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ABSTRACT: Conjugated polymers are electronically and ioni-
cally active organic materials of interest for use in a variety of
devices. Electrochemical deposition is a convenient method for
precisely fabricating conjugated polymer thin films, yet a detailed,
quantitative understanding of nucleation and growth mechanisms
has remained elusive. Here, we report direct imaging of the in situ
electrochemical deposition of poly(3,4-ethylenedioxythiophene)
(PEDOT) from an aqueous solution of EDOT monomer using
Transmission Electron Microscopy with an electrochemical liquid
flow cell. We found that PEDOT deposition began preferentially at
the edge of the glassy carbon anodes at the beginning of the
reaction. Fluctuating clusters of liquid-like oligomers were
observed to form near the electrode surfaces. As the reaction
continued, both the nucleation of new domains as well as the
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growth of pre-existing PEDOT deposits were observed, leading to systematic increases in film thickness and roughness.

onjugated polymers have received considerable interest

for a variety of applications including photovoltaic cells,
organic light emitting diodes, sensors, and biomedical
devices.' > These materials can be synthesized via oxidative
chemical polymerization or electrochemical deposition. Electro-
chemical techniques are especially suitable for synthesizing thin
films because the reaction conditions can be precisely
controlled.”” There have been many studies on the structural,
chemical, and electrochemical properties of electrodeposited
conjugated polymer films.*” However, a quantitative under-
standing of the details of the process remains elusive. Early
stage electrochemical deposition of conjugated polymers has
been studied by lower resolution or indirect methods such as
cyclic voltammetry, impedance spectroscopy, UV—vis spectros-
copy, and atomic force microscopy (AFM).'°~"* However, the
results have not provided a detailed understanding of the
nucleation and growth mechanisms and corresponding relation-
ships between film structure and properties. Direct imaging of
the process by high-resolution electron microscopy is a
potential method for answering some of these open questions.
Previous studies have shown that it is feasible to investigate the
kinetics of inorganic solid nucleation and growth from
precursor liquid solutions using specially designed electro-
chemical liquid cells inside a transmission electron microscope
(TEM). Radisic and co-workers performed a quantitative study
of the electrochemical nucleation and growth of nanoscale
copper clusters.'* Regan reported the electrochemical deposi-
tion of lead from an aqueous solution of lead(III) nitrate.'®
Recently, Sacci reported the direct visualization of solid
electrolyte interface morphology and growth kinetics during
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lithium deposition.'® However, the direct in situ observation of
electrochemical deposition of organic conjugated polymers has
never been reported before. One major difficulty in successfully
imaging the in situ deposition of organic polymeric materials is
the control of electron beam dose. Inorganic materials have a
relatively high tolerance to the electron beam, and are thus
more readily imaged by TEM. However, as is typical for organic
materials, conjugated polymers are fairly sensitive to electron
beam irradiation, and thus, particular care is needed to monitor
and control the dose used during imaging. We have previously
reported direct imaging of the diacetylene solid-state
monomer—polymer phase transformation using low dose
TEM and electron diffraction.’” Recently, Schneider has
carefully examined the interactions between high-energy
electrons and irradiated medium for liquid cell electron
microscopy.'® With the emerging development of electro-
chemical liquid flow cells'”~*" along with the careful control of
beam dose, we show here that it is indeed feasible to
accomplish the in situ electrochemical deposition of conjugated
polymers in the TEM.

In this letter, we report for the first time the in situ
electrochemical deposition of PEDOT films from aqueous
solution with liquid flow cell TEM. The microstructural
evolution during the electrochemical polymerization was
carefully monitored in situ, providing information about the
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nature of PEDOT nucleation and growth. These local
mechanistic insights have provided unprecedented detail
about the deposition process. We expect that continued
systematic studies of the growth mechanisms from different
deposition conditions, monomer chemistries, and secondary
components in the reaction mixture will make it possible to
precisely tailor and optimize the structure and properties of
electrochemically deposited conjugated polymers.

