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Abstract. In addition to its fascinating electrical and mechanical properties,
graphene is also an electrochemically stable and transparent electrode material.
We demonstrate its applicability as both anode and cathode in a light-emitting
electrochemical cell (LEC), an electrochemical analog to a polymer organic lightemitting diode (POLED). Speciﬁcally, we summarize recent progress in carbon-based
metal-free light-emitting devices enabled by chemically-derived graphene cathodes
on quartz and plastic substrates, and explain the advantages of using LECs in
manufacturing large-area devices.

1. Introduction
“Organic electronics” has long been deﬁned to encompass devices that include some
electronically-active organic component, i.e. nearly all of todays “organic” lightemitting devices include two inorganic electrodes to contact an organic emissive layer.
Still, the attractive properties of organic materials, speciﬁcally, the relatively small
cost of solution-based manufacturing (via printing and coating), mechanical ﬂexibility
and ability to tune color and other parameters through chemistry, have motivated a
tremendous investment in the development of new and improved organic materials for
the realization of true all-organic devices. Here, we show that the advent of graphene,
with its combination of transparency, conductivity and chemical stability, opens the
possibility of metal-free all-organic light-emitting devices. [1, 2]
We review our recent progress regarding the use of chemically derived graphene
(CDG) as a transparent electrode in polymer light-emitting electrochemical cells (LECs).
A schematic of the most practical device demonstrated to date, in which a blend of a
light-emitting polymer (LEP) and an electrolyte is sandwiched between a CDG cathode
and conducting polymer anode, is shown in ﬁgure 1.
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Figure 1. Schematic of the metal-free LEC as published in Matyba et al. [1] Copyright
2010 ACS. Reused with permission.

1.1. Transparent, metal-free electrodes
The vast majority of solid-state light-emitting devices require a transparent electrode for
operation, as do displays (e.g. liquid crystal displays, LCDs) and photovoltaic devices
(solar panels). “Organic” light-emitting devices have long used indium tin oxide (ITO)
as a highly-transparent, conducting anode [3, 4]. For the case of polymer light-emitting
devices, a metal cathode with a low work function has also been necessary for the
attainment of facile electron injection and eﬃcient device operation. [5]
The development of scalable processes for manufacturing large-area transparent
electrodes based on CDG represents a breakthrough in this ﬁeld from a processing
perspective, and more importantly a materials perspective. The demand for ITO and
similar materials is increasing as consumer electronics become more popular, imparting
pressure on both the supply (particularly of In) and recycling technology (which is
currently insuﬃcient for handling the large volume of these materials incorporated
into electronic devices). Using carbon-based graphene solves both problems, as the
raw material is seemingly endless on this planet and recycling of carbon-based metalfree electronic devices can be as simple as burning them to recover the energy in the
materials, yielding little other than water and carbon dioxide.
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Figure 2. Graphene (left) is an example of an ordered two-dimensional π-conjugated
system. PPV (right) is a one-dimensional π-conjugated system when diluted in a
solvent, but intrachain and interchain interactions increase the dimensionality of the
π-system in solid ﬁlms.

1.2. Organic electronics
The current eﬀort to develop electronic components such as lamps, displays, sensors,
solar cells and control systems based on organic molecules and polymers for currently
“inactive” space is tremendous. Billions of dollars of research and development are
pushing to bring new functionality to areas such as consumer packaging and the walls
of your home and oﬃce. During the past 20 to 30 years, tremendous progress has been
made in advancing materials and devices to meet this challenge.
One category of organic electronics, in which polymeric (plastic) materials are
primarily used, has several particular advantages. Like nearly all organic electronic
materials, polymers are synthetic, so they can be customized and tailored to include
a wide variety of functionality. However, polymers are also often solution processable,
meaning that they can be dissolved or suspended in a solvent, forming an “ink-like”
material that can be coated or printed with a variety of techniques. This makes polymer
electronic materials very easy, and therefore inexpensive, to process.
The conductivity in these polymers comes from an extended π-structure along the
backbone. A series of alternating single and double C-C bonds causes this so-called
π-conjugation. Just as graphene has a two-dimensional π-system, giving rise to its
incredible electronic properties, a π-conjugated polymer has a similar one-dimensional
system along its backbone. Figure 2 shows the two structures side-by-side. Note that
in the bulk of a solid ﬁlm, where the conjugated polymer is intertwined with both
itself and neighboring polymer chains, intrachain and interchain interactions increase
the dimensionality of the conjugated system. Many conjugated polymers are highly
ﬂuorescent, and the emission color (and other characteristics) of these LEPs can be
tailored during synthesis by, e.g., adding various side-chains to the polymer backbone.
Derivatives of, and copolymers containing, poly(para-phenylene vinylene) (PPV) are
commonly used in emissive applications, but many other classes of LEPs are also
available. [6]

