
Kang et al. Nano Convergence             (2022) 9:1  
https://doi.org/10.1186/s40580-021-00295-2

FULL PAPER

Electroplated core–shell nanowire 
network electrodes for highly efficient organic 
light-emitting diodes
Hyungseok Kang1†, Joo Sung Kim3, Seok‑Ryul Choi2, Young‑Hoon Kim3, Do Hwan Kim4, Jung‑Gu Kim2, 
Tae‑Woo Lee3,5* and Jeong Ho Cho6* 

Abstract 

In this study, we performed metal (Ag, Ni, Cu, or Pd) electroplating of core–shell metallic Ag nanowire (AgNW) net‑
works intended for use as the anode electrode in organic light‑emitting diodes (OLEDs) to modify the work function 
(WF) and conductivity of the AgNW networks. This low‑cost and facile electroplating method enabled the precise 
deposition of metal onto the AgNW surface and at the nanowire (NW) junctions. AgNWs coated onto a transparent 
glass substrate were immersed in four different metal electroplating baths: those containing  AgNO3 for Ag electro‑
plating,  NiSO4 for Ni electroplating,  Cu2P2O7 for Cu electroplating, and  PdCl2 for Pd electroplating. The solvated metal 
ions  (Ag+,  Ni2+,  Cu2+, and  Pd2+) in the respective electroplating baths were reduced to the corresponding metals 
on the AgNW surface in the galvanostatic mode under a constant electric current achieved by linear sweep voltam‑
metry via an external circuit between the AgNW networks (cathode) and a Pt mesh (anode). The amount of electro‑
plated metal was systematically controlled by varying the electroplating time. Scanning electron microscopy images 
showed that the four different metals (shells) were successfully electroplated on the AgNWs (core), and the nanosize‑
controlled electroplating process produced metal NWs with varying diameters, conductivities, optical transmittances, 
and WFs. The metal‑electroplated AgNWs were successfully employed as the anode electrodes of the OLEDs. This 
facile and low‑cost method of metal electroplating of AgNWs to increase their WFs and conductivities is a promising 
development for the fabrication of next‑generation OLEDs.

Keywords: Metal nanowire, Organic light‑emitting diode, Electroplating, Work function, Transparent electrode

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

1 Introduction
The replacement of indium tin oxide (ITO) with metal 
nanowires (e.g. silver nanowires (AgNWs), copper 
nanowires, gold nanowires) in the fabrication of trans-
parent conductive electrodes (TCEs) has been investi-
gated in the past decades [1–6]. The AgNW TCE has 

been utilized not only in optoelectronic devices, such as 
solar cells, light-emitting diodes (LEDs), and flexible dis-
plays, but also in wearable devices, such as e-skin sensors 
and energy-harvesting ferroelectric/triboelectric nano-
generators [7–10]. Although carbon nanomaterials (such 
as graphene and carbon nanotubes) and conducting 
polymers have been in the spotlight as possible replace-
ments for ITO, their low electrical conductivities restrict 
their practical application in a variety of devices [11, 12]. 
AgNWs are the most promising TCE material because 
of their excellent conductivity in addition to their high 
optical transparency, high mechanical flexibility, and 
simple fabrication process for AgNWs network [13–15]. 
Notably, AgNWs can be dispersed in a variety of organic 
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solvents; as a result, various processes can be used to fab-
ricate TCEs, such as the Meyer-rod coating, spray-coat-
ing, and spin-coating methods [16–19]. Despite the great 
potential of AgNWs to be used as a TCE material, their 
use as the anode electrode of organic LEDs (OLEDs) has 
been limited by the low work function (WF ~ 4.3 eV) and 
high electrical resistance of the as-coated AgNW elec-
trode (several tens of ohms at an optical transmittance of 
80%) [20–22]. The relatively low WF of the AgNW anode 
causes difficulty in hole injection from the anode to the 
organic layer because of a high barrier potential at the 
junction (for instance, the ionization potential of Super 
Yellow is 5.2 eV) [23]. As a result, multiple hole injection 
layers (HILs) e.g., poly (3,4-ethylenedioxythiophene): 
poly(4-styrene sulfonate) (PEDOT:PSS) and gradient 
HIL composed of PEDOT:PSS and a perfluorinated iono-
mer for use as an anode and electron injection layer(e.g. 
polyethylenimine (PEI)) for use as a cathode have been 
necessary to operate OLEDs based on the AgNW anode 
[24–26]. Furthermore, several post-welding methods for 
minimizing the contact resistance at the NW junctions 
have been explored with the aim of reducing the high 
sheet resistance of the as-coated AgNW electrode. Exam-
ples of such methods include welding using heat energy 
(e.g., thermal welding, plasmonic welding, and Joule 
heating), chemical reduction, and electrochemical metal 
deposition [27–38].

