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ABSTRACT We report flexible and metal-free light-emitting electrochemical cells (LECs) using exclusively

solution-processed organic materials and illustrate interesting design opportunities offered by such conformable

devices with transparent electrodes. Flexible LEC devices based on chemically derived graphene (CDG) as the

cathode and poly(3,4-ethylenedioxythiophene) mixed with poly(styrenesulfonate) as the anode exhibit a low turn-

on voltage for yellow light emission (V = 2.8 V) and a good efficiency 2.4 (4.0) cd/A at a brightness of 100

(50) cd/m2. We also find that (DG is electrochemically inert over a wide potential range (+1.2to —2.8 V vs

ferrocene/ferrocenium) and exploit this property to demonstrate planar LEC devices with (DG as both the anode

and the cathode.
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rganic electronics is a rapidly de-

veloping field that utilizes pristine

and doped organic semiconduc-
tors (OSCs) to produce of a wide range of
functional and novel devices.' " One par-
ticularly tantalizing opportunity is the an-
ticipated emergence of conformable, light-
weight, and large-area emissive panels
based solely on “green” and abundant OSC
materials that are fabricated from solution
using low-cost and scalable roll-to-roll pro-
cesses. Such devices are often conceptual-
ized as “light-emitting wallpaper”.

The emissive technology in vogue within
the organic electronics community is the or-
ganic light-emitting diode (OLED),'* "2
which has been introduced in a number of
small-sized commercial applications.’®
OLEDs can be divided into SMOLEDs when
the active material comprises small organic
molecules and POLEDs when the active ma-
terial is a conjugated polymer (CP). How-
ever, neither OLED technology is expected
to fulfill the full wall-paper vision because
SMOLEDs depend on expensive vacuum
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evaporation for the fabrication of (parts of)
the active material, and POLEDs require the
use of a low-work-function (and reactive)
metal cathode that is incompatible with so-
lution processing. Moreover, all OLEDs de-
pend on very thin (~100 nm) layers of ac-
tive material with well-defined thicknesses,
which are difficult to attain with low-cost
solution fabrication.

In view of recent promising reports,
it appears plausible that an alternative, and
significantly less studied, organic electronic
device—the light-emitting electrochemical
cell (LEC)}—could fulfill the requirements
necessary for light-emitting wallpaper-like
applications to be realized. LECs utilize an
ion- and electron-conducting blend as the
active material sandwiched between the
cathode and anode.??~ %2 It has been dem-
onstrated that a dynamic p—n junction
doping structure can form in situ in the ac-
tive material of LEC devices based on conju-
gated polymers.?®>° The dynamic forma-
tion of doping brings the advantages that
LECs, in contrast to OLEDs, can function ef-
ficiently independently of the work function
of the electrodes and the thickness of the
active material.>' ~3* Moreover, Yu et al*®
and Matyba et al.>® have recently demon-
strated that it is possible to fabricate LECs
comprising solution-processable OSC com-
pounds for both electrodes and the active
material and that such metal-free devices
can exhibit efficient light emission. Yu and
co-workers®” utilized a network of conduct-
ing carbon nanotubes for both the anode
and the cathode, whereas Matyba and co-
workers®® used chemically derived
graphene (CDG) for the cathode and a con-
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Figure 1. (a) Upper panel: CV recorded using a thin film of chemically derived graphene as the working electrode. Lower
panel: CV recorded using a chemically derived graphene electrode coated with a thin film of the conjugated polymer su-
peryellow as the working electrode. CV measurements were performed in 0.1 M TBAPF in acetonitrile using a Pt disk as the
counter electrode. The sweep rate was 50 mV/s. (b) An AFM topography image of a chemically derived graphene film on a
quartz substrate. (c) A micrograph of the same chemically derived graphene film.

ducting polymer, poly(3,4-ethylenedioxythiophene)
mixed with poly(styrenesulfonate) (PEDOT-PSS), for the
anode.

In this article, we expand upon and develop the con-
cept introduced by Matyba et al. We show that CDG ex-
hibits a notably wide electrochemical stability window
and utilize this for the realization of planar LEC devices
with CDG as both the cathode and the anode and with
interelectrode gaps of 2 mm. We further fabricate CDG
on flexible polyethylene terephthalate (PET) substrates
and, although the surface of such CDG films is found to
be quite rough, we demonstrate flexible LEC sandwich
cells that emit strong yellow light at low voltage and
high efficiency (e.g., 100 cd/m? at 4.5 V and 2.4 cd/A). Fi-
nally, as both electrodes in the flexible device are trans-
parent, it is possible to design novel conformable emis-
sive architectures. Here, we wrap a flexible LEC device
around a thin capillary tube containing a dispersion of
red-emitting quantum dots so that yellow light is emit-
ted outward in the radial direction from the tube while
red light is emitted along the tube’s long axis.