Graphene electrodes for organic metal-free light-emitting devices
Cathode (Ca/Al or LiF/Al)

Cathode (Al)

Light-emitting polymer

LEP and polymer electrolyte

Anode (ITO or graphene)

Anode (ITO or graphene)

Substrate (quartz or PET)

Substrate (quartz or PET)

(a) POLED

4

(b) “Sandwich” LEC
LEP and polymer electrolyte
Electrodes (graphene)
Substrate (quartz or PET)

(c) Planar LEC
Figure 3. Architectures of a POLED, “sandwich” LEC, and planar LEC.

1.2.1. Polymer (organic) light-emitting diodes (POLEDs) The polymer light-emitting
electrochemical cell (LEC) is an electrochemical analog of the polymer organic lightemitting diode (POLED) [7]. The devices are similar in structure, but the operational
mechanisms diﬀer tremendously, particularly due to the mobile ions in the LEC. We
will describe the operation of LECs in context with POLEDs, simply because the latter
is much more widely understood.
A minimalistic POLED consists of a thin layer (<100 nm) of a LEP (e.g. a PPV)
sandwiched between two metal electrodes, as shown in ﬁgure 3a. If the HOMO of the
LEP is energetically near the Fermi level of the anode (positive electrode), and the
LUMO of the LEP is near the Fermi level of the cathode, then applying a potential
between the metal electrodes can cause injection of a hole into the LEP at the interface
with the anode and an electron at the cathodic interface. The hole and electron are
then transported by a combination of electromigration and diﬀusion until they meet and
form a bound electron-hole pair (an exciton), which can decay under the emission of
light. As previously mentioned, at least one of the metal electrodes must be transparent
if the light generated is to escape the device.
ITO is commonly used as an anode (often with a planarizing layer of the p-doped
conjugated polymer PEDOT:PSS) in POLEDs, as the Fermi level of ITO is suﬃciently
near the HOMO of most LEPs. Ca or a bilayer of LiF and Al are typical cathode
materials because their high Fermi level (corresponding to a small work function)
matches the LUMO of the LEP. Working with low-work-function cathode materials
like Ca is, however, a challenge, as they are very reactive with oxygen and water.
Furthermore, there are no known transparent materials that work well as a cathode in
POLED devices. However, graphene was predicted and has been demonstrated[8] to
work as an anode in small-molecule OLED devices.
1.2.2. Electrochemical doping of polymers The electronic properties of inorganic
semiconductors can be tuned via blending or implanting small amounts of “dopant”
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materials with diﬀering valence into the host semiconductor, which eﬀectively
donate/accept an electron to/from the semiconductor host. This chemical doping results
in the formation of conducting doped regions, which, for instance, can be utilized for
the realization of high-speed transistors that are the basis for the microprocessors and
memory chips in today’s personal computers.
Conjugated polymers can also be chemically doped by adding appropriate oxidizing
or reducing agents to the polymer, resulting in a “permanently” doped material.
Alternatively, when the conjugated polymer is in contact with mobile ions and an
electrode, it can be doped electrochemically, in situ. The ions can come from a salt
added directly to the polymer if the polymer can dissolve it, but usually a solid-state
solvent such as polyethyleneoxide (PEO) is required. The doping process can either be
of p-type:
P + X −  P + X − + e−

(1)

where P represents the undoped polymer, X− represents an anion (from the salt M+ X− ),
P+ represents (a segment of) p-doped polymer and e− represents an electron; or of ntype:
P + M + + e−  M + P −