To address both these issues (low WF and high sheet 
resistance of the AgNW electrode) simultaneously, we 
employed a nanoscale metal (M = Ag, Ni, Cu, or Pd) elec-
troplating technique for fabricating metal-electroplated 
core–shell AgNW (M-AgNW) network electrodes. 
Specifically, the Ni electroplating for AgNWs network 
which is low-cost and facile electroplating technique not 
only increased the WF of the AgNW electrode, but also 
reduced its sheet resistance. AgNWs deposited onto a 
transparent glass substrate were directly immersed in 
various electroplating baths: those containing  AgNO3 for 
Ag electroplating,  NiSO4 for Ni electroplating,  Cu2P2O7 
for Cu electroplating, and  PdCl2 for Pd electroplating. 
The metal ions solvated in their respective electroplating 
baths were reduced to the corresponding metals on the 
AgNW surface by the application of an electric current 
through an external circuit between the AgNW network 
(cathode) and a Pt mesh (anode). The electric current was 
generated by linear sweep voltammetry (LSV) of each 
metal element, and the amount of electroplated metal 
was systematically controlled by varying the electroplat-
ing time. The metal (shell) was successfully electroplated 
on the AgNWs (core), and the NW diameters, electrical 
conductivities, optical transmittances, and WFs of the 
M-AgNWs were precisely controlled. Unlike our previ-
ous study [39], various metals with higher WFs compared 

with Ag were electroplated onto AgNWs and their 
growth mechanism was systematically investigated. The 
M-AgNW electrode was successfully applied in a Super 
Yellow OLED. The device with a high-WF and low-resist-
ance Ni-AgNW anode exhibited even higher efficiency 
(11.60 cd/A, 7.90  lm/W and 4.63%) than an OLED with 
the conventional ITO anode (9.51 cd/A, 4.05  lm/W and 
3.80%). This simple and low-cost metal electroplating 
method for adjusting the WFs and conductivities of the 
AgNW electrodes has great potential to be used in the 
fabrication of next-generation optoelectronic devices.

2  Experimental section
2.1  Metal electroplating process
The Ag electroplating solution contained 0.4  g/L of 
 AgNO3, 4  g/L of  K2S2O5, 22.5  g/L of  Na2S2O3, and 
 CH3COONH4, and its pH ranged between 5.5 and 6. 
The Ni electroplating solution contained 150  g/L of 
 NiSO4, 15 g/L of  NH4Cl, and 15 g/L of  H3BO3, and its pH 
ranged between 5.5 and 6. The Cu electroplating solu-
tion contained 80  g/L of  Cu2P2O7, 290  g/L of  K4P2O7, 
and 3 g/L of  NH3, and its pH ranged between 5.5 and 6. 
The Pd electroplating solution contained 1 g/L of  PdCl2, 
11.6 g/L of NaCl, and 2 g/L of  NaNO3. A two-electrode 
cell (500  mL) was used for electrodeposition, wherein 
the AgNW cathode was prepared with a dispersion of 0.5 
wt% AgNWs in isopropyl alcohol (Nanopyxis Co.; AgNW 
diameter: ~ 30 nm; and length: ~ 30 μm) deposited onto a 
glass substrate by the Meyer-rod coating method (rod #7) 
and the anode was a Pt mesh. The prepared AgNW net-
work film (working electrode) was immersed in the metal 
(Ag, Ni, Cu or Pd) electroplating bath at a constant cur-
rent density (2  mA/cm2). LSV was performed at a con-
trolled electrode rotation speed (500 rpm). The electrode 
potential was linearly swept from − 0.8 V to − 2.5 V ver-
sus the Pt electrode at a potential sweep rate of 20 mV/s. 
The pristine AgNW film and electroplated core–shell 
NW (Ag-AgNW, Ni-AgNW, Cu-AgNW, and Pd-NW) 
films were visualized by SEM (JSM-7600F, JEOL, Ltd.) 
and the work function data of each core–shell nanowires 
was scanned by 15 eV using UPS microprobe (ESCALAB 
250, Thermo Fisher). The sheet resistance was measured 
by the four-point probe technique (Keithley 2182A and 
6221), and the optical transmittance was measured using 
a UV–vis spectrophotometer (V-650, Jasco).

2.2  OLED fabrication
First, a 50-nm-thick PEDOT:PSS (Clevios AI4083) layer 
was coated onto the M-AgNW-deposited glass sub-
strate by spin coating at 2000  rpm, which was followed 
by annealing at 150  °C for 20  min; then, the result-
ant structure was transferred to an  N2-filled glove box. 
Super Yellow (PDY-132, Merck) dissolved in toluene (0.9 



Page 3 of 8Kang et al. Nano Convergence             (2022) 9:1  

wt%) was spin-cast onto the HIL at 4500 rpm to obtain 
an 80-nm-thick emitting layer. The resultant structure 
was annealed at 80  °C for 20  min and then loaded into 
an ultra-high vacuum chamber (~  10–7 Torr) to thermally 
deposit LiF (1 nm) and Al (100 nm) as the cathode. The 
fabricated OLEDs were encapsulated with a glass lid by 
means of epoxy resin in an  N2 atmosphere. An integrated 
measurement system comprising a Keithley 236 source 
measurement unit and a Konica-Minolta CS-2000 spec-
troradiometer was used to measure the current den-
sity (J)–voltage (V)–luminance (L) characteristics of the 
devices.