During the initial operation of an LEC, ions within
the active material redistribute in response to the ap-
plied voltage, V. If the voltage is equal to or larger than
the band gap potential of the conjugated polymer,
p-type doping is initiated at the anode and n-type dop-
ing is initiated at the cathode. With time, these two
doped and highly conductive regions grow in size and
eventually make contact under the formation of a light-
emitting p—n junction structure in the bulk of the ac-
tive material.>”-*® However, it is notable that this sce-

www.acsnano.org

nario represents the ideal operation of an LEC and that
a plethora of undesired electrochemical side reactions
also can take place. For instance, it has been demon-
strated that the electrode material (as well as the elec-
trolyte)®® can take part in electrochemical side reactions
during the operation of LEC devices at the expense of
the desired doping reactions.*® To alleviate, and ideally
eliminate, these side reactions, it is advisible to employ
electrode materials that are electrochemically inert in
the voltage range spanned by the p-type (oxidation)
and n-type (reduction) potentials of the CP. If this is not
the case, then there is a significant risk that the elec-
trode material will react electrochemically during LEC
operation, resulting in the formation of side-reaction
residues at the electrode interface(s) that can severely
limit, or even halt, the operation of the device.

The upper panel in Figure 1a presents a cyclic volta-
mmogram (CV) recorded on a CDG-coated quartz sub-
strate over a wide potential interval that spans the
p-type and n-type doping potentials of most conju-
gated polymers (+1.2 to —2.8 V vs ferrocene/ferroce-
nium, Fc/Fc™). A careful inspection of the CV reveals a
minor and reversible reduction event at —2.3 V vs Fc/
Fc*, with a peak current on the order of a few microam-
peres (i.e., too small to be distinguishable in the panel).
On the basis of the small magnitude and potential po-
sition of the reversible peak, we attribute it to reversible
reduction of epoxy and/or hydroxyl groups that have
been shown to remain within CDG following the syn-
thesis process.*’ ~** More importantly, however, we do
not detect any significant or irreversible current peaks
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Figure 2. Sequence of photographs showing the initial operation of a planar LEC, comprising a {superyellow + PEO +
KCF3SOs} active material positioned between two identical CDG electrodes. The interelectrode gap is 2 mm, and the device
was driven at V = 20 V at a temperature of T = 380 K. The device was operated under UV illumination in a dark room so that
the doping formation could be visualized as dark regions growing away from the electrode interfaces; the latter are identi-
fied by the vertical white dotted lines. The Roman numerals indicate the time at which the photographs were recorded:
Mt=0s,()t=2s,(llht=4s,(IV)t=32s,(V)t=68s,and (V) t =78s.

anywhere in the probed potential interval, which sug-
gests that CDG could be appropriate for both the cath-
ode and the anode in LEC applications.

This assumption is supported by the CV recorded
on a CDG electrode coated with a film of the conju-
gated polymer superyellow, as presented in the lower
panel in Figure 1a. The observed oxidation peak with an
onset at +0.6 V vs Fc/Fc™ can be attributed to p-type
doping of superyellow, while the reduction peak with
anonset at —2.2 V vs Fc/Fc* is attributed to n-type dop-
ing of superyellow, in agreement with a previous CV
study on the same conjugated polymer using Au as the
working electrode.' The fact that the return peaks ex-
hibit a lower integrated magnitude than the forward
peaks should not be taken as a sign of irreversibility of
the doping reaction, as the doped (and, as a conse-
quence, more hydrophilic) superyellow was observed
to dissolve into the (hydrophilic) electrolyte during the
CV measurements.

Figure 1b,c presents an AFM topography image
and an optical micrograph, respectively, of a pristine
CDG film on a quartz substrate. The AFM image dis-
closes significant surface roughness with distinct el-
evated features up to 120 nm in height protruding from
the surface of the CDG film (with an average thickness
of 25 nm), whereas the optical micrograph reveals the
existence of micrometer-sized branching wrinkles
within the CDG film. The existence of such an uneven
and inhomogeneous electrode surface corresponds to
significant challenges for devices and applications that
rely on uniform thin films for their operation. For in-
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stance, it is expected, and also recently demonstrated,*®
that OLED devices based on an uneven CDG film as
the anode material suffer from electrical short circuits
and/or uneven light emission. LECs are, in contrast, re-
markably tolerant toward structural features at the sur-
face of the electrode, as the in situ formation of doped
regions results in a light-emitting p—n junction physi-
cally isolated from the uneven surface within a thick
layer of active material (active material thickness >
electrode surface roughness). We will return to this
topic later but will first consider the opportunities that
the wide electrochemical stability window of CDG offers
for the electrode selection in LEC devices.

