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Electrochemiluminescence (ECL) refers to the generation of light at
an excited state owing to an electron transfer reaction between the
electrochemically generated species located around the electrode.1–3

The ECL controlled by varying the potential has attracted attention
for application in various fields, such as chemical analysis,4

immunoassay,5 and optoelectronic devices.6 Among them, ECL
devices (ECLDs) have recently been considered as promising next-
generation displays due to their low energy consumption, simple fab-
rication process, and ability to function in direct current (DC) and
alternating current (AC).7–9 Most ECLDs have a single active layer,
in which the ECL luminophore and electrolyte are mixed between
two electrodes, acting as the anode and the cathode in a sandwich-
type ECLD.9,10 Thus, the working mechanism of ECLDs differs
from those of conventional light-emitting diodes (LEDs).7,11,12 This
is due to the electrochemical system driven by the mass transfer of
the mobile counter ions and luminophore present in the active
layer.10,11 When external force such as current or voltage is applied
to the ECLDs, the electrolyte ions acting as the mobile counter ions
is redistributed to each electrode, after which the electrochemical
double layers (EDLs) form at the electrode/active layer interface,
leading to the generating of a high electric field.11,13 As a result, the
electron transfer reaction between the electrode and the ECL
luminophore occurs effectively, and an electric circuit, through which
a faradaic current flows, is formed.14,15 Consequently, the redox spe-
cies encounter each other in the ECLDs to form an excited state
through electron exchange, followed by a self-terminating ECL.16,17

The ECL is affected both by the electron transfer rate (ko) between
the ECL luminophore and electrode and by the diffusion-limited
reaction associated with the mass transfer of the ECL luminophore.
These factors are determined by the operational method, and the type
and concentration of the electrolyte.9,15 Although several studies
related to this subject have been reported, the dynamics of the elec-
trochemical reactions involving the ko and the diffusion-limited reac-
tions in ECLDs have not been properly elucidated.

This letter describes the kinetics of the electrochemical reactions in
ECLDs under various electrolyte concentration and pulsed-voltage
operating conditions. For the purpose of this study, self-terminating
sandwich-type ECLDs were fabricated. Indium tin oxide (ITO) was
employed as the electrode; bis(2-phenylquinoline) iridium (III) pic-
olinic acid ((pq)2Ir(pico)) and lithium perchlorate (LiClO4) were used
as the ECL luminophore and electrolyte, respectively. The ECLDs
were operated under a pulsed-voltage-driven mode with various

frequencies (from 0.1 Hz to 100 Hz). We observed that the high con-
centration of the electrolyte interfered with the mass transfer of
(pq)2Ir(pico), thereby affecting the ECL intensity. In addition, the
imperfection of the EDLs formed at the electrode/active layer inter-
face under high frequencies reduced the effective potential drop,
resulting in the suppression of the ECL by the ko. Conversely, the
ECL was observed upon the occurrence of the diffusion-limited reac-
tions at low frequencies because most of the neutral (pq)2Ir(pico) spe-
cies around the electrode were consumed. Furthermore, the ECL
intensity and continuity were dramatically improved with the pulsed
alternating-voltage rather than the DC pulsed voltage and constant
voltage.

The electrochemically stable (pq)2Ir(pico) acid with a high ECL
quantum yield was used as the ECL luminophore.9,16 As the working
mechanism of ECLDs is similar to that of bulk electrolysis in electro-
lytic cells, the electrolyte is a critical factor influencing the perfor-
mance of ECLDs.9 The electrolyte affects the formation of EDLs at
the electrode/active layer interface, whereby an effective potential drop
occurs.9,18 Consequently, the electron transfer is facilitated by the
outer-sphere mechanism between (pq)2Ir(pico) and the electrode.
Thereafter, the ECL phenomenon occurs effectively, owing to the
electron exchange of the redox species.19 However, the viscosity of
the active layer is increased by increasing the electrolyte concentration
so that the association of the mass transfer with the diffusion/migra-
tion of (pq)2Ir(pico) is hindered, which decreases the brightness of the
ECLDs.20,21 To investigate the correlation between the mass transfer
of (pq)2Ir(pico) and the electrolyte concentration, cyclic voltammetry
(CV) experiments were performed using a Pt ultramicroelectrode
(UME, radius 25 μm) for measuring the diffusion coefficient (Do) of
(pq)2Ir(pico). The electrochemical cell consists of three electrodes
(a reference electrode (Ag/Ag+ 0.01 M), a counter electrode (Pt), and
a working electrode (Pt UME)) immersed in a propylene carbonate
solvent containing 0.1 mM (pq)2Ir(pico) with various concentrations
of LiClO4 as the electrolyte (from 50 to 700 mM). The Do values of
(pq)2Ir(pico) were derived using the Randles−Sevcik equation22:

I lim = 4nFrC*Do ð1Þ

where Ilim is the limiting current (A), n is the electron stoichiometry,
C* is the (pq)2Ir(pico) concentration (M), Do is the diffusion coeffi-
cient (cm2/s), and r is the electrode radius. The Do values of (pq)2Ir
(pico) according to the LiClO4 concentration are depicted in
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Figure 1(a) and summarized in Table S1 (Supporting Information).
The decrease in the Do values of (pq)2Ir(pico) with increasing
LiClO4 concentration indicates that the diffusion of the (pq)2Ir(pico)
was affected by the viscosity of the media with high LiClO4 concen-
tration, resulting in the reduced limiting current of (pq)2Ir(pico).

21,23

This implies that the amount of (pq)2Ir(pico) available for the redox
reaction with the working electrode was reduced due to the sluggish
diffusion of (pq)2Ir(pico). The kinetic process of (pq)2Ir(pico) in the
sandwich-type ECLDs was studied by electrochemical impedance
spectroscopy (EIS). The schematic diagram of the fabricated ECLD
is shown in Figure S2. The Nyquist plots of the ECLDs exhibited a
decreasing linear slope of the straight line in the low-frequency
region with increasing applied voltage, as shown in Figure 2(b). A
semicircle was observed in the devices with a bias of 2.4 V.
Although the magnitude of the applied voltage (2.4 V) was less than
the activation energy of the (pq)2Ir(pico) redox reaction estimated
from the potential difference between the oxidation (Eoox) and reduc-
tion (Eore) peak potentials, the internal electric field formed in the
devices was higher than the triplet state of (pq)2Ir(pico)
(ET = 2.34 eV).24 Thus, electrochemical redox reactions occurred
through the electrode transfer reaction between (pq)2Ir(pico) and the
respective ITO electrodes, resulting in the generation of radical cat-
ions and anions at each ITO electrode.12,16 The resistances of the
solution were similar under the given LiClO4 concentrations, as
shown in Figure 1(c). Considering these results, Figure 1(d) shows
the anticipated equivalent circuit of the ECLDs. Rs and C represent
the device resistance and capacitance, respectively. Rp and Cdl indi-
cate the resistance and capacitance of the electrical double layer at
the interface between the ITO electrode and the active layer, respec-
tively. Zw is the Warburg impedance involving the mass transfer of
(pq)2Ir(pico).

25

Based on the results of the CV and EIS experiments, the ECL
reactions in the ECLDs were investigated with a DC pulsed voltage
of 2.5 V. The pulse driven method involves a square wave condition
having a 50% duty cycle, which comprises of an active period with
an applied voltage of 2.5 V and a resting period without an applied
voltage of 2.5 V.26 Figure 2(a) shows the monitored integrated ECL
intensity as a function of the LiClO4 concentration with various fre-
quencies ranging from 0.1 to 100 Hz. At a frequency of 1 Hz, the
active and resting periods applied to the ECLDs were 0.5 s. The
electrochemical reactions associated with the ECL intensity and con-
tinuity were influenced by the LiClO4 concentration and the fre-
quency condition applied to the ECLDs. The ECL intensity of the
ECLDs increased with the LiClO4 concentration until 300 mM.
However, the ECL intensity decreased at LiClO4 concentrations
higher than 300 mM. This behavior was consistent with the Do

values of (pq)2Ir(pico) obtained from the CV experiments mentioned
above. This is because the mass transfer of (pq)2Ir(pico) interfered at
a high LiClO4 concentration and consequently lowered the degree
of formation of redox species. Eventually, the amount of (pq)2Ir
(pico)* species in the excited state, which could generate ECL, was
lowered. Note that the ECL intensity appeared to depend on the
applied frequency conditions, as shown in Figure 2(a). The lower
the frequency applied to the ECLDs, the higher the ECL intensity.
These results were attributed to the difference in the effective poten-
tial drop formed at the ITO/active layer interface depending on the
frequency applied to the ECLDs.9,10 In Figure 2(b), although the
measured potential difference referring to the internal electric field in
the ECLDs may not be the actual value, the effective potential was
reduced as the frequency of the DC pulsed voltage increased. These
results indicated that the effective potential was not achieved