3  Results and discussion
A schematic of the fabrication procedure of the metal-
electroplated AgNW network is shown in Fig.  1a. First, 
AgNWs were deposited onto a glass substrate by the 
Meyer-rod coating method using rod #7 (Additional 
file  1: Fig. S1). The as-coated AgNWs, which were used 
as the cathode electrode, were connected to a Pt mesh 
anode electrode through an external circuit for the elec-
troplating process. To control electroplating precisely, 

Pt mesh with inert and high exchange current density 
property was utilized as anode electrode, preventing 
slow oxidation reaction from low exchange current den-
sity property which can result in difficulty on controlling 
the growth rate of electroplating [40–42]. Four different 
metal (Ag, Ni, Cu, and Pd) electroplating solutions were 
prepared; their compositions are shown in Fig.  1b [43–
45]. The electroplating solutions essentially have three 
components: a metal source, conductivity enhancer, and 
pH buffer. The primary metal source provided metal ions 
for the deposition of the metal element onto the AgNW 
surface; the conductivity enhancer enabled rapid move-
ment of the metal ions in the electroplating solution; and 
the pH buffer had the important function of suppress-
ing the decrease in pH of the solution. In our approach, 
the AgNWs were soluble in the electroplating solution 
as the Ag element preferentially exists as  Ag+ at pH 5 
or lower, according to thermodynamics [46–49]. The Ag 
electroplating solution was composed of  AgNO3 (metal 
source),  K2S2O5 and  Na2S2O3 (conductivity enhancer), 
and  CH3COONH4 (pH buffer). The Ni electroplating 
solution was composed of  NiSO4

¯ (metal source),  NH4Cl 

Fig. 1 a Schematic illustration of the process of metal electroplating of the AgNW network electrode. b List of constituents of various metal 
electroplating baths. c SEM images of metal‑electroplated AgNW electrodes
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(conductivity enhancer and pH buffer), and  H3BO3 (pH 
buffer). The Cu electroplating solution was composed of 
 Cu2P2O7 (metal source),  K4P2O7 (conductivity enhancer), 
and  NH3 (pH buffer). The Pd electroplating solution was 
composed of  PdCl2 (metal source), NaCl (conductiv-
ity enhancer), and  NaNO3 (pH buffer). The as-coated 
AgNW electrode cathode and Pt mesh electrode anode 
were located at fixed positions to maintain a distance 
between them with the aim of providing a uniform cur-
rent density during the electroplating process. Note that.

Figure  1c shows the scanning electron microscopy 
(SEM) images of the electroplated NWs (electroplating 
conditions: current of 30 mA and electroplating time of 
8 s). The electroplating conditions, including the voltage, 
current density, and electroplating time, were smartly 
controlled to optimize the optoelectronic properties 
(NW diameter, sheet resistance, and optical transmit-
tance) of the AgNW network film.

The surface morphology of the M-AgNW electrodes 
was observed by the scanning electron microscopy 
(SEM), as shown in Fig.  2. All four electroplating pro-
cesses (i.e., with the four different metals) were per-
formed under the same electroplating conditions with 

electroplating times ranging from 2 to 20  s and at a 
constant current density of 2  mA/cm2. Figure  2a shows 
the SEM images of the Ag-electroplated AgNWs (Ag-
AgNWs). The surfaces of the AgNWs were smooth and 
clean upon the application of current for up to 8 s. How-
ever, after 8 s (i.e., current application for 10 s and 20 s), 
their surfaces became rough and contained numerous 
aggregated Ag particles. The SEM images of the Ni-elec-
troplated AgNWs (Ni-AgNWs) shown in Fig.  2b indi-
cate that the NW surface was relatively cleaner and the 
Ni-AgNWs had a smaller diameter (58 nm at 20 s) than 
that of the Ag-AgNWs. Figures 2c and d show the SEM 
images of the Cu-AgNWs and Pd-AgNWs, respectively. 
The surface morphologies of both these electroplated 
AgNWs were relatively smoother compared to that of the 
Ag-AgNWs. However, the Cu-AgNWs also had a rough 
NW surface and small particles were formed on the sur-
face of the Pd-AgNWs. The uneven plating of both Cu 
and Pd on the AgNW surface could have been a result 
of the concentration gradient of the solution. Particle 
formation during the Cu, Pd, and Ag electroplating was 
attributed to the fact that the electroplating rates of all 
these metals were faster than that of Ni, which created 

Fig. 2 SEM images of a Ag‑AgNW, b Ni‑AgNW, c Cu‑AgNW, and d Pd‑AgNW films at various electroplating times (2, 6, 8, 10, and 20 s) at a constant 
current density of 2 mA/cm2
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a non-uniform concentration gradient of metal ions near 
the AgNW surface.

