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ABSTRACT: We report PEDOT:PSS brushes grafted from gold using surface-initiated
atom-transfer radical polymerization (SI-ATRP) which demonstrate significantly enhanced
mechanical stability against sonication and electrochemical cycling compared to spin-
coated analogues as well as lower impedances than bare gold at frequencies from 0.1 to 105
Hz. These results suggest SI-ATRP PEDOT:PSS to be a promising candidate for use in
microelectrodes for neural activity recording. Spin-coated, electrodeposited, and drop-cast
PEDOT:PSS have already been shown to reduce impedance and improve biocompatibility
of microelectrodes, but the lack of strong chemical bonds of the physisorbed polymer film
to the metal leads to disintegration under required operational stresses including cyclic
mechanical loads, abrasion, and electrochemical cycling. Rather than modifying the metal
electrode or introducing cross-linkers or other additives to improve the stability of the
polymer film, this work chemically tethers the polymer to the surface, offering a simple,
scalable solution for functional bioelectronic interfaces.

The growing interest in wearable and implantable electro-
des for bioelectronic applications has propelled the

development of smaller and smaller electrodes (“micro-
electrodes”).1−3 Microelectrodes offer high spatial resolution
and sensitivity and provide the ability to both record and
stimulate highly localized areas. Traditionally, biocompatible
metals like platinum, platinum−iridium, and stainless steel are
used in clinical applications that require electrophysiological
recording and stimulation.4,5 However, small metal electrodes
suffer from high electrochemical impedance with biological
tissue which increases the electrochemical noise of electrodes
and impairs their sensitivity.6,7 Conductive polymers offer a
solution that can be integrated with current microelectrode
fabrication techniques, both lowering impedance and creating
a surface more mechanically compatible with the surrounding
tissue.3,8 In particular, the mixed electronic/ionic conduction
mechanism of the polyelectrolyte complex poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) exhib-
its a high volumetric capacitance and, as a hydrated solid, low
impedance with biological tissues. Electrodeposition or spin-
coating of PEDOT:PSS onto gold microelectrodes lowers the
impedance and increases charge injection capacity compared
to bare metal electrodes.7,9−12 Polymer-coated metal electro-
des seem to offer a biocompatible option for long-term neural
electrodes. While studies have shown that the electrodes are
stable under biologically relevant conditions, the polymers�
which are physisorbed�are not bound chemically to the gold
surface. Thus, over time and with repeated applied current,
these polymers can degrade and lose adhesion to the metal
electrode. Patterning the metal electrode can improve the

adhesion and stability of PEDOT:PSS layers, but ideally, the
polymer should be chemically bound to the surface.
PEDOT has been explored as a coating for metal

microelectrodes and as a free-standing electrode to reduce
impedance and improve compatibility with the surrounding
tissue. Abidian et al. explored PEDOT nanotubes on gold
microelectrodes (1250 μm2) and found that the PEDOT
nanotubes significantly reduced the impedance at 1 kHz, from
800 kΩ in bare gold to 4 kΩ (∼5 kΩ·μm2).13 However, the
smooth gold surfaces and the lack of chemically bound
PEDOT rendered these nanorods susceptible to delamination.
Ganji et al.14 and Nick et al.10 addressed the delamination and
stability of PEDOT:PSS coatings in an examination of spin-
coated, electrodeposited, and drop-casted PEDOT:PSS films
on nanostructured gold microelectrodes. The addition of
nanopillar structures on gold increased the adhesion primarily
by increasing the total interfacial area. Ganji et al. reported an
impedance of 13.05 kΩ (7854 μm2, ∼1.02 × 105 kΩ·μm2) for
spin-coated samples and 9.72 kΩ (7854 μm2, 7.6 × 104
kΩ·μm2) for electrodeposited samples. The electrodeposited
samples also displayed higher stability than the spin-coated
samples.14 In comparison, the drop-casted PEDOT:PSS
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electrodes fabricated by Nick et al. had an impedance of 36.82
kΩ (706 μm2, ∼2.6 × 104 kΩ·μm2), but no long-term stability
was reported.11 This recent literature has shown that
PEDOT:PSS can effectively lower the impedance of gold
electrodes, but there is still significant room to increase the
stability of PEDOT:PSS overlayers. For this reason,
PEDOT:PSS is frequently blended with the cross-linker (3-
glycidoxypropyl)trimethoxysilane (GOPS) or other additives
in bioelectronics applications in order to increase stability and
prevent dissolution or delamination in aqueous environ-
ments.15−18 Other recent work on improving PEDOT:PSS
thin-film adhesion has explored the use of hydrophilic polymer
adhesive layers,19 PEGylated cross-linkers that impart greater
conductive properties than GOPS,20 and the use of iridium
oxide and nanostructured platinum as adhesion promoters.21