(2)

where M+ represents a cation from the dissolved salt and P− represents (a segment of)
n-doped polymer.
As with inorganic semiconducting materials, doping a polymer semiconductor can
change its conductivity several orders of magnitude. [9, 10] The polymers also typically
change color [11, 12] and size, [13, 14] and their surface chemistry alters [15, 16, 17]
during the doping process. In general, many “ﬁeld-eﬀect” (ion-free) polymer devices
have electrochemical analogs. [10].
1.3. The light-emitting electrochemical cell (LEC)
Blending an ion-solving material such as PEO and a salt (e.g. KCF3 SO3 ) with the LEP,
and fabricating the same sandwich structure previously described creates an LEC. The
mobile ions serve several functions. First, they assist charge injection. When a potential
is applied between the electrodes, the anions and cations electromigrate (drift) toward
the anode and cathode, respectively. The metal electrode is impermeable to ions, so the
ions congregate in a dense layer of high charge density at the interface, with an equal and
opposite charge density in the metal electrode itself, forming a so-called electric doublelayer. This double-layer has a thickness on the order of the Debye screening length which
is typically around 1 nm, and which is short enough for tunneling of electrons through
the double-layer to be signiﬁcant. Thus, the diﬀerence in energy between the LEP’s
HOMO and LUMO and the Fermi level of the anode and cathode are no longer critical
to the operation of the device (although they can still aﬀect the device [18, 19]). In other
words, eﬃcient LECs can be made with a much wider variety of electrode materials than
POLEDs. In fact, the same material can often be used for both electrodes. [20, 21, 22]
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Once charge injection into the LEP layer occurs, the introduction of mobile
electrons/holes in combination with the existence of mobile ions allows electrochemical
doping to occur (see (1) and (2)). Thus, the LEP becomes p-doped near the anode and
n-doped near the cathode. This converts the polymer to a (relatively good) conductor,
extending the eﬀective anode and cathode into the LEP. This process continues and
the doped regions expand toward one another until they meet, forming a p-n (or p-in) junction. At this point, the device turns on, as holes and electrons can meet and
recombine in the narrow strip of undoped material between the two doped regions.
One desirable consequence of this doping process is that LEC operation is relatively
independent of the thickness of the active layer. Thicker devices require more time to
turn on, but can still operate at potentials at or slightly above the bandgap of the LEP
[23]. POLEDs, on the other hand, are ﬁeld-dependent, which means that the voltage
required to operate the device increases with the thickness of the LEP layer. Lowvoltage devices are desirable, particularly for battery-powered portable systems, while
“thick” layers (> 500 nm) are relatively easy to manufacture with coating and printing
equipment and processes. Thinner layers are more susceptible to pinhole defects that
cause short-circuits, rendering a device inoperable. This challenge becomes particularly
important with increasing device area, where even extremely low defect densities (e.g.
those found in the silicon semiconductor industry) become unacceptable.
The device thickness can be taken to extremes. For example, rather than making a
sandwich structure, one can make a planar device like the one shown in ﬁgure 3c. In this
device, the gap between the electrodes (which are usually the same material) can be up
to several mm [24, 21, 22, 19, 25]. This allows the doping progression described above to
be followed over time due to the sharp contrast between the photoluminescent undoped
LEP and the doped LEP where the photoluminescence is quenched. [24] Furthermore,
the surface potential within the device can be measured via scanning kelvin probe
microscopy (SKPM). [26, 27, 28] See Robinson et al. [22, 25] and Matyba et al. [28]
for measurements, analysis and discussion of the turn-on process in wide-gap devices.
1.3.1. Metal-free LECs Several opportunities arise because LECs are compatible with
a wider range of electrode materials than OLEDs. For example, high-work-function
materials such as graphene can be used as both the anode and cathode, eliminating
the need for both the ITO and the reactive metal found in the vast majority of
OLED devices. [1] Other carbon allotropes such as carbon nanotubes, have also been
demonstrated as transparent electrodes in polymer LECs. [29]
2. Preparation of electrodes
A summary of the preparation of the electrodes is provided here. For details, we refer
to several previous publications. [1, 2]
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Figure 4. (a) Process used for coating CDG ﬁlms on a silicon oxide surface (i–iv)
and then transferring the ﬁlm to PET (v–ix). Examples of the resulting ﬁlms a 6
inch substrate (b) and 12 inch substrate (c). Copyright ACS 2010. [32] Used with
permission.

