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ABSTRACT: The use of biocompatible and biodegradable
materials in optoelectronics will enable the development of
promising applications in the field of healthcare and
environmental sensors as well as a more sustainable
production of technology. Here, we present light-emitting
electrochemical cells which utilize the biodegradable polymer
poly(lactic-co-glycolic acid) (PLGA) to promote ionic
conductivity in the active layer of light-emitting electro-
chemical cells. The device performance was analyzed in terms
of the volume fraction of PLGA in the active layer blend as
well as with respect to three different lactic:glycolic monomer
ratios (85:15, 75:25, 65:35). In all three cases, adding PLGA to
the active layer leads to an improvement of the turn-on voltage
of up to 2 V compared to reference devices without PLGA.
This can be attributed to an increase in ionic conductivity, which was determined by impedance spectroscopy. Increasing the
relative amount of PLGA in the active layer shows that the improvement is ultimately limited by poor intermixing with the
polymeric emitter as observed by fluorescent microscopy. The best devices achieved turn-on voltages of 4.1 V and a maximum
luminance of 3800 cd m−2 at 7.1 V.
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■ INTRODUCTION

Presently a large research effort is being made to investigate the
use of biodegradable and biocompatible materials for electronic
applications.1−4 These materials will enable the development of
electronics that can be used in healthcare applications as well as
in the sustainable production of green electronic devices.5−8

Materials such as silk, DNA, or beta-carotene have been
successfully used as substrates or functional layers for the
fabrication of electronic components such as transistors,
OLEDs, or RF antennas.9−12 Conducting polymers like
poly(styrenesulfonate) doped poly(dioxyethylenethiophene)
(PEDOT:PSS) and poly(pyrrole) (PPy) show good bio-
compatibility and can be used as biocompatible electrode
materials.3,13−16 Further development in this technological area
has the potential to be used in applications that require a
controlled degradation of electronic implants in the human
body or potentially compostable electronics.17,18

Poly(lactic-co-glycolic acid) (PLGA) is a commonly used
material in medicine due to its biocompatibility. In the human
body it undergoes nonenzymatic hydrolysis into nontoxic
natural metabolites which are eliminated via the respiratory
system.19 Accordingly it has granted the approval by the US

FDA for its use in clinical application.20 PLGA is composed of
lactic acid and glycolic acid monomer units where the
corresponding ratio can be used to tune its degradation as
well as its mechanical and chemical properties.21 The excellent
characteristics of this material have enabled it to be used in drug
delivery, tissue engineering, and modification of biological
interfaces.22−26

In this work, we investigate the application of PLGA as the
ion-conducting polymer in solution-processed light-emitting
electrochemical cells (LECs).27,28 Biomaterials such as agar,
gelatin, poly(caprolactone), DNA, and starch have been used in
the past for solid polymer electrolytes; however, none have
been used in LECs.29−34 Figure 1 depicts the general working
principle of a LEC device. The active layer consists of a light-
emitting material that is mixed with an electrolyte. Applying a
bias will lead to a separation of the cations and anions and a
corresponding accumulation of charge at each electrode
interface. This redistribution of ions will subsequently
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contribute to the electrochemical doping of the semiconductor,
dynamically forming n and p regions which will enable carrier
injection from the electrodes for its subsequent recombina-
tion.35 The intermixing of a conjugated light-emitting polymer
and a polar electrolyte would be rather bad. Therefore, it is
necessary for most devices to add an ion-conducting polymer to
create pathways along which the ions can travel through the
layer and to enable a better dissociation under device operation.
This is in general caused by polar side chains of the respective
polymer which are carbonyl groups in case of PLGA (Figure 1).
The lactic acid monomer of PLGA has an additional CH3 group
making this part of the polymer more hydrophobic.
Accordingly one can influence material properties by varying
the monomer ratio, which should lead to differences in ionic
conductivity and device morphology depending on the
respective ratio.
Unlike organic light-emitting diodes (OLEDs), LECs do not

require the deposition of charge injection/blocking interlayers.
This simpler device architecture simplifies the fabrication
process dramatically, especially in terms of industrially relevant
printing processes.36 Here we study the LEC performance as a
function of monomer ratio and polymer fraction in the active
layer to demonstrate that PLGA can be used in electronic
devices which could open the path to the fabrication of fully
biodegradable/biocompatible light-emitting devices.