completely at high frequencies due to the ionic motions that could
not be traced within the active short transient time period. This leads
to the incomplete formation of the EDLs at the ITO/active layer
interface. Thus, the ECL intensity is relatively enhanced at a low fre-
quency compared to the case at a high frequency due to the effec-
tively formed redox species of (pq)2Ir(pico). Another interesting
result was the continuous ECL emission observed at frequencies
above 10 Hz, as shown in Figure 3(a), which was attributed to the
capacitance effect as well as the diffusion-limited reaction of the
ECL transition.11,27 Moreover, it was associated with the equivalent
circuit of the ECLDs, as depicted in Figure 1(d). When operating
the ECLDs with a DC pulsed voltage at 10 Hz (50% duty cycle, the
active and resting period are 50 ms), only a part of (pq)2Ir(pico)
induced electrochemical reactions with the ITO electrode during the
short active period due to the relatively low effective potential drop.
Therefore, most of the neutral (pq)2Ir(pico) species that did not par-
ticipate in the redox reactions are located around both the ITO elec-
trodes. In addition, the capacitance effect owing to the EDLs
generates instantaneous negative potential in the ECLDs at the rest-
ing period.27,28 This confirms that a negative current flowed during
the resting period, as shown in Figure 3(b) and Figure S3. These
results indicate that the neutral (pq)2Ir(pico) was reduced by the
electron transfer with the ITO electrode during the resting period. In
general, when (pq)2Ir(pico) is oxidized, the value of the current is
represented by a “+” sign. The sign of the reduction current is the
reverse: “−.”16,17 The excited state of (pq)2Ir(pico)* was generated
by a followed electron exchange between the redox species, which
diffused/migrated to the opposite electrode or located redox species
around the electrodes.1,16 Consequently, the continuous ECL emis-
sion with low ECL intensity occurred at frequencies above 10 Hz.
Conversely, discontinuous ECL emission was observed below
0.1 Hz, having an active and resting period of 5 s, as depicted in
Figure 3(a). In other words, (pq)2Ir(pico) is mostly oxidized/reduced
near each electrode during the active period. Subsequently, the
redox species that diffused to the opposite electrode undergo elec-
tron exchange between them to form the (pq)2Ir(pico) excited state.
Under this condition, the concentration of (pq)2Ir(pico)* was
depleted because the redox species of (pq)2Ir(pico) were not
replenished around each electrode. As a result, the ECL intensity
decreased during the resting period.

Based on these experimental results, we anticipated that a continu-
ous and high ECL intensity would be observed when a voltage with
an alternating polarity is applied to the ECLDs. The electron
exchange of the redox species occurs at the same electrode, thereby
allowing the effective formation of the (pq)2Ir(pico)* species, making
the ECL emission promptly achievable with a high ECL intensity.9,29

Since the standard alternating frequency is 50 or 60 Hz, the experi-
mental condition was set such that a square-wave pulsed alternating
voltage with a peak-to-peak voltage (Vpp) of 5 V (60 Hz, 50% duty
cycle) was applied on the ECLDs. The Vpp of 5 V means �2.5 V
was applied at the same electrode. Interestingly, the pulsed
alternating-voltage driving method exhibited different ECL tendencies
compared to the DC pulsed voltage and constant voltage driving
methods. The ECL intensity and continuity were improved in the
pulsed alternating-voltage-driven mode, as shown in Figure 4. Fur-
thermore, the ECL intensity decreased dramatically under the
constant-voltage-driven mode, compared to the case under other
modes. We attributed the improvement in the ECL intensity and con-
tinuity to the joint influences of two factors. Firstly, the given fre-
quency (60 Hz) provides time for the most kinetically favored redox
reactions with an effective potential drop at the electrode/active layer
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interface. Secondly, the excited state of (pq)2Ir(pico)* is formed
around both electrodes and in the bulk layer so that the concentra-
tion of the neutral (pq)2Ir(pico) species is replenished near both
electrodes.30 These results suggest that the electrochemical
reactions involving ECL may occur via different kinetic path-
ways according to the driven mode.

