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Poly(3,4-ethylenedioxythiophene) (PEDOT) is an important material
widely used in electronics for its hole conducting property. A novel
strategy for the synthesis of nanoparticulate PEDOT was developed
by emulsion droplet electrochemistry. Taking advantage of the
space confinement in emulsions, PEDOT nanoparticles were size
controllable without use of a separate template. Potential applica-
tions were investigated by implementing the PEDOT nanoparticle
decorated electrodes as a supercapacitor and a hole transport layer
in an organic light emitting diode.

Detection of stochastic collisions of nano-objects on an electrode
has been a research topic of interest in recent years." Since the
first observation of hard nanoparticle collisions by implementa-
tion of ultramicroelectrodes (UMEs)," detection and statistical
analysis of the electrode collisions of many types of nano-
objects were studied, including those of hard nanoparticles,’®
soft nanoparticles,” " and biologically relevant entities.">™**> More
recent adaptations of the electrochemical collision research
empowered scientists to utilize these stochastic collisions as a
synthetic tool.'®™® Particularly, electrochemistry of emulsions
(both oil-in-water and water-in-oil) yielded metal'>** and metal
oxide** nanoparticles while the synthesis processes were moni-
tored real-time by amperometry. This electrochemical synthetic
strategy is particularly significant due to the precise size and
composition control it provides and the surfactant-free nature of
the resulting nanoparticles.’®**** In the present communication,
we expand the capabilities of this emulsion-collision based syn-
thetic method to polymeric nanomaterials (Scheme 1). A confined
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nanospace provided by an emulsion droplet served as a synthesis
template, electropolymerization in which resulted in polymeric
nanoparticles of size and shape of the droplet. In the current study,
oxidative electropolymerization of 3,4-ethylenedioxythiophene
(EDOT) was performed to yield nanoparticulate PEDOT (poly-
EDOT). The synthesized particles were bound to the electrode
relatively strongly for further electrochemical use, and were
also detachable and dispersible in a solvent upon ultrasonic
stimulation.

Polyethylenedioxythiophene is widely implemented as a hole
transport layer in various electronic devices including solar
cells*®*” and light-emitting diodes.*®*° Common preparation
methods for PEDOT (including commercially available PED-
OT:PSS) involve rather harsh chemical oxidants and templates.**>>
Electro-oxidative polymerization is another viable and milder syn-
thetic method;**® however, electropolymerized PEDOT generally
results in thin films rather than colloidal nanoparticles (NPs).
Preparation of PEDOT in the form of NPs is generally more
preferred due to solution processability and superior hole
conductivity.>’*® A previous account reported nanoparticulate
PEDOT by an electrochemical method;** however, to the best of
our knowledge, this work is the first case where discrete droplet

Scheme 1 Schematic representation of PEDOT electrosynthetic process
by emulsion-collision method and potential applications of the PEDOT NP
decorated electrodes.
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reactors were used to electrochemically synthesize PEDOT NPs
with relatively narrow size distribution.

As shown in Scheme 1, the reactors employed in this work
were dichloromethane emulsion droplets dispersed in aqueous
continuous phase. To determine the optimum potential for the
electrosynthesis experiment in emulsion droplets, EDOT elec-
tropolymerization was performed by cyclic voltammetry in
dichloromethane (Fig. 1a). In the potential scale adopted in
this work (vs. Ag/AgCl), we observed no PEDOT formation at
potentials less oxidizing than 1.15 V, and oxidative degradation
of solvent occurred at potentials more positive than 1.2 V.
Therefore, 1.15 V was chosen as the optimum electrode
potential for the collision experiments and all of our data were
collected at this potential unless otherwise stated. As com-
monly reported in the literature, PEDOT synthesized by cyclic
voltammetry method resulted in films covering the entire
electrode (Fig. 1 and Fig. S1, ESI¥).**73%*°