■ EXPERIMENTAL SECTION
Materials. Super Yellow (SY, livilux PDY-132) was purchased from

Merck. Poly(lactic-co-glycolic acid) (PLGA) and tetrabutylammonium
tetrafluorborate (TBABF4) were purchased from Sigma-Aldrich. There
are no studies about the biocompatibility of Super Yellow and TBABF4
known to the authors. Three different blends of PLGA with 85:15,
75:25, and 65:35 lactic to glycolic monomer ratios have been used,

each with an average molecular weight of 63,000, 87,000, and 58,000
MW, respectively.

Device Fabrication. SY, PLGA, and TBABF4 were dissolved
separately in anisole at a concentration of 10 g L−1 and stirred
overnight. Afterward the materials were mixed together at the specific
weight ratios and stirred for several hours. Then the solutions were
spin-cast on prepatterned ITO (180 nm) coated glass substrates. To
maintain a constant film thickness of ∼120 nm, varying spin speeds
between 1800 rpm and 1300 rpm for 45 s were used, followed by an
additional drying step of 3500 rpm for 10 s. Subsequently the films
were put into a vacuum oven for 2 h at 40 °C and 10 mbar to remove
residual solvent. Top electrodes were produced by evaporating a 100
nm thick silver layer through a shadow mask. The area of the device
active layer was 0.24 cm2.

Cyclic Voltammetry. PLGA was dissolved in acetonitrile at a
concentration of 20 g L−1. Tetrabutylammonium hexafluorophosphate
was used as a supporting electrolyte at a concentration of 0.1 M. The
measurements were recorded using an Autolab PGSTAT302N
potentiostat. The scan rate was set to 30 mV s−1. All data shown is
relative to a ferrocene reference (Fc/Fc+).

LIV/Lifetime Measurements. The electrical and optical character-
ization and the measurement of the lifetime were performed using a
Botest characterization system. The light− and current−voltage (LIV)
curves were recorded by sweeping the voltage with a rate of 100 mV
s−1 starting at 0 V. Lifetime measurements were performed at a
constant current density of 42 mA cm−2, pulsed at 1000 Hz with a
duty cycle of 50%. The lifetime was defined as the time in which the
luminance drops to half of its maximum value.

Ionic Conductivity Measurements. Data was recorded using an
Autolab PGSTAT302N impedance analyzer. A Nyquist plot was
recorded between 0.04 and 100,000 Hz at an amplitude of 50 mV. The
data was fit to an equivalent circuit model (see Figures S1 and S2) to
determine the ionic conductivity.37

Fluorescent Microscopy. Fluorescence micrographs were taken
with a Nikon DS-Filc fluorescent microscope. A halogen lamp with a
blue band-pass filter of 465−495 nm was used as the excitation source.
The emitted light was collected through a green band-pass filter (515−
555 nm). Contrast and brightness of the pictures were adjusted
afterward for better comparison.

Atomic Force Microscopy. Atomic force microscope (AFM)
height profiles were taken in tapping mode at a resolution of 256 ×
256 lines for 5 μm × 5 μm, using a DME DualScope 95-50 atomic
force microscope.

Contact Angle. Measurements were performed using a Krüss DSA
100 drop shape analyzer.

■ RESULTS/DISCUSSION

In order to minimize detrimental chemical side reactions during
device operation, it is necessary that the electrochemical
stability window of the ion transporting polymer encompass
both the oxidation and reduction potentials of the emitter

Figure 1. Working principle of a LEC device and chemical formulas of
Super Yellow, PLGA, and TBABF4.

Figure 2. (a) Cyclic voltammetry measurements of PLGA for monomer ratios of 85:15, 75:25, and 65:35 vs ferrocene (Fc/Fc+). (b) Ionic
conductivity of the device active layer, determined by impedance spectroscopy, and its dependence on monomer ratio in the PLGA, given in weight
percent. The SY:TBABF4 ratio is always 1:0.2.
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material.35 Figure 2a shows cyclic voltammetry measurements
of PLGA with three different lactic:glycolic monomer ratios. In
addition, the reduction and oxidation potentials of the emitting
polymer, Super Yellow (SY), are depicted as vertical dashed
lines.36 Regardless of its monomer ratio, the irreversible
reduction or oxidation of PLGA happens at larger potentials
than that of the redox potentials of SY (−2.2 and 0.4 V,
compared to ferrocene). This broader electrochemical stability
window demonstrates the appropriateness of PLGA to be used
as ion-conducting polymer for LECs in combination with SY.
However, it is also visible that the onset of the oxidation
potential of PLGA is lower for higher glycolic ratios, bringing it
closer to the oxidation potential of the emitter material.
The realization of LEC devices that combine SY with a

