was ten times higher than that of their nonporous equivalent. 
We believe that our novel metallic fusion–based strategy can be 

an important and facile tool for preparing various conductive 
and soft electrodes for energy-storage applications.

4. Experimental Section
Materials: All chemical reagents for experiments were purchased from 

Sigma−Aldrich and used without further purifications. Organic solvents, 
including toluene and ethanol, were purchased from Daejung Chemicals 
& Metals Co., Ltd. (Republic of Korea).

Synthesis of TOAS–Ag NPs: Tetraoctylammonium thiosulfate-stabilized 
Ag NPs in toluene were prepared by the modified Brust–Schiffrin 
method.[51,52] In brief, 0.9 mmol of silver nitrate (AgNO3) in deionized 
water (24 mL) and 2.25 mmol of tetraoctylammonium bromide in 
toluene (24 mL) were added to a reaction flask and stirred for 10 min 
at room temperature before 3.6 mmol of sodium thiosulfate was added. 
The addition of Na2S2O3 caused the cloudy mixture solution to be clear. 
After 10 min, the transparent toluene phase containing silver precursor 
ions (Ag+) was transferred to another reaction flask. Next, 1.35 mmol 
of sodium borohydride, a reducing agent, in deionized water (24 mL) 

Figure 7. a) Mass loading of (OA–Fe3O4 NP/TAA)m multilayers on porous paper substrates (MCPs) and nonporous Ag substrates (Ag foils) as a 
function of bilayer number (m). b) Areal and specific capacitances of Fe3O4-MCP electrodes as a function of OA–Fe3O4 NP mass loading. A mass 
loading increases from 0.40 to 0.88 mg cm−2, which corresponds to the increase of bilayer number from 10 to 20. c) Cyclic voltammograms of the 
Fe3O4-MCP electrode and Fe3O4-nonporous Ag electrode for the same bilayer number (m = 20) at a scan rate of 5 mV s−1. d) Cycling retention test of the  
Fe3O4-MCP electrode with a mass loading of 0.88 mg cm−2 at a scan rate of 100 mV s−1.
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was added to the toluene solution. As soon as the reducing agent was 
added, the color of the mixture solution became deep brown, indicating 
the formation of Ag NPs. The mixture solution was vigorously stirred for 
10 min. After that, the deep brown–colored toluene phase was isolated 
from the mixture solution and successively washed with deionized water, 
HCl (10 mmol L−1), and NaOH (10 mmol L−1) several times using a 
separating funnel. The larger TOAS–Ag NPs in size were removed by 
centrifugation (8000 rpm, 10 min, 20 °C), and finally the TOAS–Ag NPs 
with ≈8.3 nm in diameter were obtained.

Synthesis of OA–Ag NPs: OA-stabilized Ag NPs in toluene were 
synthesized as previously reported by Lin et al.[56] Silver trifluoroacetate 
(1.8 mmol), oleic acid (11.0 mmol), and isoamyl ether (30 mL) were 
mixed in a three-neck flask under an argon atmosphere. The reaction 
mixture was heated to 160 °C at a rate of 1.5 °C min−1 and magnetically 
stirred at this temperature for 30 min. During the reaction, the mixture 
solution gradually turned dark brown, which indicated the formation 
of highly concentrated NPs. After the completion of the reaction, the 
mixture was cooled to room temperature and centrifuged (5000 rpm, 
10 min, 20 °C) with excess ethanol to remove residual impurities, and 
the resulting OA–Ag NP powder was dispersed in toluene.

Synthesis of OA–Fe3O4 NPs: OA-stabilized Fe3O4 NPs in toluene were 
prepared as previously reported by Sun et al.[57] Iron(III) acetylacetonate 
(2 mmol), 1,2-hexadecanediol (10 mmol), oleic acid (5 mmol), 
oleylamine (6 mmol), and benzyl ether (20 mL) were mixed in a three-
neck flask and magnetically stirred under a flow of nitrogen. The reaction 
mixture was heated at 200 °C for 2 h and then heated at 300 °C for 1 h 
for refluxing. After that, the black-colored mixture was cooled to room 
temperature and centrifuged (8000 rpm, 10 min, 20 °C) with excess 
ethanol to eliminate remaining impurities. The black precipitates 
separated by centrifugations were dissolved in toluene, which contained 
oleic acid (0.05 mL) and oleylamine (0.05 mL). Any aggregation of NPs 
was removed by additional centrifugation (6000 rpm, 10 min, 20 °C), 
and the OA–Fe3O4 NPs in toluene were produced.

