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Toward Stable p-Type Thiophene-Based Organic

Electrochemical Transistors

Silan Zhang, Penghui Ding, Tero-Petri Ruoko, Ruiheng Wu, Marc-Antoine Stoeckel,
Matteo Massetti, Tiefeng Liu, Mikhail Vagin, Dilara Meli, Renee Kroon, Jonathan Rivnay,

and Simone Fabiano*

Operational stability is essential for the success of organic electrochemical
transistors (OECTSs) in bioelectronics. The oxygen reduction reaction (ORR) is
a common electrochemical side reaction that can compromise the stability of
OECTs, but the relationship between ORR and materials degradation is poorly
understood. In this study, the impact of ORR on the stability and degradation
mechanisms of thiophene-based OECTs is investigated. The findings show
that an increase in pH during ORR leads to the degradation of the polymer
backbone. By using a protective polymer glue layer between the
semiconductor channel and the aqueous electrolyte, ORR is effectively
suppressed and the stability of the OECTs is significantly improved, resulting
in current retention of nearly 90% for ~2 h cycling in the saturation regime.

1. Introduction

Organic mixed ionic—electronic conductors (OMIECs) lever-
age efficient ion-electron transport capabilities for a range
of applications in energy storagel!!l and conversion,?!
electrocatalysis,’l  electrochromic ~ display technologies,!*]

and Dioelectronics.’]  As the channel
material in organic electrochemical tran-
sistors (OECTs), OMIECs have enabled
a variety of exciting applications, in-
cluding  bio-/chemical-sensing,[®!  med-
ical diagnostics,”) and low-voltage/
neuromorphic electronics.®] This rapid
development has been driven by ad-
vances in materials synthesis®®° and
device  design/fabrication,l*#%¢10] a5
well as an in-depth understanding of
the role of polymer microstructure on
charge/mass transport mechanismsl!'!]
enabling high charge carrier mobilities
and fast device temporal responses.!''#£12]

One common strategy to promote
electric charge/ion transport in OMIECs is functionalizing
their polymer backbones with hydrophilic/polar side chains,
such as the case of the p-type (hole-transporting) bithiophene—
thienothiophene copolymer bearing tetraethylene glycol side
chains (P(g,2T-TT), see chemical structure in Figure 1a).!"*] How-
ever, the much-improved materials’ ionic conductivity comes
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Figure 1. a) Schematic of OECT structure and chemical structure of P(g,2T-TT). b) Transfer characteristics of P(g,2T-TT)-based OECTs in 0.1 m pristine,
Ar-saturated, and O,-saturated NaCl, respectively (W = 1000 pm, L = 30 um). c) Corresponding operation stability measurements by pulsing the gate
voltage between V5 = 0.15 V to V; = —0.6 V at constant V, = —0.6 V. The data are extracted from the on current for each cycle and normalized with the

first on current (7 skip points).