dissolved salt has been reported previously in the literature.36,38

However, due to the slow movement of ions through its
polymer network, the addition of an ion-solvating polymer is
required in order to achieve lower operational voltages and
faster turn-on times of the devices.35 These parameters are
directly correlated to the ionic conductivity provided by the
polyelectrolyte, which is in turn a function of its ion-solvating
capabilities and film morphology.35,39 In this work, we initially
fabricated LECs based on SY and TBABF4 to determine the
optimal mass ratio of 1:0.2, see Figure S3. Figure 2b shows the
effect of the addition of PLGA on the ionic conductivity of the
optimized SY:TBABF4 system determined by impedance
spectroscopy. We studied the three different lactic:glycolic
monomer ratios, each at mass contents ranging from 0% to
14.2% relative to the emitter plus salt amount. In all cases, the
addition of PLGA resulted in improved ionic conductivities. An
increase of ∼3 orders of magnitude was exhibited by the PLGA
with the 65:35 monomer ratio at a fraction of 14% compared to
the pristine SY:TBABF4, sample which showed an ionic
conductivity of 3 × 10−12 S cm−1. The addition of PLGA
with higher lactic monomer ratio resulted in a less pronounced

increase to values of ∼10−10 S cm−1. These values are relatively
low compared to previous works on polyelectrolytes based on
biodegradable materials where ionic conductivities between
10−6 and 10−3 S cm−1 are reported.32−34

The increase of the ionic conductivity suggests that PLGA
promotes ion movement within the film. This is demonstrated
by the observed decrease in operational voltages shown in the
luminance−current−voltage characteristics shown in Figure 3a.
In LECs, the turn-on time is related to the time that the ions
need to accumulate into doped regions at the contacts, enabling
charge injection and subsequent recombination. Figure 3b
presents the evolution of the luminance output of the devices
during the first minutes of operation at a constant bias of 4.5 V.
It is readily observed that the device without PLGA shows the
slowest response due to having the lowest ionic conductivity of
all samples. The turn-on speed of the samples containing PLGA
correlates to the improvement of the ionic conductivity for low
PLGA amounts (Figure 2b). Of the different monomer ratios
used, 85:15 shows the fastest and 65:35 the slowest turn-on
time. This is a consequence of different degradation rates for
the respective monomer ratios as is depicted in Figure 3d.
However, this cannot be differentiated in the ionic conductivity
and LIV measurements because less current is used or the
measurement is performed on a shorter time scale.
Compared to reference devices (containing only SY and

TBABF4), the addition of small amounts of PLGA (∼1.6%)
reduces the turn-on voltage (the voltage at which a luminance
of 1 cd m−2 is reached) by ∼2 V. This trend occurs for all three
monomer ratios to the same magnitude, and directly correlates
to the behavior of the ionic conductivity determined by
impedance spectroscopy (Figure 2b). However, the behavior of
the turn-on voltage (Figure 3c) and the ionic conductivity
differs, depending on the monomer ratio, when increasing
PLGA content in the active layer. Particularly, for the PLGA
65:35, after initial decrease, an increase of the turn-on voltage is

Figure 3. (a) LIV curves of devices built at a ratio of 1:0.02:0.2 (SY:PLGA:TBABF4) for different monomer ratios. The black curve depicts a device
without PLGA. (b) Corresponding turn-on time of the same devices as panel a at a constant bias of 4.5 V. Turn-on voltage (c) and lifetime (d) as a
function of monomer ratio and the PLGA content given in wt %. The SY:TBABF4 ratio is always 1:0.2.
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observed that reaches its initial value at ∼11% PLGA fraction in
spite of the increase in ionic conductivity. For the other
monomer ratios the turn-on voltage exhibits the expected
overall tendency to decrease with increasing PLGA fraction and
larger ionic conductivity.
Figure 3d presents the device lifetime, defined as the time

when the luminance drops by 50% of the maximum value. The
operational lifetime in LECs is usually limited by adverse
electrochemical reactions that take place during operation.40,41