The diameters of the electroplated NWs are plotted 
as a function of the electroplating time as shown in 
Fig. 3a. Generally, the NW diameter is proportional to 
the square root of the electroplating time. That is, the 
amount of plated metal is linearly proportional to the 
electroplating time and the increment rate of the NW 
diameter gradually decreases with increasing electro-
plating time because of the equality between the cross-
sectional area of the deposited NWs and the square of 
the diameter [34, 50]. Under the same electroplating 
conditions (electroplating time of 20 s and applied cur-
rent density of 2 mA/cm2), the Ni-AgNWs had a diam-
eter of 58 nm, Ag-AgNWs had a diameter of 72 nm, and 
Cu-AgNWs and Pd-AgNWs had a diameter of 90  nm 
each. That is, despite the identical current applied to 
the AgNWs, the diameters of the plated NWs were 
different. This difference in the plating efficiencies for 
the different deposited materials was attributed to the 
simultaneous occurrence of an unintended reduction 
reaction on the cathode (AgNW) surface: a hydrogen 
gas generation reaction [51–53]. This side reaction was 

accompanied by a reduction reaction of the solvated 
metal ions, which competitively suppressed the depo-
sition of the target material completely on the cathode 
(AgNW) surface. The overpotential of the hydrogen 
evolution reaction is different for different materials. 
The overpotential of hydrogen evolution for Ni is larg-
est among those (Ni: 0.70 V, Cu: 0.45 V, Pd: 0.24 V) for 
used electroplating materials; [54–56] as a result, high-
est amount of hydrogen gas is generated, thus the elec-
troplating rate can be greatly reduced without vigorous 
reaction. This is in good agreement with the result from 
previous studies that the plating efficiency of PdCl-
based Pd electroplating was reported to be higher than 
97%, and the plating efficiencies in the case of using Cu- 
and Ni-based electroplating solutions were reported 
to be much lower values of 95% and 90%, respectively 
[57–59]. Therefore, Ni-Ag NWs could be the best elec-
troplating system having a smooth surface by prevent-
ing over-growth of nickel through the competitive 
reaction and thereby suppressing the uneven surface 
of the nickel layer [39]. In addition, the cross-sectional 
high-resolution transmission electron microscopy (HR-
TEM) image and energy dispersive X-ray spectrometry 

Fig. 3 a NW diameter b sheet resistance c optical transmittance at 550 nm of M‑AgNW films as functions of electroplating time at a constant 
current density of 2 mA/cm2 d optical transmittance at 550 nm of M‑AgNW films as a function of sheet resistance. The right panel shows the SEM 
images of the M‑AgNW films used for OLED fabrication. e WFs of M‑AgNW films
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(EDS) line analysis of Ni-AgNW in Additional file  1: 
Fig. S2 demonstrated the successful electroplating of Ni 
in the shell area.

Sheet resistance of the M-AgNWs was monitored as a 
function of electroplating time by the four-point probe 
technique, as shown in Fig. 3b. The pristine AgNW elec-
trode showed a sheet resistance of 19 Ω/sq. As the elec-
troplating time increased, sheet resistances of both the 
Ag-AgNWs and Ni-AgNWs gradually reduced from 19 
Ω/sq to 3 Ω/sq and to 9 Ω/sq, respectively. When the 
nanowires were deposited on the substrate, high elec-
trical resistance was generated at the nanowire junc-
tions. The electroplated metal filled the nano-gap at 
the nanowire junctions, which reduced the high elec-
trical resistance. However, there was a difference in the 
trend of change in sheet resistances of the Cu-AgNWs 
and Pd-AgNWs. The sheet resistance of the Cu-AgNWs 
increased considerably up to 33 Ω/sq in the early stage 
of the electroplating process (less than 2 s of electroplat-
ing time) and then gradually decreased to 8 Ω/sq with 
a further increase in the electroplating time. The sheet 
resistance of the Pd-AgNWs fluctuated during the elec-
troplating process; it increased up to an electroplating 
time of 6  s and then decreased with a further increase 
in the electroplating time to 8  s, and it subsequently 
increased to 37 Ω/sq at the end of the electroplating pro-
cess (i.e., at 20 s). In general, during the deposition of a 
given metal on AgNWs, a contact resistance is gener-
ated between the two metals (i.e., Ag and the deposited 
metal), which increases the sheet resistance of the result-
ant electrode [38, 60]. Both Cu-AgNWs and Pd-AgNWs 
(green and blue arrows, respectively, in Fig. 3b) showed 
an increase in sheet resistance in the early stage of elec-
troplating. When Pd was plated for 10  s or longer, the 
sheet resistance increased again because of non-uniform 
metal growth [61, 62]; therefore, the NW surface became 
rougher with an increase in the electroplating time from 
8 to 20 s (see Fig. 2d).