In summary, the electrochemical reactions were investigated
including the mass transfer and kinetics in ECLDs. Both the LiClO4

concentration and the operating methods in the ECLDs influenced
the electrochemical reactions of (pq)2Ir(pico), but the electron trans-
fer between (pq)2Ir(pico) and the electrode was effectively induced
by the EDLs formed by LiClO4 at the electrode/active layer inter-
face. In addition, the diffusion rate of (pq)2Ir(pico) was reduced at a
high LiClO4 concentration, which consequently reduced the ECL
intensity. When applying the pulsed alternating-voltage driving con-
ditions to the ECLDs, the ECL intensity and continuity were
improved compared with those obtained by the DC pulsed and con-
stant voltage modes. These results indicate the importance of con-
trolling the rate of electrochemical reactions to achieve high ECL

Figure 1. (a) Steady-state current as a function of the LiClO4 con-
centration with 0.1 mM (pq)2Ir(pico) and a 25 μm Pt microdisk
electrode. The Nyquist plots of the AC impedance for the ECLDs
(b) with various applied biases with 14 mM (pq)2Ir(pico) and
300 mM LiClO4; (c) with various LiClO4 concentrations at 2.5 V,
and (d) the anticipated equivalent circuit of the ECLDs.

Figure 2. Plot of the integrated ECL intensity on the DC pulsed
voltage at 2.5 V with 50% duty cycle as a function of the fre-
quency and various LiClO4 concentrations (from 50 to 700 mM),
and (b) potential difference between the electrode and the active
layer at DC pulsed voltage with various operational frequencies in
ECLDs with 300 mM LiClO4.

Figure 3. (a) Temporal ECL intensity of the DC pulsed voltage with
various operational frequencies from 0.1 to 100 Hz, and the
(b) temporal ECL intensity and redox reaction current at 0.1 Hz. The
sandwich-type ECLDs comprised of 14 mM (pq)2Ir(pico) and
300 mM LiClO4.

Figure 4. Comparison of the temporal ECL intensity with vari-
ous operating driven-mode. (line: pulsed alternating-voltage
mode (Vpp 5.0 V, 60 Hz, and 50% duty cycle), line with open
symbol: DC pulsed voltage mode (2.5 V, 60 Hz, and 50% duty
cycle), and line with closed symbol: constant voltage
mode (2.5 V).
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brightness in ECLDs. The electrochemical investigation suggested
in this study is expected to provide useful information for the devel-
opment of high performance ECLDs.

Experimental

Reagents and Instruments. All the chemical reagents used in
this study are commercially available and were used without further
purification. Lithium perchlorate (LiClO4) and propylene carbonate
(PC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A
scanning electron microscope (SEM) was used (SEM, Hitachi S-4300,
Tokyo, Japan) for confirming the space between the ITO electrodes of
the ECLDs.
Fabrication of ECLDs. A sandwiched device configuration
was employed: ITO/active layer/ITO. The ITO electrode (10 Ω/sq.,
SNI Inc., Seongnam, South Korea) on glass substrate was cleaned
by sequential ultrasonication in deionized water (15 min) and iso-
propyl alcohol (15 min), followed by drying of the ITO electrodes
in an oven overnight (120 �C). One of the two ITO electrodes had
three holes with 1 mm diameters for injecting an electroactive sol-
vent. Thermal tape (Solaronix Co., Aubonne, Switzerland) was used
to attach the two ITO electrodes and to prevent the solvent leakage.
The distance between the two ITO electrodes was 60 μm. The
resulting sandwich-type substrates were attached by heating at
80 �C for 10 min on a hot plate. Subsequently, the prepared solu-
tion, by blending 14 mM (pq)2Ir(pico) with various LiClO4 concen-
trations (from 50 to 700 mM) in PC, was injected through the hole.
Finally, the holes were sealed using a hot-melt polymer film with a
cover glass (0.1 mm thick). The emission area of the ECLDs was
1.5 × 1.5 cm2.
Characterization. Electrochemical impedance spectroscopy,
cyclic voltammetry, and light emission of the ECLDs were per-
formed using a CH Instruments 650B Electrochemical Analyzer
(CH Instruments Ins., Austin, TX). The ECL emissions were
recorded using a photomultiplier tube mode (PMT, Hamamatsu
photonics H6780, Shizuoka, Japan). The fabricated ECLDs were
mounted directly on the PMT to measure the ECL intensity.
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