However, these methods introduce other concerns of additives

leaching out of the material with time, affecting the electrode
performance and biocompatibility.
Alternatively, surface-initiated polymerization from metallic

films presents the opportunity to chemically bind a conductive
polymer such as PEDOT:PSS to a noble metal microelectrode
surface. By selectively initiating a metal surface, such as gold,
PEDOT:PSS can be grown or grafted from a surface or to a
surface. In both of these techniques�“grafting from” and
“grafting to”�functional groups on the polymer or the surface
are chemically bound, increasing the stability of the grafted
polymer. This method avoids the use of additives and does not
involve nanostructuring of the gold substrate. Electrochemi-
cally grafting (or “electrografting”) PEDOT to solid conduct-
ing substrates such as platinum and gold has been explored as a
method of covalently tethering the polymer film to the
substrate,22,23 though prior work has not explored the use of
this method for the covalent binding of PSS brushes. Previous

Figure 1. Chemically grafted PEDOT:PSS brushes on gold. (a) Reaction scheme for synthesis of grafted PEDOT:PSS brushes from an
immobilized initiator (1) and (2). NaPSS brushes were grown from the gold-bound initiator (3) and used as a scaffold for the polymerization of
EDOT into PEDOT (4). (b) S 2p XPS spectra confirmed that the initiator was bound to the gold surface via peaks at 163.5 and 162.3 eV. (c) S 2p
spectra for PSS bound to gold also show a characteristic doublet from the sulfonate group. The PSS brushes bound to gold were stable after 20 min
of sonication, as shown by SEM micrographs before (d) and after (e). Optical microscopy images of the PSS film on gold before (d) and after (e)
sonication are included in the upper right corners of the SEM images. (f) FTIR spectra of the sonicated sample also indicates the presence of PSS
on the surface, though the slight decrease in intensity after sonication indicates a small amount of PSS was removed from the surface by sonication.
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work grafting PSS to or from metal surfaces has been explored,
with a preference to grafting PSS from a surface to improve
grafting density.24−29 However, these techniques rely on a two-
step process to synthesize PSS�polymerization of styrene
followed by sulfonation.25,28,29 This process may lead to
incomplete sulfonation and exposes the surfaces to acid. Acidic
conditions are too harsh for intended applications in devices
containing microelectrode arrays, which often contain other
organic polymers, which may be damaged. The one example of
polymerization of sodium styrenesulfonate from a gold surface
extensively characterized the surface morphology and explored
reaction conditions but did not provide electrochemical
analysis or use the brushes as a scaffold for PEDOT:PSS.27

Grafting of PSS and other mixed conjugated/electrolyte
brushes using surface-initiated atom transfer radical polymer-
ization (SI-ATRP) has also been explored on conductive
substrates other than gold such as ITO (indium tin oxide) as a
means of improving durability,30 but this work did not use
PEDOT as the conductive polymer. In this work, we take
advantage of SI-ATRP to grow polystyrenesulfonate (PSS)
brushes from gold surfaces to demonstrate their stability and
potential for application in microelectrode array coatings.
Using aqueous conditions and incorporating solution deposi-
tion of PEDOT, we characterize the electrochemical properties
of PEDOT:PSS brushes fabricated via SI-ATRP of sodium
styrenesulfonate.
Binding ATRP initiators to gold surfaces can be done two