The optical transmittance was also monitored through-
out the electroplating process (Fig.  3c). The transmit-
tance of the pristine AgNW electrode was 92% at 550 nm 
(Additional file 1: Fig. S3). For all the electroplated NW 
network electrodes, the optical transmittance decreased 
with an increase in electroplating time; the optical trans-
mittances at 20  s (i.e., the end of electroplating) were 
37%, 59%, 49%, and 30%, respectively, for the Ag-AgNW, 
Ni-AgNW, Cu-AgNW, and Pd-AgNW electrodes. As the 
thickness of the core–shell nanowires increased, the dis-
tance between the nanowires decreased which reduced 
the transmission of visible light through core–shell 
nanowires electrode. The Pd-AgNW electrode showed 
the lowest optical transmittance despite having high 
sheet resistance although the low transmittance TCE 

typically showed low sheet resistance. The Ni-AgNW 
electrode showed the highest transmittance at an electro-
plating time of 20  s. Figure  3d shows the optical trans-
mittance of the M-AgNW films as a function of sheet 
resistance. For a metal-electroplated NW electrode to be 
applicable as an anode of OLEDs, the electrode should 
have a high transparency exceeding 80% even when its 
resistance is higher than expected. For comparison pur-
poses, the following four M-AgNW network electrodes 
with optical transmittances of ~ 80% were selected for 
OLED fabrication: Ag-AgNW electrode (9 Ω/sq), Ni-
AgNW electrode (15 Ω/sq), Cu-AgNW electrode (27 Ω/
sq), and Pd-AgNW electrode (43 Ω/sq).

Metal electroplating increased the WF of the AgNW 
electrode in addition to reducing its sheet resistance. 
Hole injection from the anode to the overlying organic 
layers should be improved for achieving higher current 
efficiency of OLEDs. In this study, hole injection from 
the pristine AgNW anode to the organic layer was insuf-
ficient because of the high hole-injection energy barrier 
(~ 0.8  eV) at their junction (Additional file  1: Fig. S4). 
UV photoelectron spectroscopy (UPS) measurements 
were performed to estimate the WFs of the metal-elec-
troplated NWs, as shown in Figure S5. The WFs of the 
Ag-AgNWs, Ni-AgNWs, Cu-AgNWs, and Pd-AgNWs 
were measured to be 4.2, 5.0, 4.6, and 4.8 eV, respectively. 
These values accurately corresponded to the literature-
reported values for these metals (4.3, 5.0, 4.7, and 4.8 eV 
for Ag, Ni, Cu, and Pd, respectively). Precise control of 
the WF through metal electroplating of the AgNWs 
effectively lowered the hole-injection barrier at the junc-
tion between the M-AgNW electrode and the overlying 
organic layer. Furthermore, the junction welding caused 
by electroplating dramatically improved the mechanical 
stability of the electrode as shown in Additional file  1: 
Fig. S6.

Finally, OLEDs with the prepared M-AgNWs as their 
anodes were fabricated in a glass/M-AgNW/PEDOT:PSS 
(50  nm)/Super Yellow (80  nm)/LiF (1  nm)/Al (100  nm) 
structure, as shown in Fig.  4a. Only three types of 
metal electroplated nanowires such as Ag-AgNWs, Ni-
AgNWs, and Cu-AgNWs based OLEDs were fabricated 
because high sheet resistance of Pd-AgNWs is not suit-
able for OLED fabrication. From the current density–
voltage–luminance characteristics (Fig. 4b and c), it was 
found that the Ni-AgNW OLED had a higher current 
density and lower turn-on voltage (VON, 2.45  V) than 
that of the Ag-AgNW OLED (2.62  V) and Cu-AgNW 
OLED (2.70  V) (Additional file  1: Table  S1). This result 
indicated that an increased WF of the Ni-AgNW elec-
trode corresponded to a lower hole-injection barrier 
at the anode/PEDOT:PSS interface, which facilitated 
hole injection into the emitting layer. Furthermore, 
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the Ni-AgNW OLED (11.60  cd/A; 7.90  lm/W; 4.63%; 
28,564  cd/m2) had considerably better efficiencies 
and luminance than the Cu-AgNW OLED (9.68  cd/A; 
5.30  lm/W; 3.27%; 23,813 cd/m2) and Ag-AgNW OLED 
(7.80  cd/A; 6.56  lm/W; 3.17%; 9,908  cd/m2) because of 
the low hole-injection barrier (Fig.  4d–f). Specifically, 
the efficiency of the Ni-AgNW OLED was higher than 
even that of an ITO-based OLED (9.51 cd/A; 6.64 lm/W; 
3.80%; 34,218 cd/m2) because of the optimized and hence 
lowest hole-injection barrier and relatively lower sheet 
resistance of the Ni-AgNW electrode. In addition, com-
pared to ITO-based PLEDs in which about 20% of light is 
typically trapped by the waveguide mode, AgNWs-based 
PLEDs can have improved outcoupling efficiency from 
the scattering effect and plasmonic effect on the nanow-
ire surface with much higher theoretical maximum 
efficiency.

