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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 AgQNW surface and at the nanowire (NW) junctions. AQNWs coated onto a transparent
glass substrate were immersed in four different metal electroplating baths: those containing AgNO; for Ag electro-
plating, NiSO, for Ni electroplating, Cu,P,0, for Cu electroplating, and PdCl, for Pd electroplating. The solvated metal
ions (Ag™, Ni*T, Cu?™, and Pd?™) 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 AQNWs to increase their WFs and conductivities is a promising
development for the fabrication of next-generation OLEDs.
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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
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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 AgN'WSs network [13-15].
Notably, AgN'Ws 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 AgN'Ws 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 AgN'W 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 AgN'W 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 AgN'W 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 AgN'Ws 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 AgNO, for
Ag electroplating, NiSO, for Ni electroplating, Cu,P,0O,
for Cu electroplating, and PdCl, 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 AgN'W 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
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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 Im/W and 4.63%) than an OLED with
the conventional ITO anode (9.51 cd/A, 4.05 Im/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
AgNO,, 4 g/L of K,S,05 225 g/L of Na,S,05; and
CH;COONH,, and its pH ranged between 5.5 and 6.
The Ni electroplating solution contained 150 g/L of
NiSO,, 15 g/L of NH,Cl, and 15 g/L of H;BO,, and its pH
ranged between 5.5 and 6. The Cu electroplating solu-
tion contained 80 g/L of Cu,P,0,, 290 g/L of K,P,0O,,
and 3 g/L of NHj, and its pH ranged between 5.5 and 6.
The Pd electroplating solution contained 1 g/L of PdCl,,
11.6 g/L of NaCl, and 2 g/L of NaNO,. A two-electrode
cell (500 mL) was used for electrodeposition, wherein
the AgN'W cathode was prepared with a dispersion of 0.5
wt% AgNWs in isopropyl alcohol (Nanopyxis Co.; AgN'W
diameter: ~ 30 nm; and length: ~ 30 pm) 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/cm?). 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 Ny-filled glove box.
Super Yellow (PDY-132, Merck) dissolved in toluene (0.9
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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~ 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 N, 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 AgN'W 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 AgN'Ws, 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,
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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 AgN'W
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 AgN'Ws 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 AgNO, (metal
source), K,S,0; and Na,S,0; (conductivity enhancer),
and CH;COONH, (pH buffer). The Ni electroplating
solution was composed of NiSO, (metal source), NH,Cl

a AgNWs

dispersion

glass

Metal-electroplated AgNW network

as-coated AgNWSs network

conductivity

metal source suliancor pH buffer
Ag AgNO, h'f;f’szzoi CH,COONH,
Ni NiSO, NH,CI NH,CI, H,BO,
Cu Cu,P,0; K,P,0; NH,
Pd PdCl, NaCl NaNO,

Fig. 1 a Schematic illustration of the process of metal electroplating of the AQNW network electrode. b List of constituents of various metal
electroplating baths. ¢ SEM images of metal-electroplated AgNW electrodes
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(conductivity enhancer and pH buffer), and H;BO; (pH
buffer). The Cu electroplating solution was composed of
Cu,P,0, (metal source), K,P,O, (conductivity enhancer),
and NH; (pH buffer). The Pd electroplating solution was
composed of PdCl, (metal source), NaCl (conductiv-
ity enhancer), and NaNO; (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 AgN'W 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
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electroplating times ranging from 2 to 20 s and at a
constant current density of 2 mA/cm? Figure 2a shows
the SEM images of the Ag-electroplated AgNWs (Ag-
AgNWs). The surfaces of the AgN'Ws 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-AgN'Ws) 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-AgN'Ws. The uneven plating of both Cu
and Pd on the AgN'W 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

current density of 2 mA/cm?

Fig. 2 SEMimages of a Ag-AgNW, b Ni-AgNW, ¢ Cu-AgNW, and d Pd-AgNW films at various electroplating times (2, 6, 8, 10, and 20 s) at a constant
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a non-uniform concentration gradient of metal ions near
the AgNW surface.

The diameters of the electroplated N'Ws 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/cm?), the Ni-AgNWs had a diam-
eter of 58 nm, Ag-AgN'Ws 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
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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 N'Ws 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
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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-AgN'Ws was monitored as a
function of electroplating time by the four-point probe
technique, as shown in Fig. 3b. The pristine AgN'W elec-
trode showed a sheet resistance of 19 Q/sq. As the elec-
troplating time increased, sheet resistances of both the
Ag-AgNWs and Ni-AgN'Ws gradually reduced from 19
Q/sq to 3 Q/sq and to 9 Q/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-AgN'Ws. The sheet resistance of the Cu-AgNWs
increased considerably up to 33 Q/sq in the early stage
of the electroplating process (less than 2 s of electroplat-
ing time) and then gradually decreased to 8 Q/sq with
a further increase in the electroplating time. The sheet
resistance of the Pd-AgN'Ws 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 )/sq at the end of the electroplating pro-
cess (i.e., at 20 s). In general, during the deposition of a
given metal on AgNWSs, 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-AgN'Ws
(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-AgN'W electrode showed
the lowest optical transmittance despite having high
sheet resistance although the low transmittance TCE
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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-AgN'W network electrodes
with optical transmittances of ~80% were selected for
OLED fabrication: Ag-AgNW electrode (9 Q/sq), Ni-
AgNW electrode (15 Q/sq), Cu-AgNW electrode (27 Q/
sq), and Pd-AgN'W electrode (43 Q/sq).

Metal electroplating increased the WF of the AgN'W
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 OLED:s. In this study, hole injection from
the pristine AgN'W 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 N'Ws, 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-AgN'Ws, 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-AgN'W OLED had a higher current
density and lower turn-on voltage (Vy, 2.45 V) than
that of the Ag-AgN'W 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 Im/W; 4.63%;
28,564 cd/m? had considerably better efficiencies
and luminance than the Cu-AgN'W OLED (9.68 cd/A;
5.30 Im/W; 3.27%; 23,813 cd/m?) and Ag-AgNW OLED
(7.80 cd/A; 6.56 Im/W; 3.17%; 9,908 cd/m?) because of
the low hole-injection barrier (Fig. 4d—f). Specifically,
the efficiency of the Ni-AgN'W OLED was higher than
even that of an ITO-based OLED (9.51 cd/A; 6.64 Im/W;
3.80%; 34,218 cd/m?) because of the optimized and hence
lowest hole-injection barrier and relatively lower sheet
resistance of the Ni-AgN'W electrode. In addition, com-
pared to ITO-based PLEDs in which about 20% of light is
typically trapped by the waveguide mode, AgN'Ws-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 AgN'Ws and their appli-
cation as the anode electrode of OLEDs. The solvated
metal ions (Ag", Ni**, Cu®?*, and Pd*") 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 AgN'W electrodes provides significant scope
for innovation in the development of TCEs for next-
generation optoelectronic devices.
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