The device with 1.6% PLGA with a monomer ratio of 85:15
shows the most stable properties compared to the other ratios.
It has been reported in the literature that PLGA with a higher
glycolic ratio is more prone to hydrolysis of the ester bond
because of the increased water uptake that is a consequence of
the stronger hydrophilicity.21,42 Indeed the cyclic voltammetry
measurements in Figure 2a show a slightly smaller stability
window for a monomer ratio of 85:15 compared to 75:25 and
65:35. Accordingly, the sample comprising the 85:15 monomer
ratio PLGA exhibited lifetimes of over 20 h while the devices
with 75:25 and 65:35 monomer ratios have lifetimes under 7 h.
The lifetime of the device with no PLGA showed a slightly
longer lifetime than the best PLGA containing sample.
However, it shows higher operating voltages, slower turn-on
dynamics, and consequently lower luminance at the same
operating conditions due to the reduced mobility of TBABF4.
The complete lifetime measurements can be found in Figure
S4.
In one of our previous studies we investigated the

nonbiodegradable polymer poly(methyl-2-methylpropenoate)
(PMMA) as ion-conducting polymer in combination with
Super Yellow and TBABF4 as well.36 In this study turn-on
voltages of only 8.5 V and lifetimes below 10 h were achieved
for the best working devices, demonstrating that PLGA is a
promising candidate for future applications.
Further insight into the device performance can be gained

through the analysis of the film morphology. Figure 4 presents
fluorescent (FM) and atomic force (AFM) micrographs of the
LEC active layer at the concentrations discussed above as well
as a reference sample without PLGA. PLGA and TBABF4 do

not exhibit fluorescence in the spectral region of the chosen
band-pass filter (515−555 nm), thus, the darker and brighter
areas in the FM pictures represent SY poor and SY rich phases,
respectively. The reference SY:TBABF4 sample is shown in
Figure 4; the SY emission is not homogeneous throughout the
image due to the presence of TBABF4 agglomerates. The
addition of 1.6% PLGA qualitatively results in a more
homogeneous light emission suggesting that PLGA promotes
a better distribution of TBABF4 in the active layer. This
observation is supported by the higher ionic mobility and lower
turn-on voltages shown in Figures 2 and 3. Overall, the system
undergoes phase separation between SY and PLGA with
increasing PLGA content. This can also be observed in the
AFM measurements, with a commensurate increase in the root-
mean-square roughness values. This trend is more pronounced
if the PLGA has a higher glycolic monomer ratio. It has been
reported that a higher glycolic monomer ratio in the PLGA
polymer results in a more hydrophilic material showing water
contact angles (θwater) starting from 69° at a 50:50 monomer
ratio up to 77° for 90:10.43 This higher hydrophobicity would
lead to poorer intermixing with the hydrophobic SY (θwater =
94°) as observed in our experiments. The PLGA sample with a
65:35 monomer ratio exhibited an increased turn-on voltage in
spite of the improved ionic conductivity. Based on the
fluorescence images, we conclude that the higher ionic
conductivity is exhibited in the PLGA rich phases, however,
the observed phase separation does not favor electrochemical
doping in the emitting material. This spontaneous phase
separation ultimately limits device performance and highlights
the importance of film micromorphology on device perform-
ance.38

■ CONCLUSION

In summary, we demonstrated the use of the biodegradable
PLGA as an ion-conductive polymer in LECs. The results make
PLGA interesting for other applications besides its present use
in drug delivery and tissue engineering. The device operation
was observed to be influenced by the glycolic:lactic monomer

Figure 4. Fluorescent and atomic force micrographs demonstrating an increasing phase separation with PLGA content and the respective glycolic
acid monomer ratio. The reference sample without PLGA shows a relatively inhomogeneous layer with SY rich and poor phases.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.6b01953
ACS Sustainable Chem. Eng. 2016, 4, 7050−7055

7053

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01953/suppl_file/sc6b01953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01953/suppl_file/sc6b01953_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.6b01953
http://pubs.acs.org/action/showImage?doi=10.1021/acssuschemeng.6b01953&iName=master.img-004.jpg&w=299&h=225


ratio of PLGA as well as the volume fraction in the active layer.
The inclusion of PLGA increases ionic conductivity and
decreases turn-on voltage compared to the SY:TBABF4
reference. However, phase separation at higher PLGA volume
fractions and larger glycolic:lactic ratios limits the improvement
of the turn-on voltage. The best devices (which included 1.6%
PLGA 85:15) exhibited operational lifetimes over 20 h with a
turn-on voltage of 4.1 V and maximum luminance up to 3800
cd m−2. For the development of fully biodegradable devices the
salt and emitter need to be replaced by biocompatible
substances. For this purpose the biodegradation of potential
materials needs to be investigated. In order to improve the
present device performance we suggest that further research
focus on the development and modification of biodegradable
polymers and the study of their biocompatibility.
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