4  Conclusion
To summarize, we demonstrated metal (Ag, Ni, Cu, or 
Pd)-electroplated core–shell AgNWs and their appli-
cation as the anode electrode of OLEDs. The solvated 
metal ions  (Ag+,  Ni2+,  Cu2+, and  Pd2+) in the respec-
tive electroplating baths were transformed into the 
corresponding metals on the AgNW surface by elec-
trochemical reduction. The amount of metal (shell) 
electroplated on the AgNWs (core) was determinis-
tically controlled by varying the electroplating con-
ditions. Ni electroplating increased the WFs of the 

AgNWs, which, in turn, facilitated hole injection at the 
AgNW–PEDOT:PSS junction and decreased the sheet 
resistance of the AgNWs; as a result, OLEDs having 
these metal-electroplated AgNWs as their anode elec-
trodes showed enhanced overall luminance character-
istics. This simple and controllable metal electroplating 
method for increasing the WFs and electrical conduc-
tivities of AgNW electrodes provides significant scope 
for innovation in the development of TCEs for next-
generation optoelectronic devices.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40580‑ 021‑ 00295‑2.

Additional file 1: Figure S1. (a) SEM and (b) AFM images of as‑coated 
(pristine) AgNW film. Figure S2. Cross‑sectional HR‑TEM image and 
(b) EDS line analysis of Ni‑AgNW. Figure S3. Optical transmittance of 
as‑coated AgNW film as a function of wavelength. Figure S4. Energy 
band structure of OLED with M‑AgNW anode. Figure S5. UPS spectra 
of M‑AgNW films. Figure S6. R/R0 of the Ni‑AgNWs as a function of the 
fatigue cycle (tensile strain = 2.0 %). R is the sheet resistance and R0 is the 
initial sheet resistance. Table S1. Turn‑on voltage and each operating volt‑
age at 10nit, 100nit, 1000nit 10,000nit of PLEDs with different anodes.

Acknowledgements
Not applicable.

Authors’ contributions
HK, JSK, and SRC contributed equally this manuscript. All authors contributed 
to the writing of the manuscript, design of the figure sets, and data analyses. 
All authors read and approved the fnal manuscript.

Fig. 4 a Schematic structure of OLED with M‑AgNW anode. b Current density and c luminance characteristics of OLEDs with ITO and M‑AgNW 
anodes as functions of applied voltage. The inset shows a photographic image of a light‑emitting pixel of an OLED. d Current efficiency, e power 
efficiency, and f external quantum efficiency (EQE) of OLEDs

https://doi.org/10.1186/s40580-021-00295-2
https://doi.org/10.1186/s40580-021-00295-2


Page 8 of 8Kang et al. Nano Convergence             (2022) 9:1 

Funding
This work was supported by the National R&D Program through the NRF 
funded by Ministry of Science and ICT (2021M3D1A2049315), and the 
National Research Foundation of Korea (NRF) Grant funded by the Korea 
government (MSIT) (NRF‑2016R1A3B1908431).

Availability of data and materials
Not applicable.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan 
University, Suwon 440‑746, Republic of Korea. 2 School of Advanced Materi‑
als Science and Engineering, Sungkyunkwan University, Suwon 440‑746, 
Republic of Korea. 3 Department of Materials Science and Engineering, Seoul 
National University, Seoul 08826, Republic of Korea. 4 Department of Chemi‑
cal Engineering, Hanyang University, Seoul 04763, Republic of Korea. 5 School 
of Chemical and Biological Engineering, Research Institute of Advanced 
Materials, Institute of Engineering Research, Nano Systems Institute (NSI), 
BK21 PLUS SNU Materials Division for Educating Creative Global Leaders, Seoul 
National University, Seoul 08826, Republic of Korea. 6 Department of Chemi‑
cal and Biomolecular Engineering, Yonsei University, Seoul 03722, Republic 
of Korea. 

Received: 15 August 2021   Accepted: 22 December 2021

References
 1. P. Lee, J. Lee, H. Lee, J. Yeo, S. Hong, K.H. Nam, D. Lee, S.S. Lee, S.H. Ko, Adv. 