2.1. Quartz substrates
Transparent CDG electrodes were fabricated on quartz substrates from graphene oxide
(GO) ﬂakes exfoliated from graphite powder using a modiﬁed Hummer’s method [30].
The GO ﬂakes, suspended in water after exfoliation, were ﬁrst vacuum-ﬁltered onto
cellulose paper ﬁlters [31] and then transferred to quartz substrates. The GO ﬁlm was
then reduced in an Ar/H2 environment and annealed at 1000 ◦ C in vacuum overnight.
2.2. Transfer to PET
Once fabricated, the CDG ﬁlms described above can be transferred to ﬂexible
polyethylene terephthalate (PET) substrates, yielding transparent, ﬂexible electrodes.
The process is relatively simple. A thin layer of poly(methyl methacrylate) (PMMA)
is spin-coated onto the CDG ﬁlm and baked. The CDG ﬁlm can then be released from
the quartz substrate by submersing the entire stack into a sodium hydroxide (NaOH)
solution. Once delaminated, the PMMA/CDG ﬁlm is placed onto the PET substrate
and acetone used to remove the PMMA. A schematic of this processcan be found in
ﬁgure 4a (parts v–viii) Photographs of the resulting use of this process for obtaining
large substrates can be seen in ﬁgure 4b–c.
3. Characterization of electrodes
3.1. Optical and electronic characteristics.
The optical transparency of CDG electrodes fabricated with the processes described
above is between 50% for thick ﬁlms to well over 90% for thin ﬁlms. [32] The sheet
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Figure 5. (a) Upper panel: cyclic voltammogram recorded using a thin ﬁlm of CDG
as the working electrode. Lower panel: cyclic voltammogram recorded using CDG
coated with a thin ﬁlm of Super Yellow. (b) AFM topography image of a CDG ﬁlm
on quartz (c). A micrograph of the same CDG ﬁlm. Figure copyright ACS 2011. [2]
Used with permission.