The size of the droplet reactors was controllable by varying
the droplet synthesis condition (see ESIt), and each droplet
contained 25 mM EDOT precursor. Oxidative electropolymer-
ization initiated inside the droplets as they collided on the
working electrode, resulting in PEDOT NPs of size concomitant
to the precursor droplet, which also serves as a synthesis template
(Scheme 1). The electrosynthetic process can be monitored in situ
by amperometry, with each of the spike-like signals in Fig. 1 (also
see Fig. S2 and S3, ESIt) corresponding to electrochemical synth-
esis of a PEDOT NP. Due to the radical-based mechanism of the
EDOT polymerization process,*" the charge under the spike-like
signals does not correlate to an overall one electron oxidation of
EDOT monomers contained in the droplet. The integrated charge
under the spike signals (e.g. 0.42 pC for 350 nm diameter droplets)
was approximately ten-fold greater than that calculated for one
electron oxidation per EDOT molecule (0.054 pC for a 350 nm
droplet). The excess amount of charge presumably is due to
oxidative degradation of the dichloromethane solvent. Consid-
ering the proximity in the potential scale of the two oxidation
reactions (EDOT oxidation at 1.15 V and dichloromethane
oxidation at 1.2 V), slight oxidation of solvent was inevitable
during PEDOT NP synthesis. The degree of solvent intervention
was small, however, accounting for ca. 1% of total solvent mole-
cules being oxidized: dichloromethane oxidized during PEDOT
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Fig. 2 (a) Histograms of PEDOT NP size measured by SEM (200 nm-red,
350 nm-blue, 450 nm-green, and 650 nm-purple) and the size of the
precursor droplet determined from dynamic light scattering (DLS;
200 nm-black solid line, 350 nm-dashed line, 450 nm-dotted line, and
650 nm-dash-dotted line). (b)-(m) SEM images of PEDOT NPs ((b), (f) and
(j) 200, (c). (g) and (k) 350, (d), (h) and () 450, and (e), (i) and (m) 600 hm
NPs, respectively on a same magnification scale; scale bars are 1 pm in
length for images in (b)—(i) and 100 nm in images (j)—(m)).

synthesis was ca. 0.38 pC, whereas the amount of charge required
to oxidize all solvent molecules in the droplet was 34 pC (for a
350 nm diameter droplet).

The frequency of these droplet collision events can be
estimated from the Stokes-Einstein equation based on the
Brownian motion of the droplets in the aqueous continuous
phase (see ESIt for detailed calculations)." Experimentally
observed frequency of events agreed well with the calculated
results and are summarized in Table S1 (ESIt). After several
hundreds of the synthetic collision events, the electrodes were
isolated and analyzed by SEM. Fig. 2 displays SEM images of
the electrosynthesized PEDOT NPs obtained from droplets of
various sizes: 200 nm, 350 nm, 450 nm, and 600 nm in diameter.
Correlation between the size of the synthesized PEDOT NPs and
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Fig. 1 (a) Electropolymerization of EDOT by cyclic voltammetry (0.1 M EDOT, 0.2 M TBAP in DCM at 50 mV s~* scan rate; inset displays resultant film by
SEM). (b) Chronoamperogram exhibiting collision signals of 200 nm droplets onto a 10 pm carbon electrode, with each oxidation spike leading to a
synthesized PEDOT NP. (c)-(f) Typical single droplet electrolysis signals. See also Fig. S2 and S3 (ESIT).
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that of the precursor emulsion droplets was reasonable based on
the statistical analysis of the NP size (Fig. 2), suggesting that the
emulsion droplets not only serve as EDOT precursor vessels but
also as NP synthesis templates. Morphology of the PEDOT NPs
was in general spherical (see Fig. 2 and Fig. S4, ESIT), with kinks
and wrinkles typical of polymer NPs. Nanoparticles with smaller
than 200 nm diameter were also synthesizable by this method: ca.
40 and 70 nm NPs were obtained by employing 60 nm and
100 nm droplets, respectively (see Fig. S5-S7, ESIt). Particles of
smaller size exhibited larger uncertainty in the measurement of
their diameters in SEM due to electron beam charging at high
magnifications. Adhesion of electrosynthesized PEDOT NPs
onto the electrode surface was strong such that direct imple-
mentation of NP attached electrodes were feasible (vide infra;
see Fig. S13 and S14, ESIT). The particles were also detachable
upon ultrasonic stimulation and dispersed in solvent for
further processing (Fig. S8, ESIT).

Oxidative polymerization process of EDOT is prevalent in the
literature, and typically results exclusively in PEDOT formation
without significant side reactions.**** In order to confirm the
chemical identity of the NPs synthesized in this work, spectro-
scopic analyses were performed. Inspection of the NP attached
electrodes by UV-vis and Raman spectroscopy revealed distinctive
features corresponding to PEDOT (Fig. S9, S10 and Table S2,
ESIf), namely a broad absorption centered around 580 nm***®
and vibrations corresponding to PEDOT structural motifs.
Because electrosynthesized PEDOT NPs are positively charged,
electrolyte anions incorporate into the NPs for charge
compensation.*®™® In the case of this work, PF4 anions in the
electrolyte incorporated to form PEDOT:PFs NPs (see also
Fig. S4, ESIt). Potential applications of the electrosynthesized
PEDOT NPs were investigated by subjecting the NP attached
electrodes as (1) a capacitor and (2) a hole transport layer in an
organic light emitting diode (OLED). For capacitance measure-
ments PEDOT NPs were synthesized on a 10 um diameter
carbon UME.