at the expense of the devices’ operational stability, primarily
due to swelling of the channel material'*'* and/or electro-
chemical side reactions such as the oxygen reduction reaction
(ORR).I° While the former can be suppressed by, e.g., side chain
redistribution, ' adding alkyl spacers to the side chain,!**! or de-
creasing the length of the side chain,/*! the latter stems from
the low ionization energy (IE) of OMIECs carrying glycolated
side chains, which make them susceptible to react with oxygen
in the electrolyte and lead to fast degradation upon electrochemi-
cal doping/dedoping cycles.['”] Although p-type OMIECs are typi-
cally more stable than n-type (electron-transporting) OMIECs, 8]
their device operational stability is still unsatisfactory for many
(bio-)electronic applications. Therefore, both material and device
engineering strategies are required to address this issue.
Degassing the electrolyte is the most facile way of suppress-
ing ORR."8'7] Yet, working with O,-free electrolytes is imprac-
tical when developing bioelectronic devices that must sense the
external environment. At pH 7 in an aqueous environment, the
ORR can occur via either a two-electron (O, + 2H* + 2™ —
2H,0,, ~0.28 V versus normal hydrogen electrode) or a four-
electron (O, + 4H* + 4e”~ —» 2H,0, ~0.81 V vs normal hy-
drogen electrode) process."! This suggests that OMIECs with
high IE (ie., >|4.8| eV), such as diketopyrrolopyrrole (DPP)-
based polymers, ¢! could hinder the formation of H,0, (two-
electron ORR), thereby enhancing device stability as compared
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to OMIECs with low IE.*d] However, DPP-based polymers still
undergo four-electron ORR and exhibit significant degradation
when cycled over an extended period.’¥ In addition, an IE >
|4.8] eV translates into a large oxidation potential, which causes
the OECTs’ threshold voltage (V,;) to increase to values typically
larger than |0.4| V.2 This pushes the device to operate near the
electrochemical stability window of the aqueous electrolyte, lead-
ing to polymer backbone degradation by side chain cleavage!*!!
and high power consumption.l!l While the use of Lewis acids
can suppress ORR to some extent,[??] it still results in a halving
of the drain current after 80 min of cycling. Therefore, it is impor-
tant to understand the mechanisms of material degradation dur-
ing ORR and find ways to prevent it without negatively impact-
ing other device metrics to create stable and safe bioelectronic
devices.

Here, we unravel the degradation mechanism of the
benchmark polymer P(g,2T-TT) during electrochemical dop-
ing/dedoping in OECTs and report a simple strategy to prevent
faradaic ORR side reactions from occurring during device op-
eration. By using a combination of cyclic voltammetry, ex—situ
Raman and infrared spectroscopies, and X-ray scattering mea-
surements, we show that ORR occurs near the drain electrode
with hydroxide (OH™) formation. OH™ is a by-product of ORR,
regardless of whether the process involves two or four electrons,
and can react with the oxidized polymer backbone causing
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irreversible chemical degradation. The latter can be prevented
by using a polymer gel composed of polyethylene oxide (PEO)
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). When
the PEO:LiTFSI polymer gel is placed on top of P(g,2T-TT),
it suppresses water and oxygen permeability and avoids the
formation of reactive ORR by-products, thus yielding OECTs
with stable device performance.

2. Results and Discussion

To understand how the electrolyte’s O, content affects the device
stability, we investigated the OECT performance using 1) pris-
tine, 2) Ar-saturated, and 3) O,-saturated 0.1 M NaCl aqueous
electrolytes. The typical P(g,2T-TT)-based OECT transfer charac-
teristics, measured at V = —0.6 V for the three electrolytes, are
reported in Figure 1b and Figure S1 (Supporting Information)
and show negligible variations in saturated drain current inde-
pendent of the electrolyte’s O, content.

We then measured the device’s stability in the different elec-
trolytes by continuously pulsing V,; from 0.15 V to —0.6 V (pulse
width = 5 s) for more than 500 cycles (Figure S2, Supporting
Information). Figure 1c shows the evolution of I;, normalized
to the initial I, values (I ) for V; = —0.6 V. P(g,2T-TT)-based
OECTs measured in pristine NaCl retain only 3% of the initial
drain current at the end of the 510 cycles, with I, dropping by
more than 80% after 30 min of continuous operation. This ef-
fect is even more pronounced when the OECTs are measured
using an O,-saturated NaCl electrolyte, with only 10% of the ini-
tial I, retained after 15 min. In stark contrast, OECTs measured
using an Ar-saturated NaCl electrolyte retained 84% of the ini-
tial I, at the end of the 510 cycles. Interestingly, we noticed that
the electrolytes’ pH changed during the cycling test, going from
6.5 (initial) to 8.5 (final) for pristine and O,-saturated NaCl elec-
trolytes and from 6.5 (initial) to 7.0 (final) for Ar-saturated NaCl
electrolyte.