ways: a one-step surface assembled monolayer of the ATRP
initiator31,32 or a two-step surface assembled monolayer of a
hydroxy-terminated thiol followed by an additional reaction, as
summarized in Figure 1a.33,34 The one-step reaction may lead
to a higher density of initiator groups because the two-step
reaction may not occur in 100% yield, leaving unreacted
hydroxy groups at the surface.33 However, the one-step process
requires uneconomical work-up conditions, so we opted for the
more streamlined two-step process. A hydroxy-terminated
SAM was formed by soaking the gold surface in 11-
mercaptoundecanol (MUD). The surface was rinsed and
then underwent a nucleophilic addition/elimination reaction
with α-bromoisobutyryl bromide to form the ATRP initiator.
This two-step process does not require any additional work-up
besides rinsing with ethanol and water and has been shown to
form dense polymer brushes.34,35

Polystyrenesulfonate (PSS) has been polymerized from
surfaces as a polyelectrolyte brush and as a scaffold for
PEDOT. However, generally PSS is synthesized by sulfonating

polystyrene brushes,25,28,29 leading to incomplete sulfonation
and subjecting the substrate to harsh, acidic conditions.
Alternatively, PSS terminated with reaction end groups, such
as thiols, can be synthesized and grafted to a surface, but this
process leads to a lower grafting density. In order to retain high
grafting density and avoid harsh sulfonation conditions,
sodium styrenesulfonate (NaSS) can be directly polymerized
into PSS from a surface-bound initiator. Surface-initiated atom
transfer polymerization (SI-ATRP) would allow for polymer-
ization of NaSS in aqueous conditions with control over the
molecular weight and thickness of the brushes due to the living
nature of ATRP. Polymerization of NaSS in solution via ATRP
has been explored, indicating that surface-initiated ATRP of
NaSS is feasible.36 Recent work in activators regenerated by
electron transfer (ARGET) ATRP posits that ATRP can be
made much more oxygen tolerant through the introduction of
an appropriate reducing agent. Oxygen tolerance improves the
scalability of this type of polymerization.37−40 ARGET ATRP
of NaSS from titanium surfaces has been studied using ascorbic
acid as the reducing agent, further supporting the possibility of
SI-ATRP of NaSS on gold surfaces.26

In this work, PSS brushes were grafted from gold surfaces by
immobilizing an ATRP initiator on a gold surface and then
polymerizing NaSS, as shown in Figure 1a. A chemically bound
initiator was shown by the S 2p XPS spectra in Figure 1b (raw
data shown as a scatter plot with the overall fitted curve shown
in black) with the presence of a doublet at 163.5 and 162.3
eV.44 Successful synthesis of PSS brushes from the
immobilized ATRP initiator could be observed qualitatively
with an increase in hydrophilicity of the surface and was
confirmed by characteristic peaks at 1130 and 1011 cm−1

(benzene vibration) and 1043 cm−1 (symmetric sulfonate
vibration) in FTIR spectra45 and a doublet at 169.6 and 168.4
eV in the S 2p XPS spectra (Figure 1c,d).24,46 Sonicating the
PSS-Au samples for 20 min in water showed no major changes
via optical microscopy, SEM, or FTIR signal, as shown in
Figure 1d−f. In comparison, spin-coated PEDOT:PSS
(Clevios PH1000) washes off of gold immediately upon
rinsing with water, whereas spin-coated and cross-linked
PEDOT:PSS (Clevios PH1000 with 0.2 wt % GOPS) was
stable for up to 20 min of sonication (Figure S2d−f).
The molecular weight of PSS brushes was estimated using

free polymer synthesized in the same reaction vessel. The
growth of the free polymer chains did not appear to be living as
the molecular weight plateaued as the reaction approached 24
h, as shown in Figure 2a. In an attempt to improve the