Assembly of (Organic Ligand-Stabilized NP/TAA)n Multilayers: Si wafer, 
quartz glass, PET, and gold-sputtered Si wafer (for FTIR analysis) substrates 
were irradiated with UV light (λ ≈ 350 nm) for 10 min before the multilayers 
were deposited. Commercial cellulose paper (Korean Hanji), polyester, 
and cotton substrates with a lot of hydrophilic groups were used without 
UV irradiation or chemical treatments. These substrates were dipped 
into a 1 mg mL−1 of poly(ethylenimine) (branched, Mw ≈ 800) in ethanol 
for 30 min, washed twice with pure ethanol, and dried under a gentle air 
stream. The PEI-coated substrates were dipped into a toluene solution of 
NPs (10 mg mL−1) for 60 min, washed with pure toluene, and thoroughly 
dried with the air stream. Subsequently, the substrates were dipped into an 
ethanol solution of TAA (1 mg mL−1) for 20 min. These dipping cycles were 
repeated until the desired bilayer number was obtained.

Characterization: The structure and crystallinity of NPs were 
investigated by HR-TEM (Tecnai 20, FEI). X-ray diffraction (XRD) pattern 
was obtained using XRD-2500/PC (Rigaku) with Cu Kα radiation (40 kV, 
150 mA). The surface morphology, film thickness, and EDX of multilayers 
on substrates were examined by FE-SEM (S-4800, HITACHI). Vibrational 
spectra of multilayers on gold-sputtered Si wafers were measured by FTIR 
spectroscopy (CARY 600, Agilent Technologies) in the specular mode at 
room temperature. The acquired raw data were plotted after baseline 
corrections, and the final spectra were smoothed using spectrum 
analyzing software (OMNIC 9, Thermo Scientific). UV–vis absorbance 
spectra of multilayers on quartz glasses were recorded using Lambda 35 
(Perkin Elmer) across a wavelength ranging from 200 to 800 nm. Sheet 
resistance was examined by the four-probe method using Loresta-GP 
MCP-T610 (Mitsubishi Chemical Analytech) and electrical conductivity 
was calculated from the sheet resistance and the film thickness evaluated 
by cross-sectional FE-SEM images. Temperature-dependent electrical 
conductivity was measured using physical property measurement system 
(PPMS-9, Quantum Design) over a temperature range from 2 to 300 K.

Atomistic MD Simulations: All atomistic MD simulations were 
performed for a model system consisting of TAA molecules sandwiched 
between Ag atomic surfaces. The initial molecular geometries were 
prepared by placing TAA molecules between Ag slabs built with a 

face-centered cubic stacking arrangement. The face consisted of a 5 × 7 
supercell. For this system, isothermal-isobaric system (NPT)-ensemble 
MD simulations were carried out at 298 K and 1 bar using the COMPASS 
force field[58] (COMPASS II) implemented in the Forcite module of 
Materials Studio package (BIOVIA). Temperature and pressure were 
kept constant using the Nose–Hoover–Langevin thermostat[59] and 
Parrinello–Rahman barostat,[60] respectively. For all NPT MD runs, the 
electrostatic potential energy was calculated by the Ewald summation 
method with an accuracy of 0.1 kcal mol−1 and a buffer width of 0.5 Å, 
and the van der Waals potential energy was evaluated by the atom-based 
technique with a cutoff distance of 12.5 Å and a spline width of 1 Å. The 
MD system was equilibrated for 5 ns with a time step of 1 fs.

Electrochemical Measurements: The electrochemical tests of all 
electrodes were performed using an Ivium-n-Stat instrument (Ivium 
Technologies). Individual electrodes were characterized in a three-electrode 
cell configuration using aqueous Na2SO3 (0.5 m) as an electrolyte. An Ag/
AgCl electrode saturated by NaCl (3 m) and a platinum wire were used 
as the reference and counter electrodes, respectively. The active area of 
working electrodes was fixed at 2 cm2. CV and GCD measurements 
were carried out with potentials ranging from −1 to 0 V. Electrochemical 
impedance spectroscopy (EIS) measurements were performed in a 
frequency ranging from 100 kHz to 0.1 Hz with a perturbation amplitude 
of 0.01 V. The electrochemical capacitance (C), including areal and specific 
capacitances, was evaluated from CV curves using Equation (1)

d

2
C

i V V

v VS
∫ ( )

= ∆  (1)

where i, v, and ΔV are the current, scan rate (mV s−1), and operating 
voltage window, respectively. The variable (S) corresponds to the active 
area of working electrodes in areal capacitance, or the mass of active 
materials in specific capacitance.
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