resistance of the ﬁlms used in LECs was measured to be approximately 5kΩ/ on both
the quartz [1] and PET [2] substrates.
3.2. Roughness
CDG electrodes manufactured using the above-described method are relatively rough
(compared to atomically ﬂat graphene ﬁlms). Figure 5b shows an AFM measurement
of a CDG ﬁlm on quartz. [2] Fortunately, the LEC is particularly robust to electrode
roughness and variations in the thickness of the LEP layer. Thus, it should prove
signiﬁcantly simpler to use CDG electrodes when manufacturing LECs than POLEDs.
3.3. Electrochemical stability
Since LECs include mobile ions, and therefore the opportunity for electrochemical
reactions, the electrochemical stability of the electrode materials chosen is critical.
A standard technique for measuring the electrochemical reactivity of a material is
cyclic voltammetry, where the potential applied to the material to be tested is cycled
linearly over a potential range in a three-electrode electrochemical cell. Figure 5a
shows the result of a CV experiment performed at 50 mV/s, in which the CDG
electrodes (on quartz) were submersed in a solution of 0.1 M tetrabutylammonium
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hexaﬂuorophosphate (T BAP F6 ) in anhydrous acetonitrile. After cycling the potential,
measured versus a Ag quasi-reference electrode, bis-(g-cyclopentadienyl)iron(II)
(ferrocene, Fc) was added to the cell and a calibration sweep executed. The potentials
shown in ﬁgure 5a are reported with respect to the redox potential of the Fc/Fc+ system.
[2]
Notice that the CDG electrode (upper voltammogram) shows very little
electrochemical activity in the potential range of interest. When a layer of Super Yellow
is spin-coated onto the CDG electrode (as in the preparation of the CDG/Super Yellow
POLED), it is clear that the Super Yellow is both electrochemically oxidized (p-doped,
at approximately 0.7 V vs. Fc/Fc+ ) and reduced (n-doped, at approximately -2.3 V vs.
Fc/Fc+ ) in this same potential window.
It should be noted that the CDG studied here (and likely graphene in general)
shows superior electrochemical stability than even PEDOT:PSS or ITO. PEDOT:PSS
is primarily suitable only as an anode in this type of device, as its conductivity decreases
several orders of magnitude when electrochemically reduced (dedoped). Similarly, ITO
tends to undergo a variety or reduction processes causing it to change color when used
as a cathode. As demonstrated by the CV measurement in ﬁgure 5a and the devices
described below, CDG is suitable as both anode and cathode for LECs (and likely many
other electrochemical devices). This should not come as a surprise, as the electrode is
expected to be chemically similar to the surface of carbon black electrodes, which have
been used extensively in electrochemistry for decades.
4. Fabrication of devices
A brief summary of the device fabrication is presented here. Details can be found in
the original articles [1] and [2].
4.1. Light-emitting polymer layer
The active layer of each of the LEC devices presented here was fabricated from
a cyclohexanone solution of “Super Yellow” (LEP from Merck), the salt potassium
triﬂuoromethanesulfonate (KTf) and the ion-dissolving material PEO. This solution
was drop-cast onto the CDG substrate and dried on a hotplate at 360 K for 12 h,
resulting in a 1–2 μm thick ﬁlm.
The active layer of the CDG POLED was spin-cast from a solution of Super Yellow
in cyclohexanone, resulting in a LEP ﬁlm approximately 70 nm thick.
4.2. Stenciling PEDOT:PSS electrodes
A 2 by 4 array of conducting electrodes was patterned on top of the active layer
as follows: A stencil (mask) created using cellophane tape was placed on top of the
LEP ﬁlm. The device and stencil were then placed on a hotplate at 360 K for more
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than 10 minutes. Clevios S V3, a viscous aqueous suspension of a blend of poly(3,4ethylenedioxythiophene) and polystyrene sulfonic acid (PEDOT:PSS) commercially
available from H.C. Starck, was spread over the device through the stencil using the
edge of a glass microscope slide. After removing the stencil, the device was again baked
on the hotplate at 390 K for 12 h.
To assist electrical contacting of the PEDOT:PSS electrodes, a Ag/AgCl paste was
applied to the ends of the polymer electrodes.
5. Devices
5.1. POLED with graphene anode on quartz
First, we have demonstrated a simple POLED with a CDG anode, Super Yellow active
layer, and Ca capped with Al (each layer thermally evaporated, 50 nm thick) cathode.
This device performed reasonably well, although the relatively rough graphene electrodes
caused microshorts (small short-circuits) within the ﬁlm that resulted in visible dark
spots and an excessive current through the device. The device turned on at an applied
potential of 7 V and emitted more than 200 cd/m2 at 23 V and a quantum eﬃciency
of 1.5 cd/A. This result conﬁrms that CDG can be a viable low-cost replacement for
ITO as the anode in POLEDs, although it does not match the results presented for a
small-molecule OLED by Wu et al. [8]
5.2. LEC with graphene cathode and PEDOT:PSS anode on quartz
The device shown schematically in ﬁgures 1 and 3b is an improvement over the analogous
POLED in terms of the materials involved (no metals required), the fabrication process
(all materials are solution-processed), and the electronic and optical eﬃciency of the
device. As shown in ﬁgure 6a and 6b, the device emits bright light through both the
anode and cathode, as both are relatively transparent.
As previously mentioned, the mobile ions in polymer LECs assist charge injection
and allow electrochemical doping to form a p-n junction in situ. This means that the
device turns on when a potential corresponding to the bandgap of the polymer is applied.
Figure 7b shows very clearly that the device turns on at approximately 2.8 V, which is
close to the reported bandgap of Super Yellow of approximately 2.4-2.5 V [33].
5.3. LEC with graphene cathode and PEDOT:PSS anode on PET
The LEC is equally robust when fabricated on a CDG electrode on PET rather than
quartz. Figure 8 shows the current and measured brightness from a Super Yellow device
with PEDOT:PSS anode and CDG on PET cathode. The optoelectronic performance
is comparable with the data shown in ﬁgure 7a for the device on a quartz substrate,
but is also ﬂexible, as visible in the photograph shown in ﬁgure 9. Here, the device is
wrapped around a test tube containing a suspension of CdSeYZnS quantum dots, which
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(a)

(b)
Figure 6. A metal-free solution-processed LEC on quartz observed during light
emission viewed through the CDG cathode (a) and PEDOT:PSS anode (b). Copyright
ACS 2010. [1] Used with permission.

absorb the yellow light transmitted through the CDG electrode into the tube and emit
red light. The yellow light visible in ﬁgure 9 is transmitted through the PEDOT:PSS
anode.
5.4. LEC with graphene anode and cathode
As described previously, LECs can be manufactured with a planar geometry and with
the same material as the anode and cathode. To demonstrate this capability with CDG,
we created a planar device with identical CDG anode and cathode. First, a 2 mm-wide
stripe of a CDG ﬁlm was removed by mechanically scraping it away with a scalpel. This
substrate was then coated with the previously-described blend of Super Yellow, KTf
and PEO and dried on a hotplate, resulting in a device similar to the schematic shown
in ﬁgure 3.
The device was illuminated by UV light in an otherwise dark environment, allowing
the photoluminescence of undoped Super Yellow to be detected by a camera (see ﬁgure
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Figure 8. Optoelectronic performance of an LEC with PEDOT:PSS anode and CDG
on PET cathode. Brightness measured on the CDG/PET side of the device. Copyright
ACS 2011. [2] Used with permission.
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Figure 9. Photograph of a ﬂexible LEC with PEDOT:PSS anode and CDG on PET
cathode. The device was wrapped around a test tube containing a suspension of redemitting (CDSe/ZnS) quantum dots. Copyright ACS 2011. [2] Used with permission.