Figure 2. Characterization of free PSS and estimation of molecular weight. (a) The molecular weight of the free polymer increases then slows
approaching 24 h, likely due to diffusion of oxygen into the system. The thickness of the brushes follows a similar trend. The addition of NaCl
(dashed orange) seemed to increase the growth rate of brushes on the surface but did not have significant effect on the dispersity (b) of the free
polymer.
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“livingness” and reproducibility of the polymerization, NaCl
was added. Introducing a salt reduces Cu(I) disproportiona-
tion and reduces termination by preventing loses due to Cu
complexing with the charged sulfonate group on NaSS.40

Adding NaCl seemed to increase the growth rate of the PSS
brushes, as evidenced by the thicker brushes between 2 and 20
h in Figure 2a. The molecular weight of free polymer was also
lower when synthesized with NaCl, suggesting less termination
due to recombination; however, the PDI was similar between
polymers synthesized with and without NaCl, seen by the GPC
traces in Figure 2b. NaCl did not seem to have a significant
effect on the thickness of the PSS brushes or the molecular
weight of the free polymers.
The morphology of the PSS brushes is highly dependent on

the grafting density of the polymer; however, it is difficult to
quantitatively measure the density of polymers grafted from a
surface. While we could not characterize the density of initiator
per surface, we could still observe changes in grafting density
by introducing nonreactive alkanethiols. Instead of synthesiz-
ing hydroxy-terminated surfaces from MUD, as seen in Figure
1a(1), we created a surface terminated by a mixture of
hydroxyl and alkyl groups. The alkyl groups would not react
further with the initiator or PSS, effectively controlling the

grafting density. As we increased the amount of nonreactive
alkane and decreased the grafting density, the morphology of
the brushes changed from densely packed, upright brushes to
flattened, pancake-like (Figure 3). Changes in FTIR spectra
were also consistent with less PSS present on surfaces with less
initiator. The OH stretching vibration between 3700 and 3200
cm−1 decreased with decreasing initiator concentration (%
MUD). PSS is hygroscopic; therefore, lower amounts of PSS
on the surface would be correlated to less water and less
intense OH stretching. Lower FTIR signals at key frequencies
for the benzene and sulfonate groups indicate less PSS is
present, demonstrating that manipulation of the grafting
density was successful. We were thus able to confirm that
the brushes synthesized with 100% initiator were densely
packed and brush-like.
The PSS brushes were used as scaffolds to polymerize

EDOT into conductive PEDOT. PEDOT could be observed
optically through the presence of a blue film on the surface and
signature Raman shifts (Figure 4a) at 1366 cm−1 (Cα−Cα′),
1435 cm−1 (Cβ−Cβ), 1501 cm−1, (Cα�Cβ), and 1562 cm−1

(Cα�Cβ). In comparison, spin-coated Clevios PH1000 with 1
wt % GOPS cross-linker had similar characteristic peaks at
1361 cm−1 (Cα−Cα′), 1434 cm−1 (Cβ−Cβ), 1501 cm−1, (Cα�

Figure 3. Changes in brush morphology were observed via AFM by manipulating the grafting density. The grafting density was reduced by
replacing a fraction of the initiated surface with a nonreactive alkane. A decrease in of the FTIR signal at 1130, 1043, and 1011 cm−1 indicated a
decrease in PSS grafted to the surface. The OH stretching peak between 3200 and 3700 cm−1 also decreased as the amount of hydroscopic PSS on
the surface decreases. As the amount of PSS grafted from the surface decreased, a distinct change in morphology of the brushes was observed via
AFM, from brush at 100% initiator to pancake-like between 25% and 50% initiator.
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Cβ), and 1564 cm−1 (Cα�Cβ). The ratio of PEDOT:PSS was
estimated by integrating the S 2p XPS spectra (Figure 4b). The
doublet at lower binding energy (163.6 and 164.8 eV) was
assigned to the sulfur atoms in PEDOT, and the doublet at
higher binding energy (167.6 and 168.8 eV) was associated
with the sulfonate group on PSS.47−49 The grafted
PEDOT:PSS had a ratio of 60:40 (mol:mol) compared to
the measured 35:65 of spin-coated Clevios PH1000 with 0.2
wt % GOPS. The higher ratio of PEDOT in the grafted
brushes is important to note, as higher PEDOT ratios are
typically associated with increased conductivities due to the
decreased energy barrier for interchain and interdomain charge
hopping.50 Figure 4c shows how the grafting process allows for
control over the thickness of the PEDOT:PSS films simply by
determining the reaction time of the EDOT polymerization.
To better determine the morphology of the PEDOT:PSS
brushes, XPS depth profiling was conducted at sputter depths
ranging from 0 to 150 nm (Figure 5d). Integration of the S 2p
peaks to determine the ratio of PEDOT to PSS at varying film
depths revealed that the PEDOT chains deeply penetrate the
PSS brushes and are not limited to the surface. In fact, the data
reveal that PSS is most strongly present at the film surface.
These results indicate that PEDOT diffuses deeply into the