PEDOT is one of the most promising and widely used
conjugated polymers due to its excellent conductivity and high
chemical stability.”” The in situ observation of PEDOT
deposition was performed in a specially designed, commercially
available liquid flow cell that can tolerate the high vacuum and
also fits into the limited space inside the pole piece of a
conventional TEM.”® The liquid cell used two microfabricated
silicon chips (a top electrochemical chip and bottom spacer
chip) with a three-electrode design to enable voltage control
and current measurements. Liquid flowed through channel with
a thickness defined by the size of the spacers on the bottom
chip (here 500 nm). Thin (50 nm) electron transparent silicon
nitride membranes on both chips allowed electrons to pass
through the liquid for in situ TEM imaging. Figure S1 shows
Scanning Electron Microscopy (SEM) images of the top
electrochemical chip. There was a 20 um wide glassy carbon
working electrode (WE) in the middle of the silicon nitride
viewing window (200 ym X 40 pm). The platinum counter
electrode (CE) was 100 ym wide, located 500 ym away from
the WE. There was also a 10 ym wide platinum reference
electrode (RE) that followed the shape of the WE and was
placed 90 yim away from the WE. The in situ experiments were
conducted on a 300 kV JEOL 3010 TEM. An aqueous solution
containing 0.01 M EDOT and 0.10 M LiCIO, as the supporting
electrolyte was used in continuous flow mode at a rate of 2 uL/
min.'” During the experiment, the first few CV cycles were run
on the bench to verify effective electrical contact. The liquid cell
was then transferred into the TEM column to continue further
in situ deposition. The in situ growth of PEDOT in the TEM at
the electrode surface in the presence of LiClO, was carried out
at constant voltage (potentiostatic) conditions at +1.00 and
+1.20 V versus the platinum reference electrode. The
brightness of the beam was estimated at 0.05—S yA/cm?, and
the total exposure times were ~30 min from electron beam on
until the final round of potentiostatic deposition. This
corresponds to total doses of 0.1—-1 mC/cm’, which were
substantially below the characteristic doses necessary to cause
significant beam damage in PEDOT (~0.1 C/cm?).” The
bright field TEM images in Figure 1 are examples of in situ
deposited PEDOT imaged at an early stage (Figure la, after
initial 10 CV scans from —0.60 V to +1.20 V) and a later stage
(Figure 1b, after subsequent constant voltage deposition of
+1.00 V for 3 min and +1.20 V for 5 min) of the process. These
PEDOT films were deposited directly onto glassy-carbon
working electrodes (WE) supported on electron transparent
silicon nitride membranes.

The surface roughness and mass thickness of PEDOT films
increased during the electrochemical polymerization (Figures 1
and 2). The PEDOT initially deposited preferentially near the
edges of the working electrodes where the electric field was the
highest. With further electrochemical deposition, PEDOT
nucleation and growth took place on the center of the glassy
carbon electrodes as well. The TEM images showed that the
sizes of PEDOT clusters ranged from hundreds of nanometers
to several microns. As the deposition continued, the film

898

Figure 1. Bright field TEM images of in situ electrochemical
deposition of PEDOT: (a) Early stage in the process (right after
initial CV deposition on bench) showing the dark PEDOT depositing
from an aqueous solution onto a 20 ym wide glassy carbon working
electrode (anode) supported on a thin silicon nitride membrane; (b)
Later stage in the process (after subsequent constant voltage
deposition), showing the increased thickness and formation of rough
protrusions at the edge of the PEDOT film; (c) Higher magnification
view of the rough edge of the PEDOT film after further deposition.
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Figure 2. Growth of PEDOT clusters during electrochemical
deposition. (a—f) Captured frames from live video recording of in
situ PEDOT deposition under TEM at constant voltage of +1.20 V;
(g) Projected areas of individual PEDOT clusters measured from the
video.

thickened and the edges became rougher. The edges of the film
show new PEDOT clusters of 500 nm or less that have formed
around preexisting PEDOT clusters during further polymer-
ization (Figure lc), leading to rougher edges. Similar rough
structures have often been seen in previous experiments.”*™ >
Mass thickness contrast fluctuations from dark fluid domains
with a typical size of several hundreds of nanometers were
observed near the electrode—solution interface in video
recordings taken during the process (Figure 2). These domains
presumably correspond to local droplets of liquid enriched in
the PEDOT oligomers that are formed during the electro-
chemical deposition process. The liquid-like nature of these
fluctuating domains was verified by continuous flow of the
electrolyte in the reaction cell (such as cluster “c” in Figure 2).
The ring-shaped structures seen on the solid films in TEM are
evidently due to the solidification and precipitation of solid
PEDOT clusters from these oligomer-rich fluid droplets onto
the WE surface. To our knowledge, this is the first time that the
imaging of this transformation from liquid EDOT monomer
and PEDOT oligomers to solid PEDOT polymer has been
directly observed. This solidification and precipitation process
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also provides a reasonable explanation for the common
“bumpy” surface morphology of electrochemically degosited
PEDOT films usually observed in the SEM or AFM.””