To investigate whether the increase in pH is responsible for the
device’s current degradation, we measured the P(g,2T-TT)-based
OECTs in NaCl by adjusting its pH to 8 with small amounts of
0.1 M NaOH and observed faster degradation compared to pris-
tine NaCl, with only 1% of I, after ~#510 cycles (Figure S3. Sup-
porting Information) with a final pH of ~9.5. Using 100 mm
phosphate-buffered saline (PBS) solution improves the device’s
stability, with 94% of the initial I, retained after 85 min (Figure
S4, Supporting Information). However, at 10 mm PBS buffer
concentration, only 16% of initial I, is retained after 85 min
of continuous operation, suggesting that low buffer concentra-
tions could counteract the formation of excessive OH™ only up to
~300 cycles but fails for long-term operation (Figure S4, Support-
ing Information).

We hypothesize that OH™ is one of the by-products of ORR
occurring in the aqueous electrolyte during the OECT opera-
tion. P(g,2T-TT) has an ionization potential of 4.4 eV,[?’] and
is known to promote ORR.[*Y) As the Ag/AgCl gate electrode is a
nonpolarizable material, its standard electrode potential does not
change significantly when current is passed through it. Figure S5
(Supporting Information) shows the Ag/AgCl paste voltage cal-
ibration in 0.1 M NaCl solution (vs standard Ag/AgCl electrode
with saturated KCl as the supporting electrolyte) at 0.5 and 5 pA
constant currents (same current range as the gate current during
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OECT operation). The potential difference between the Ag/AgCl
paste and standard Ag/AgCl is ~0.1 V. As the OECTs are oper-
ated by tuning V; from 0.2 to —0.7 V with a constant Vj, = -0.6 V
with respect to the source electrode, we calibrated the electrode’s
potential range of the source and drain electrodes as shown in
Figure 2a. For a device switching from off to on, the source and
drain electrodes work in the electrode’s potential range of —0.1
to 0.8 V and —0.7 to 0.2 V, respectively. Note that the calibration
of the electrode’s potential agrees well with recent reports using
different biasing schemes.!'”] As ORR in conducting polymers is
likely to occur at a negative potential (vs Ag/AgCl standard elec-
trode) for pH 7,324 we suggest that ORR occurs at the drain elec-
trode when the device is in the off state and that the excess OH~
diffuses from the drain to the source region causing irreversible
degradation of P(g,2T-TT) while the OECT gradually turns on.

The ORR activity of P(g,2T-TT) was evaluated via linear sweep
voltammetry (LSV) using a rotating disk electrode (RDE) with
voltage swept from 0.2 to —0.8 V versus standard Ag/AgCl.
Figure 2b shows the LSV curves obtained under different ro-
tating speeds. The O, reduction current increases with increas-
ing the rotating speed, as expected from the Koutecky-Levich
equation!®! (see details in the Experimental Section). From the
Koutecky-Levich plot reported in Figure S6 (Supporting Infor-
mation), we then extracted a value of n = 2 for different poten-
tials (Figure 2c), suggesting that ORR in P(g,2T-TT) follows a 2-
electron path with the formation of H,0,. The latter was also de-
tected in the OECT’s electrolyte after cycling the device for 3 h, us-
ing a horseradish peroxidase-3,3’,5,5'-tetramethylbenzidine as-
say (see the Experimental Section for more details). H,0, in-
teracts with 3,3',5,5'-tetramethylbenzidine with the help of the
horseradish peroxidase, changing the solution from colorless to
blue. The concentration of H,0, is then calculated from the
absorption peak intensity at 652 nm (Figure S7, Supporting
Information).[?®! As shown in Figure 2d, the final H,0, con-
centration after OECT cycling in the pristine and O,-saturated
NaCl solutions is ~73 and ~89 um, respectively. We also detected
~15 um of H,0, in the Ar-saturated NaCl solution, possibly due
to the system not being completely airtight. Thus, the OH~ for-
mation results from ORR as outlined in the reaction scheme of
Figure 2c. Figure 2e shows the OECT’s transfer characteristics
recorded in 0.1 M degassed NaOH solution as an extreme exam-
ple of a highly alkaline condition. The transfer curves show large
hysteresis, low current level, and complete degradation after only
five cycles, suggesting that OH™ contributes greatly to the device
degradation. To investigate the possibility that superoxide serves
as an intermediate in the ORR process, leading to the formation
of OH~, we added tetrazolium blue chloride (BTC) to the elec-
trolyte to detect the presence of superoxide (Figure S8, Support-
ing Information). Superoxide reacts with BTC to produce a blue
diformazan pigment.[?’] However, the electrolyte’s UV-vis spec-
tra show no significant changes before and after cycling for 4 h
(Figure S8b, Supporting Information), indicating that the ORR
pathway of P(g,2T-TT) does not involve the formation of super-
oxide.