PSS brushes during aqueous solution deposition, causing the
brushes to expand from a thickness of roughly 50−150 nm
before and after aqueous PEDOT deposition. A graphical
illustration of this morphology is shown in Figure 5e.
An image of a grafted PEDOT:PSS sample highlighting the

uniformity of the surface is included in Figure S1. Sonicating
the grafted PEDOT:PSS sample for 20 min did not produce
significant changes as evidenced by Raman spectroscopy or
optical microscopy (Figure S2a−c). As already mentioned, the
stability of the grafted brushes was comparable to spin-coated
and cross-linked Clevios PH1000 with 0.2 wt % GOPS, which
also withstood 20 min of sonication (Figure S2d−f). (Clevios
PH1000 without any additives, on the other hand, washes off
of gold after lightly rinsing with water.)
Next, the stability of the PEDOT:PSS surfaces was evaluated

with cyclic voltammetry (Figure S4) and electrical impedance
spectroscopy. The brushes were evaluated under physiologi-
cally relevant conditions (PBS) between 0.1 and 105 Hz. The
intended application of the PEDOT:PSS brushes is neural
electrodes; therefore, physiologically relevant conditions and
frequencies (0.1−10 kHz) are of most interest. PEDOT:PSS
significantly lowered the impedance of the gold surfaces at all
frequencies ranging from 0.1 to 105 Hz even after 1000 cycles

Figure 4. (a) Raman spectra of PEDOT:PSS grafted from gold (orange) with characteristic peaks at 1366, 1435, 1501, and 1562 cm−1, plotted with
Raman spectra of spin-coated Clevios PH1000 with 1 wt % GOPS cross-linker (blue) with characteristic peaks at 1361, 1434, 1501, and 1564 cm−1.
(b) S 2p XPS spectra compare the amount of PEDOT to PSS for grafted PEDOT:PSS (top) and spin-coated Clevios PH1000 with 0.2 wt % GOPS
(bottom). Integration approximated the PEDOT:PSS ratios in mol:mol as 60:40 and 35:65 for the grafted and spin-coated samples, respectively.
(c) Thickness of the PEDOT:PSS films could be simply controlled through the reaction time of EDOT copolymerization. Increasing the reaction
time significantly increased the thickness of samples, from 5 nm of added thickness after 12 h to 50 nm after 24 h. (d) S 2p XPS depth-profiling
spectra compare the relative amounts of PEDOT and PSS (in mol %) of the grafted brushes at sputter depths ranging from 0 to 150 nm. These
results show that PEDOT deeply penetrates the PSS brushes and is not limited to the film surface. A graphical illustration of the film highlighting
the interpenetration of PEDOT is shown in (e).
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sweeping from −0.4 to 0.8 V, as shown in Figure 5a. The
electrode appeared stable with minimal changes to the
impedance up to 1000 cycles, as shown in Figure 5b by the
stability of the integrated area under the EIS curves in Figure
5a. Integration of the S 2p XPS spectra before and after cycling
1000 scans in PBS (Figure S3) shows almost no change in the
ratio of PEDOT:PSS, and surface profilometry measurements
do not appear to show any significant change in film thickness
before and after cycling (Figure 5c). Optical microscopy of the
grafted PEDOT:PSS brushes (Figure 5d) showed no cracks or
signs of delamination even after 1000 cycles compared to a
spin-coated and cross-linked PEDOT:PSS sample (Clevios
PH1000 with 1 wt % GOPS) that showed signs of
delamination after only 500 cycles (Figure 5f) and significant