The PEDOT oligomer clusters nucleated in what appeared
to be an essentially random fashion on the center of the
electrode. Once two adjacent clusters met each other, they
merged into a larger cluster and the growth continued around
the new cluster. The total number of PEDOT clusters initially
increased as the deposition continued, starting with approx-
imately 10 small clusters in an area of 200 ym* and gradually
increasing to around 30 clusters in 1S5 s. At the same time,
previously formed PEDOT clusters increased in both their
mass thickness and size. Shown in Figure 2g is the growth of
several individual PEDOT clusters with a few of the
characteristic clusters labeled in the image. It was found that
the size of the PEDOT clusters did not increase at a constant
rate, but rather in a somewhat irregular fashion. During a given
time interval, some clusters grew quickly, whereas others were
evidently more dormant. These variations are presumably due
to local variations in the rate of nucleation and growth of
additional PEDOT.'”** We also saw certain clusters occasion-
ally decrease in size (such as cluster “c” between 70 and 100 s),
presumably because they were still somewhat liquid-like in
nature and thus able to be removed by the continued flow of
liquid in the cell.””

After the electropolymerization of PEDOT in TEM, the
electrochemical chip was taken out for examination by optical
microscopy (OM), SEM, and Energy-Dispersive X-ray Spec-
troscopy (EDS). In Figure 3, OM of the electrochemical top

Figure 3. Optical and SEM images after electrochemical deposition:
(a) Optical micrograph before deposition showing bare working
electrode; (b) Optical micrograph after deposition showing accumu-
lated dark PEDOT on the working electrode; (c) SEM image after
deposition; (d) Higher magnification SEM image showing the
“bumpy” surface morphology of the deposited PEDOT film.

chip before deposition (Figure 3a) showed the transparent
glassy carbon WE over the silicon nitride viewing window. After
electrochemical deposition (Figure 3b), PEDOT deposition
with its characteristic dark color was observed on the WE. The
SEM pictures (Figure 3c,d) confirmed the “bumpy” surface
morphology commonly observed in electrochemically depos-
ited PEDOT films.>*°

To confirm the elemental composition of the deposited thin
film, EDS mapping was performed. As shown in Figure 4b, the
sulfur signal characteristic of the PEDOT overlapped with the
dark rough material formed on the glassy carbon WE. The
elemental mapping results for carbon (Figure 4c, from PEDOT
and WE), chlorine (Figure 4d, from the counterion), and
oxygen (Figure 4e, from both PEDOT and counterion) all
corresponded well with their expected distribution. We also saw
the expected distribution of silicon (Figure 4f) from the
microfabricated substrate.
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Figure 4. EDS elemental mapping after in situ electrochemical
deposition of PEDOT: (a) Secondary electron image; (b) Sulfur
(PEDOT); (c) Carbon (PEDOT and glassy carbon working
electrode); (d) Chlorine (perchlorate dopant); (e) Oxygen
(PEDOT and perchlorate dopant); (f) Silicon (microfabricated
substrate).

In this study, we have demonstrated the direct in situ
electrochemical deposition of organic materials in the TEM.
The PEDOT clusters forming during deposition were directly
imaged and novel details of the deposition process were
observed for the first time. At first, electrochemical deposition
of PEDOT occurred preferentially at the edge of glassy carbon
WE. As deposition continued, subsequent PEDOT clusters
formed on the center of the electrode, and both the surface
roughness and mass thickness of PEDOT films increased.
Liquid-like fluctuating domains were observed near the reaction
interface during the polymerization process. The growth of the
PEDOT domains was irregular, with variations in growth rate
seen for individual clusters as the reaction continued. These
local mechanistic insights make it possible for us to investigate
the electrochemical deposition of conjugated polymers in much
more detail. With this better understanding of the nucleation
and growth mechanisms, new molecular designs and electro-
chemical deposition methods for better device performance are
expected. For example, we should now be able to examine the
role of other components that can be added to the mixture to
tailor the morphology and properties of the film, including
hydrogels, dissolvable fibers or particles, or even biological
components, such as living cells.
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