To investigate the impact of H,O, on the stability of OECTs, a
trace amount of MnO, (<0.1 mg in 45 uL electrolyte) was added
to the pristine NaCl electrolyte as a catalyst to decompose the
generated H,0,.[%] After 85 min of cycling, the device retained
only 12% of its initial I, (Figure S9a, Supporting Information).
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Figure 2. a) Electrode potential calibration of gate, source, and drain electrodes during the OECT operation. b) Linear sweep voltammograms of a
P(g42T-TT) film in the O,-saturated electrolyte under different rotation speeds. c) Electron transfer number obtained from the Koutecky—Levich plot.
d) The H,0, concentration in OECT electrolyte after cycling in pristine, Ar-saturated and O,-saturated 0.1 m NaCl. e) Transfer characteristics of P(g,2T-

TT)-based OECTs in 0.1 m Ar-saturated NaOH.

Additionally, we measured 19 um of H,0O, in the electrolyte
after 3 h of cycling (Figure S9b, Supporting Information).
This concentration is comparable to the amount present in
P(g,2T-TT)-based OECTs in Ar-saturated electrolyte, suggest-
ing that H,0, does not significantly contribute to the OECT’s
degradation.

We then measured Raman microspectroscopy from the chan-
nel, drain, and source regions of P(g,2T-TT) OECTs after cy-
cling in NaCl electrolytes with different O, content (Figure 3a,b
and Figure S10, Supporting Information). The Raman spectra of
pristine P(g,2T-TT) C=C vibrations of thiophene and thienoth-
iophene rings are in the 1300-1550 cm™ range (see Table
S1, Supporting Information, for peak assignments). Changes
in the Raman spectra after OECT cycling are localized to the
source electrode and visible only after cycling in pristine and O,-
saturated NaCl. Both symmetric (1450 cm™) and antisymmet-
ric (1498 cm™) thiophene C=C vibrations'?’ weaken after cy-
cling with a new strong peak growing at 1516 cm™. We assign
this peak to an antisymmetric thiophene C=C vibration in disor-
dered P(g,2T-TT). Similar disorderinduced spectral changes of
the thiophene C=C vibration have been observed due to chain
twisting,[*] intercalation,!?*) and swelling in electrolytes.[2%!
However, the changes we observe cannot be simply due to disor-
der induced by ion intercalation or swelling of the polymer films
since all OECTs were cycled in the same electrolyte but with dif-
ferent O, content. This means that the observed Raman changes
after cycling are presumably due to structural disorder induced
by a chemical reaction in P(g,2T-TT).

The Raman spectra of the samples cycled using cyclic voltam-
metry (CV) scans (Figure S11, Supporting Information) revealed
significant changes only in the O,-saturated electrolyte, while
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changes in the pristine NaCl electrolyte were minimal. This is
likely due to the low concentration of OH~ in a large amount of
electrolyte. The sample cycled in NaOH using CV scans between
—0.2and 0.7 V (outside the ORR potential range) versus Ag/AgCl
showed the same changes as those observed at the source elec-
trodes of the OECTs (Figure S12, Supporting Information). This
demonstrates that OH™ plays a significant role in the degradation
process.