delamination after 1000 cycles (Figure 5g). (Delamination was
noted here by the appearance of round, bubble-like structures
at the edge of the electrode active area.) While in theory the
gold−thiol bond is susceptible to dissociation at higher
temperatures and the ester linkage is susceptible to hydrolysis
over time, the stability of the grafted films to sonication and
cyclic electrical loading suggests that the films should remain
intact for even longer durations under (less harsh)
physiological conditions.
While it is difficult to accurately compare the impedance

values in this work to impedances reported for microelectrode
arrays due to the nonlinear scaling of impedance with area and
the dominance of edge effects for small microelectrode
dimensions,51,52 film conductivities can be much more easily

Figure 5. (a) EIS of grafted PEDOT:PSS compared to bare gold after 1000 cycles, sweeping from −0.4 to 0.8 V in PBS. At all frequencies ranging
from 0.1 to 105 Hz, PEDOT:PSS surfaces have a significantly lower impedance, even after 1000 cycles. The stability of the integrated area under the
curve for the first 1000 cycles is highlighted in (b) and demonstrates the stability of the PEDOT:PSS brushes to electrochemical cycling. (c)
Integration of the S 2p XPS spectra before and after cycling 1000 scans in PBS shows almost no change in the ratio of PEDOT:PSS, while surface
profilometry before and after cycling shows that film thickness is not significantly affected either. (d) Optical microscopy images of the grafted
PEDOT:PSS brushes at various magnifications showed no cracks or signs of delamination after 1000 CV scans and demonstrate increased stability
to electrochemical cycling compared to spin-coated and cross-linked Clevios PH1000 with 1 wt % GOPS, shown (e) before electrochemical
cycling, (f) after 500 CV scans, and (g) after 1000 CV scans. Delamination in the spin-coated Clevios PH1000 sample can be seen from the
appearance of round, bubble-like structures at the edge of the active area of the electrode.
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compared to literature values. Using the four-point probe
method, the 100% and 90% grafting density samples had
average conductivities of 2.8 and 2.6 S cm−1, respectively. In
comparison, spin-coated Clevios PH1000 with 0.2 wt % GOPS
on gold had an average conductivity of 1.3 S cm−1 (Figure S5).
These results demonstrate the robustness of this approach to
obtain conductive PEDOT films on noble-metal surfaces that
are stable under various stress conditions.
We demonstrated PSS grafted from a gold surface via

surface-initiated ATRP could be used as a scaffold for PEDOT
to produce PEDOT:PSS brushes with decreased impedance
relative to bare gold and increased stability and conductivity
compared to spin-coated analogues. Specifically, the PE-
DOT:PSS brushes were stable under sonication and withstood
up to 1000 cycles of cyclic voltammetry without delaminating
compared to spin-coated PEDOT:PSS, which delaminated
completely during sonication and partially after 500 cycles of
cyclic voltammetry. EIS measurements after every 100 cycles
showed the samples had low impedances even lower than bare
gold at all frequencies ranging from 0.1 to 105 Hz. We believe
that the increased stability, increased conductivity, and lowered
impedance make SI-ATRP PEDOT:PSS a promising candidate
for use in microelectrodes for neural activity recording. Spin-
coated, electrodeposited, and drop-cast PEDOT:PSS have
already been shown to reduce impedance and improve the
biocompatibility of microelectrodes. Instead of modifying the
metal electrode or introducing cross-linkers or other additives
to the polymer film, this work takes an organic chemistry and
polymer approach to improving the stability of PEDOT:PSS
layers on gold surfaces by chemically binding the polymer to
the surface.
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