The definite proof for that the wide electrochemical
stability window of CDG indeed allows it to function as
both the anode and the cathode in LEC applications is
provided by experiments on open planar devices, as
shown in Figure 2. The devices were fabricated by mak-
ing a scratch in a CDG film deposited on a quartz sub-
strate using a razor blade, letting the scratch define the
interelectrode gap; here, d ~ 2 mm. (Alternatively, one
could likely establish the interelectrode gap in the
graphene film via the heating action of an intense la-
ser beam or lift-off photolithography.) A thin film com-
prising a blend of superyellow and a {PEO + KCF3SO;}
electrolyte was deposited (from solution) on top of the
electrodes and the gap between them to complete the
device assembly.

The photographs presented in Figure 2 were re-
corded during the operation of such a planar LEC with
a CDG anode (left) and a CDG cathode (right). The de-
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Figure 3. Flexible PEDOT-PSS/{superyellow + PEO + KCF3;SO;}/CDG LEC on a PET substrate. Note that both electrodes are
transparent and that the device contains no metal. (a) Current—brightness—voltage graph for the flexible device, with the
brightness recorded through the transparent CDG cathode. The voltage sweep rate was 0.1 V/s. (b) Photograph of a yellow-
emitting flexible LEC, wrapped around a vial containing a dispersion of red-emitting quantum dots. The photograph was
taken in a dark room, and the red emission from the vial stems from excitation of the quantum dots by the yellow emis-

sion from the LEC through the transparent CDG cathode.

vice was driven at V= 20V at T = 380 Kand imaged un-
der UV illumination in a dark room. The latter allows
doping to be visualized as dark regions because the UV-
excited photoluminescence of superyellow'*** (and
other conjugated polymers) is efficiently quenched by
doping.333%4>4¢ photograph (I) shows the device when
the voltage was first applied and the active material is
undoped (and accordingly, fully photoluminescent).
The consecutive photographs (Il) and (Ill) depict the on-
set of p-type doping (from the anode) and n-type dop-
ing (from the cathode), respectively. The delay in the
appearance of n-type doping with respect to p-type
doping is ~2—3 s and can be attributed to an initial
electrochemical side reaction involving the {PEO +
KCF3S0s} electrolyte at the negative cathode.*® Photo-
graph (IV) shows the doping after it has traversed ap-
proximately half of the interelectrode gap, and photo-
graph (V) depicts the fronts when they barely have
made contact and the p—n junction is about to form
(or has already formed in a few short regions). Photo-
graph (V1) finally shows the light emission from a fully
formed p—n junction (without UV illumination). The
light emission was invariably weak and could only be
detected by setting the probing camera to high sen-
sitivity. We note that this is consistent with previ-
ous results on planar LECs based on superyellow and
using Au as the electrode material,’**” but we also
point out that more conventional sandwich-cell LECs
based on superyellow can be very bright and
efficient’®” 72948 (see also Figure 3 and the accom-
panying text below).

As mentioned previously, we also fabricated CDG
on plastic PET substrates to obtain flexible and metal-
free LEC devices. Typically, chemical reduction yielding
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the lowest sheet resistance is achieved for CDG thin
films annealed at 1000 °C. The key challenge in this
work was to transfer the fully reduced films onto plas-
tic substrates. The detailed CDG and device fabrication
procedures are outlined in the Methods section. Figure
3a presents data recorded on a PEDOT-PSS/{superyel-
low + PEO + KCF3S05}/CDG sandwich cell mounted on
a flexible PET substrate during a voltage sweep experi-
ment (dV/dt = 0.1 V/s) at room temperature. The device
turns on and emits light (with a brightness > 1 cd/m?)
at a relatively low voltage of V = 2.8 V and reaches a
maximum brightness of 1000 cd/m? at V = 20 V. The
brightness in Figure 3a was measured from the CDG-
cathode/PET-substrate side, but both electrodes in this
device are transparent. Thus, it is appropriate to ac-
count for both the “top” emission through the PEDOT-
PSS anode and the “bottom” emission through the
CDG-cathode/PET-substrate when calculating the de-
vice efficiency. For this device, we found the maximum
current efficacy to be 4.0 (2.4) cd/A and the maximum
power efficacy to be 2.8 (2.4) Im/W at a brightness of 50
(100) cd/m?. The emission from the device appears uni-
form to the observer, which is highly noteworthy given
the uneven surface of the CDG film (see Figure 1b,c) and
important for many applications. We have also repeat-
edly bent such a flexible device to a radius of ~5 mm,
and we find that the emission remains homogeneous
and constant over the entire light-emitting area during
and following the bending.