Mater. 24, 3326 (2012)
 2. Q. Sun, S.J. Lee, H. Kang, Y. Gim, H.S. Park, J.H. Cho, Nanoscale 7, 6798 

(2015)
 3. S. Ye, A.R. Rathmell, Z. Chen, I.E. Stewart, B.J. Wiley, Adv. Mater. 26, 6670 

(2014)
 4. Y. Lee, T.S. Kim, S.Y. Min, W. Xu, S.H. Jeong, H.K. Seo, T.W. Lee, Adv. Mater. 

26, 8010 (2014)
 5. Y. Lee, S.Y. Min, T.S. Kim, S.H. Jeong, J.Y. Won, H. Kim, W. Xu, J.K. Jeong, T.W. 

Lee, Adv. Mater. 28, 9109 (2016)
 6. S.‑Y. Min, Y. Lee, S.H. Kim, C. Park, T.‑W. Lee, ACS Nano 11, 3681 (2017)
 7. H.‑G. Cheong, R.E. Triambulo, G.‑H. Lee, I.‑S. Yi, J.‑W. Park, A.C.S. Appl, 

Mater. Interfaces 6, 7846 (2014)
 8. F. Zhao, D. Chen, S. Chang, H. Huang, K. Tong, C. Xiao, S. Chou, H. Zhong, 

Q. Pei, J. Mater. Chem. C 5, 531 (2017)
 9. H. Kang et al., Adv. Funct. Mater. 29, 1903580 (2019)
 10. H. Kang et al., Nano Energy 58, 227 (2019)
 11. T.‑H. Han, Y. Lee, M.‑R. Choi, S.‑H. Woo, S.‑H. Bae, B.H. Hong, J.‑H. Ahn, T.‑W. 

Lee, Nat. Photonics 6, 105 (2012)
 12. W. Hong, Y. Xu, G. Lu, C. Li, G. Shi, Electrochem. Commun. 10, 1555 (2008)
 13. Y.‑S. Liu, J. Feng, X.‑L. Ou, H.‑F. Cui, M. Xu, H.‑B. Sun, Org. Electron. 31, 247 

(2016)
 14. A.R. Madaria, A. Kumar, F.N. Ishikawa, C. Zhou, Nano Res. 3, 564 (2010)
 15. J.H. Park, G.T. Hwang, S. Kim, J. Seo, H.J. Park, K. Yu, T.S. Kim, K.J. Lee, Adv. 

Mater. 29, 1603473 (2017)
 16. H. Lee, D. Lee, Y. Ahn, E.‑W. Lee, L.S. Park, Y. Lee, Nanoscale 6, 8565 (2014)
 17. S.J. Lee et al., Nanoscale 6, 11828 (2014)
 18. V. Scardaci, R. Coull, P.E. Lyons, D. Rickard, J.N. Coleman, Small 7, 2621 

(2011)
 19. T. Kim, A. Canlier, G.H. Kim, J. Choi, M. Park, S.M. Han, A.C.S. Appl, Mater. 

Interfaces 5, 788 (2013)
 20. K. Naito, N. Yoshinaga, E. Tsutsumi, Y. Akasaka, Synth. Met. 175, 42 (2013)
 21. Y.S. Yun, B. Kim, H.H. Park, H.‑J. Jin, Synth. Met. 162, 1364 (2012)
 22. S. De, T.M. Higgins, P.E. Lyons, E.M. Doherty, P.N. Nirmalraj, W.J. Blau, J.J. 

Boland, J.N. Coleman, ACS Nano 3, 1767 (2009)

 23. Y. Choi, W.‑Y. Park, M.S. Kang, G.‑R. Yi, J.‑Y. Lee, Y.‑H. Kim, J.H. Cho, ACS Nano 
9, 4288 (2015)

 24. T.W. Lee, Y. Chung, O. Kwon, J.J. Park, Adv. Funct. Mater. 17, 390 (2007)
 25. Y.H. Kim, T.H. Han, H. Cho, S.Y. Min, C.L. Lee, T.W. Lee, Adv. Funct. Mater. 24, 

3808 (2014)
 26. H. Kang, I. Kang, J. Han, J.B. Kim, D.Y. Lee, S.M. Cho, J.H. Cho, J. Phys. Chem. 

C 120, 22012 (2016)
 27. J.‑Y. Lee, S.T. Connor, Y. Cui, P. Peumans, Nano Lett. 8, 689 (2008)
 28. T.‑B. Song et al., ACS Nano 8, 2804 (2014)
 29. T.C. Hauger, S.I. Al‑Rafia, J.M. Buriak, A.C.S. Appl, Mater. Interfaces 5, 12663 

(2013)
 30. E.C. Garnett, W. Cai, J.J. Cha, F. Mahmood, S.T. Connor, M.G. Christoforo, Y. 