10). When a potential (20 V) is applied, dark p- and n-doped regions are clearly visible,
stemming from the anode (left electrode) and cathode (right electrode), respectively.
As described in the introduction, the doped regions grow (images II-IV) until they meet
(V), at which point a thin p-n junction is formed and electroluminescence begins. The
electroluminescence from the p-n junction is more clearly visible in image VI, where the
p-n junction is fully formed and the UV illumination has been removed.
6. Prospect for the future
6.1. Encapsulation
As with POLEDs, the single most important impediment to commercialization of largearea LEC lighting devices is the lack of inexpensive, ﬂexible and suﬃciently impermeable
barriers for water and oxygen. The polymers used in both LECs and POLEDs are
extremely reactive when n-doped, and are either reduced by water and/or oxygen
(removing the electron from the system) or otherwise chemically react with the water
and oxygen, often destroying the polymer. Thus, the various barrier systems that are
now being developed using a wide variety of strategies, including composites of ceramic
and plastic or metal and plastic, will be critical for the commercialization of ﬂexible
polymer-based lighting devices.
The chemical impermeability of graphene itself oﬀers potential protection for
polymer electronic devices as well. However, the CDG processes that are currently
used to make large-area transparent electrodes produce ﬁlms that are far from “perfect”
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Figure 10. A planar LEC with CDG as both anode and cathode, separated by 2 mm.
The device is operated at 20 V and 380 K. Illuminating the device with UV light in
an otherwise dark environment allows the growth of the doped regions (dark) from the
CDG electrodes (interface identiﬁed by vertical white dotted lines) to be visualized.
The Roman numerals indicate the time (measured from application of potential) each
photograph was recorded: (I) 0 s, (II) 2 s, (III) 4 s, (IV) 32 s, (V) 68 s, (VI) 78 s.
Copyright 2011 ACS. [2] Used with permission.

graphene sheets, but rather patchworks of interconnected graphene ﬂakes with gaps and
holes that will likely allow oxygen and water permeation.
6.2. Opportunities for larger-scale production and operation
The electrodes and devices presented here have the potential to be used in continuous
large-scale high-volume manufacturing processes such as roll-to-roll printing and coating.
Although the high-temperature reduction/annealing process (described above) to make
the CDG electrodes is not compatible with the PET substrate, chemical reduction of
GO ﬁlms in room-temperature solution, or transfer of graphene ﬁlms from thermally
stable substrates to ﬂexible foils in a roll-to-roll process have been demonstrated. [34]
The latter is currently under commercial development by Samsung. We reiterate that
the mobile ions in LECs make them particularly suitable for printing and coating LECs
onto graphene substrates because the work function (Fermi level) and roughness of the
electrodes have minimal impact on device performance and relatively thick LEP ﬁlms
can be used, alleviating the challenge of making uniformly-thin and defect-free ﬁlms
over large areas. The metal-free sandwich device described above should be possible to
manufacture in a roll-to-roll coating process today. In the near future, LECs with CDG
as both anode and cathode will almost certainly be achievable by laminating the second
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electrode (backed by e.g. PET) onto a PET-CDG-LEP stack in a roll-to-roll process.
In either case, we hope to see products such as large-area lighting panels, illuminated
posters and electric wallpaper in the not-so-distant future.
6.3. Performance improvements
The gap between the development of OLEDs and LECs can largely be attributed to the
disappointing device lifetimes that persisted almost a decade after their invention.[33]
Furthermore, the combination of mobile ions and electrons and complications involving
electrochemical side-reactions impeded the understanding of these devices’ operation,
and hence limited the improvements that could be made in regards to performance.
However, through careful and thorough study of these devices, a clearer picture of both
the operating and failure mechanisms in LECs is emerging, allowing rapid improvement
in the device lifetime and performance. [35, 36] In the future, we see no fundamental
reason why LECs cannot match the lifetime and eﬃciency of POLEDs.
Many of the strategies proposed for improving the eﬃciency of POLEDs, such as
designed light out-coupling and the use of phosphorescent emitters to harvest the socalled “triplet states” are directly applicable to LECs. The opportunities with LECs,
in which one can adjust the LEP, solvent and ions, may in fact exceed the potential for
OLEDs.
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