The omnidirectional emission and the flexible na-
ture of this LEC architecture enable interesting design
opportunities. Figure 3b presents a photograph of a
flexible LEC device wrapped around a glass tube with
a diameter of 6 mm. The glass tube was filled with a
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water suspension of CdSe/ZnS quantum dots (QDs),
which was selected based on two criteria: (i) the QD ab-
sorption should exhibit a good spectral overlap with
the yellow emission from the LEC and (ii) the QDs
should exhibit strong luminescence. With an appropri-
ately designed system, it was anticipated that the in-
ward light emission from the bent LEC device, through
the CDG-cathode/PET-substrate side, would optically
excite the QDs so that they, in turn, could emit red light.
This is indeed observed in the photograph in Figure
3b, which was recorded in a dark room. The yellow
emission originates from the light escaping the LEC de-
vice through the PEDOT-PSS anode, whereas the red
emission stems from the optically excited QDs dis-
persed within the glass tube.

METHODS

Graphite powders (Branwell Graphite Ltd.) with a particle
size > 425 pm were exfoliated via a modified Hummer's
method.*® The acid and other reactants were removed from the
oxidized graphite powders by repeated washing in deionized
water, whereas unexfoliated graphite particles were removed by
mild centrifugation. The graphene oxide (GO) aqueous suspen-
sion was then diluted and vacuum filtered onto cellulose paper
filters.>® The GO films were initially deposited onto quartz sub-
strates for thermal reduction at 1000 °C for 15 min in an Ar/H, en-
vironment (Ar, 90%; H,, 10%). The films were preannealed at
200 °C in vacuum overnight to minimize the possible loss of car-
bon atoms upon annealing. The resulting chemically derived
graphene (CDG) electrodes had a sheet resistance of approxi-
mately 5 k€}/sq.

For the attainment of flexible electrodes, the CDG films were
transferred to flexible polyethylene terephthalate (PET) sub-
strates via lift-off.>">? The transfer was achieved by spin-coating
poly(methyl methacrylate) (PMMA) on top of the CDG film,
where after the assembly was heated at 120—170 °C for 1—3 h.
After the heating step, the PMMA/CDG/quartz assembly was
submerged in sodium hydroxide (NaOH) for the delamination
of the PMMA/CDG from the quartz. The speed of the lift-off was
controlled by modifying the NaOH concentration. The delami-
nated PMMA/CDG membrane was transferred to the flexible PET
substrate, followed by rinsing in acetone for removal of the
PMMA, leaving a uniform CDG thin film for use. The effect of
the transfer process on the sheet resistance of CDG films was
minimal.

The conjugated polymer is commercially available and
known as “superyellow” (Merck catalogue no. PDY-132).
Superyellow, polyethylene oxide (M,, = 5 X 10° g/mol, Aldrich),
and KCF3SOs (Alfa Aesar, purity = 98%) were separately dis-
solved in cyclohexanone (Aldrich, purity = 99.8%) in a concen-
tration of 5 mg/mL. For LEC device fabrication, the three master
solutions were mixed together in a volume ratio of superyellow/
PEO/KCF;S0; = 1.0:1.35:0.25 to form an active-material solution.

For the CV measurements, the electrolyte solution was pre-
pared by dissolving tetrabutylammonium hexafluorophosphate
(TBAPF¢, >99%, Fluka) in anhydrous acetonitrile (>99.8%, Ald-
rich) in a concentration of 0.1 M. A silver wire served as the quasi-
reference electrode, and a platinum disk was used as the counter
electrode. Directly after each (cathodic or anodic) CV scan, a cali-
bration scan was run with a small amount of bis-(g-
cyclopentadienyl)iron(ll) (ferrocene, >98%, Fluka) added to the
electrolyte, yielding a ~10~* M ferrocene concentration in
CH;CN. All potentials in the CV measurements are reported ver-
sus the ferrocene/ferrocenium ion (Fc/Fc™) reference redox sys-
tem. The onset potentials for oxidation and reduction were cal-
culated as the intersection of the baseline with the tangent of
the current at the half-maximum of the peak. The superyellow-
coated working electrode was prepared by spin-coating the su-