Cui, M.D. McGehee, M.L. Brongersma, Nat. Mater. 11, 241 (2012)
 31. H. Hu et al., ACS Appl. Mater. Interfaces 8, 20483 (2016)
 32. J. Ahn, J.‑W. Seo, J.Y. Kim, J. Lee, C. Cho, J. Kang, S.‑Y. Choi, J.‑Y. Lee, A.C.S. 

Appl, Mater. Interfaces 8, 1112 (2016)
 33. H. Kang, Y. Kim, S. Cheon, G.‑R. Yi, J.H. Cho, A.C.S. Appl, Mater. Interfaces 9, 

30779 (2017)
 34. H. Kang et al., ACS Nano 12, 4894 (2018)
 35. H. Kang, G.‑R. Yi, Y.J. Kim, J.H. Cho, Macromol. Res. 26, 1066 (2018)
 36. H. Lee, S. Hong, J. Lee, Y.D. Suh, J. Kwon, H. Moon, H. Kim, J. Yeo, S.H. Ko, 

A.C.S. Appl, Mater. Interfaces 8, 15449 (2016)
 37. S. Lee et al., ACS Appl. Mater. Interfaces 12, 6169 (2020)
 38. L. Zhang, Y. Ji, Y. Qiu, C. Xu, Z. Liu, Q. Guo, J. Mater. Chem. C 6, 4887 (2018)
 39. H. Kang et al., ACS Appl. Mater. Interfaces 12, 39479 (2020)
 40. M. Breiter, J. Phys. Chem. 68, 2249 (1964)
 41. H. Uchida, M. Yoshida, M. Watanabe, J. Phys. Chem. 99, 3282 (1995)
 42. A. Vargas‑Uscategui, E. Mosquera, B. Chornik, L. Cifuentes, Electrochim. 

Acta 178, 739 (2015)
 43. P.M. Skitał, P.T. Sanecki, D. Saletnik, J. Kalembkiewicz, Trans. Nonferrous 

Met. Soc. China 29, 222 (2019)
 44. N. Tian, Z.‑Y. Zhou, N.‑F. Yu, L.‑Y. Wang, S.‑G. Sun, J. Am. Chem. Soc. 132, 

7580 (2010)
 45. P. Yoon, D.‑Y. Park, J. Kor. Inst. Surf. Eng. 53, 190 (2020)
 46. J.L. Elechiguerra, L. Larios‑Lopez, C. Liu, D. Garcia‑Gutierrez, A. Camacho‑

Bragado, M.J. Yacaman, Chem. Mater. 17, 6042 (2005)
 47. P. Delahay, M. Pourbaix, P. Van Rysselberghe, J. Electrochem. Soc. 98, 65 

(1951)
 48. T.E. Graedel, J. Electrochem. Soc. 139, 1963 (1992)
 49. H. Ha, J. Payer, Electrochim. Acta 56, 2781 (2011)
 50. E. Chassaing, M. Joussellin, R. Wiart, J. Electroanal. Chem. Interf. Electro‑

chem. 157, 75 (1983)
 51. C. Low, F. Walsh, Surf. Coat. Technol. 202, 3050 (2008)
 52. R. Oriňáková, M. Strečková, L. Trnkova, R. Rozik, M. Galova, J. Electroanal. 

Chem. 594, 152 (2006)
 53. J. López, P. Méndez, J.P. Bueno, G. Trejo, R. Antaño, J. Torres‑González, G. 

Stremsdoerfer, Y. Meas, J. Electrochem. Soc. 164, D524 (2017)
 54. L. Schoeman, K. Sole, Can. Metall. Q. 56, 393 (2017)
 55. M. Cerisier, K. Attenborough, J. Fransaer, C. Van Haesendonck, J.P. Celis, J. 

Electrochem. Soc. 146, 2156 (1999)
 56. S. Gu, X. Wang, Y. Wei, B. Fang, Sci. China Chem. 57, 755 (2014)
 57. C. Lai, Y. Wang, C. Wan, J. Electroanal. Chem. 322, 267 (1992)
 58. W. Tsai, C. Wan, Y. Wang, J. Appl. Electrochem. 32, 1371 (2002)
 59. U. Mohanty, B. Tripathy, P. Singh, S. Das, J. Electroanal. Chem. 526, 63 

(2002)
 60. M. Lane, C. Murray, F. McFeely, P. Vereecken, R. Rosenberg, Appl. Phys. Lett. 

83, 2330 (2003)
 61. D. Bera, S.C. Kuiry, S. Seal, J. Phys. Chem. B 108, 556 (2004)
 62. S. Cherevko, N. Kulyk, C.‑H. Chung, Nanoscale 4, 103 (2012)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Electroplated core–shell nanowire network electrodes for highly efficient organic light-emitting diodes
	Abstract 
	1 Introduction
	2 Experimental section
	2.1 Metal electroplating process
	2.2 OLED fabrication

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References