As shown in Fig. 3, geometric capacitances of a carbon UME
decorated with PEDOT NPs were measured. Deposition times
ranging from 15 minutes to 60 minutes were chosen, corres-
ponding to good electrode coverage of PEDOT NPs (ranging in
100 to 2500 NPs depending on size; see ESIT for detailed calcula-
tions). Geometric capacitances of 100, 160, and 215 mF cm ™" were
observed for 200 nm, 350 nm, 450 nm NP decorated electrodes,
respectively. The obtained values compare favorably to literature
reported capacitances of PEDOT based materials.**® Interest-
ingly, UMEs decorated with larger PEDOT NPs exhibited superior
capacitances compared to those with smaller NPs, which is
counter intuitive considering larger surface to volume ratio of
smaller NPs. We presume that larger NPs in this study (350 and
450 nm; see Fig. S11, ESIt) result in partially hollow structure,
which leads to higher surface area and superior capacitor perfor-
mance compared to 200 nm compact NPs. Capacitance values
greater than 200 mF cm ™' is on par or better than that of many
polymer-based capacitors in the literature,">> and suggests that
the PEDOT in this work is a promising candidate material for
supercapacitor application. Supercapacitor electrodes based on

44,45
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Fig. 3 (a) Cyclic voltammograms of 450 nm PEDOT:PF¢ (146 NPs) deco-
rated carbon UME at different scan rates. (b) Geometric capacitance
(mF cm~2) of PEDOT NPs decorated electrodes (200 nm-black, 350 nm-red,
and 450 nm-blue). (c) Schematic representation of an OLED device
investigated in this work. (d) Luminescence measurements from OLED
devices employing PEDOT:PFg NPs (40 and 70 nm) and a PEDOT:PFg¢ thin
film (deposited by cyclic voltammetry) as hole transport layers.

PEDOT NPs exhibited little fade in performance even after one
hundred continuous cycles and in excess of 2 h of continued use
(Fig. S14, ESIY).

Electrosynthesized NPs were also implemented as a hole
transport layer in OLED devices (Fig. 3c. For detailed device
preparation, see ESI;f configuration similar to that in ref. 53
and 54 was adopted). Devices fabricated with NPs larger than
200 nm did not luminesce, presumably due to circuit shortage
caused by a thick hole transport layer. Typical OLED devices in
the literature employ commercial PEDOT:PSS (PSS; polystyrene
sulfonate) cast films of ca. 40 nm thickness.”>** When we
implemented PEDOT:PFs NPs of 40 and 70 nm, the device
luminesced, with superior performance compared to that with
a thin film PEDOT:PF, hole transport layer (Fig. 3d). Compared
to a benchmark device adopting a spin-coated commercial
PEDOT:PSS hole transport layer, that with PEDOT:PF¢ NPs from
this work exhibited approximately 10% luminance (Fig. S12,
ESIt). It is well known that PEDOT hole conductivity varies
depending on the anion, and that PEDOT:PSS greatly outper-
forms PEDOT:PF.>> >’ 1t is encouraging that the PEDOT NPs
prepared in this work can actively function as a hole transport
layer in a working OLED device, and that it can match 10%
luminance of a device with a commercial PEDOT:PSS layer.
Although in the current state, the PEDOT NP materials synthe-
sized by the method introduced in this work are not competi-
tive with established commercial analogue, we hope to further
improve the methodology such that tuning of the counter anion
may be feasible for the conductivity engineering and ultimately
an optimized performance of the resulting material as a hole
conducting layer in an OLED device.

In summary, we established a novel synthetic strategy
towards size-controlled NPs of PEDOT by adaptation of droplet
reactor collision electrochemistry. The synthesized particles
adhere to the electrode strongly for direct electrochemical use

This journal is © The Royal Society of Chemistry 2020
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and were also detachable and solvent dispersible upon suitable
stimulation. Possible applications of PEDOT NPs were investi-
gated in forms of supercapacitor and hole transport layer in
OLED. The synthetic protocol was made possible by extension
of soft nano-object collision research, and we hope to extend this
strategy further towards various other polymeric nanostructures.
This work was financially supported by the National Research
Foundation of Korea under grant NRF-2020R1C1C1007409.
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