To summarize, graphene is demonstrated to be a
highly appropriate and versatile material for metal-free
LEC applications, as its wide electrochemical stability
window, optical transparency, and high conductivity
make it suitable as both the anode and the cathode.
Moreover, the unique operational mechanism of LECs,
which involves in situ doping and p—n junction forma-
tion, effectively alleviates problems that could stem
from challenges involving the solution processing of
graphene, for example, in this case, a rather rough sur-
face. We finally exemplify the potential of our herein
demonstrated metal-free and flexible LECs in novel and
functional architectures by introducing a device archi-
tecture, which emits significant and efficient light of
two colors at low voltage.

peryellow solution onto the CDG-coated quartz substrate at
800 rpm for 60 s and at 2000 rpm for 10 s. All CV measurements
were performed in a glovebox ([O,], [H,0] < 1 ppm).

The atomic force microscopy (AFM) images of CDG films on
quartz substrates were recorded in tapping mode using a Multi-
Mode SPM microscope with a Nanoscope IV Controller (Veeco
Metrology) operating under ambient conditions. Etched silicon
tips, with a nominal radius of ~10 nm and mounted on a 180 m
long Al-coated cantilever, were used for the measurements
(OTESPA, f, = 320—370 Hz, k = 12—103 N/m, Veeco Probes).
The probes were driven below their resonance frequency (by
~10%) in the 300—330 Hz range. The 3D topography images
were recorded using the NanoScope software and a custom writ-
ten Matlab script.

Planar LEC devices were fabricated by establishing a 2 mm
interelectrode gap in a CDG film on a quartz substrate using a ra-
zor blade. The active material solution was spin-coated on top
of the gap at 800 rpm for 60 s and 2000 rpm for 10 s so that an
active material film with a thickness of 120 nm was attained. The
devices were, thereafter, dried on a hot plate for T = 360 K for
12 h. The latter two steps were executed under a N, atmosphere
in a glovebox. The devices were then transferred to an optical-
access vacuum chamber for characterization. Immediately prior
to a measurement, the device was further dried under a vacuum
of ~5 X 107% mBar at T = 380 K for at least 2 h. A computer-
controlled source meter (Keithley 2400) was applying a constant
voltage of V = 20 V and measuring the resulting current. The
testing was performed at T = 380 K and under UV illumination
(peak wavelength = 360 nm). Photographs were recorded with
an SLR camera (Canon EOS 20) equipped with a macrolens (60
mm, f/2.8) and a teleconverter (2X).

Flexible sandwich cells were fabricated by drop-casting the
active material solution onto 1 X 1 cm? CDG-coated PET sub-
strates. The resulting active material film with a thickness of 1—2
wm was dried on a hot plate at T = 360 K for 12 h. A shadow
mask was created by establishing a mesh pattern, comprising
four 5 X 1 mm? openings, in a thin cellophane film. The shadow
mask was placed on top of the active material and attached to
the edges of the substrate. The entire shadow mask—substrate
assembly was heated at T = 360 K for =10 min, where after a vis-
cous PEDOT-PSS dispersion (Clevios S V3, H. C. Starck) was coated
on top of the mask using the edge of a glass microscope slide
that rested on the mask. The mask was, thereafter, removed, and
the device dried on a hot plate at T = 390 K for =12 h. The thick-
ness of the dry PEDOT-PSS top electrode was ~5—10 pm. A
drop of a conductive silver paste was added to the edge of the
PEDOT-PSS top and CDG bottom electrodes to establish good
electrical contact pads. The entire device was placed in a sample
holder that contacted the pads and allowed each 5 X 1 mm?
“pixel” to be addressed and measured individually. The devices
were driven by, and current measured with, a Keithley 2400
source meter. The brightness was measured using a calibrated
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photodiode with an eye response filter (Hamamatsu Photonics)
connected through a current-to-voltage amplifier to an HP
34401A meter. The photograph in Figure 3b was recorded on
such a flexible LEC device wrapped around a glass tube with a di-
ameter of 7 mm. The glass tube was filled with a suspension of
quantum dots (Lumidot CdSe/ZnS, emission peak = 610 nm),
and the photograph was taken in darkness. All LEC fabrications
and measurements were performed in N,-filled gloveboxes ([O,],
[H,0] < 1 ppm).
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