The samples that were cycled using CV were also ana-
lyzed using Fourier-transform infrared spectroscopy (FTIR) to
gain a deeper understanding of the chemical structure changes
(Figure 3c). The C-H out-of-plane bending vibration of thiophene
at 800 cm™! gradually decreases as the O, content increases and
is almost completely absent, only visible as a minor shoulder in
0,-saturated NaCl. The appearance of O-H bending (1260 cm™,
phenol-like form) and C=0 (1620 cm™!, quinone-like form) sug-
gests that OH™ could react with the thiophene ring of P(g,2T-
TT). All the changes in the FTIR spectra agree with the degrada-
tion observed for polypyrrole and other polythiophenes.*! To as-
sess whether oxidized P(g,2T-TT) is susceptible to degradation by
OH~, we first doped the polymer in iron(III) chloride/acetonitrile
solution and then immersed it in 0.1 m NaOH overnight (with-
out voltage bias). As shown in Figure S13a (Supporting Infor-
mation), the C=0 signal increased when the polymer was posi-
tively charged, while no changes could be detected for the neutral
polymer (Figure S13b, Supporting Information). The finding that
OH-~ is responsible for the degradation of p-type OMIECs dur-
ing OECT operation agrees with the observation that even high-
IE polymers, such as those based on DPP, which undergo four-
electron ORR without H,0, formation, experience degradation
over prolonged periods.[*d]
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Figure 3. Raman spectra of P(g,2T-TT) near a) drain and b) source electrodes after devices pulsing cycling in Figure 1c. c) FTIR spectra of P(g,2T-TT)
films after CV cycling. d,e) 2D GIWAXS pattern before and after CV cycling in O,-saturated electrolyte. f) 1D out-of-plane line cuts of P(g,2T-TT) films

after CV cycling.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
used to study the crystalline structural changes occurring in
P(g,2T-TT) during degradation (Figure 3d-f and Figure S14, Sup-
porting Information). In agreement with previous reports,!??>32]
P(g,2T-TT) chains are mainly oriented edge-on with respect
to the substrate. The (100) lamellar stacking peak shifts from
0.36 A~' (d-spacing = 17.3 A) to ~0.34 A~! (d-spacing = 18.3 A) af-
ter cycling, as shown from the out-of-plane line cuts in Figure 3d.
The lamellar spacing expansion indicates the ion intercalation
into the side chains after electrochemical cycling.!?®*** The (010)
7 stacking peak locates at ~1.82 A~! (d-spacing = 3.44 A) and
slightly shifts to lower g values by nearly 2% in the final fully un-
doped state (Figure 3f).*33] Overall, the lattice structure does
not change significantly, suggesting that degradation might affect
the amorphous phase, which is known to be crucial for electronic
conductivity.'*¥2%] However, a new face-on oriented z-stacking
diffraction at Q, ~ 1.62 A~' (d-spacing = 3.88 A) is shown af-
ter cycling in O,-saturated NaCl, marked as (01°0) to distinguish
it from the edge-on 7—x stacking peak. The new (01°0) face-on
diffraction peak may be attributed to disorder, as discussed for the
FTIR and Raman spectra. Atomic force microscopy (AFM) mea-
surements were carried out on top of drain, channel, and source
areas before and after cycling in different electrolytes (Figure S15,
Supporting Information). We observed negligible morphology
changes in all areas regardless of the electrolyte.

Next, we developed an encapsulation strategy to suppress
ORR and related OH" formation that is at the origin of P(g,2T-
TT) degradation, thus boosting the OECTS’ stability. A poly-
mer glue, comprising polyethylene oxide (PEO) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), was coated on top
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of the channel area, following the procedure reported in the Ex-
perimental Section. The LiTFSI:PEO-based composite is used
here as a protective layer to prevent ORR from happening at the
channel’s surface, thanks to its remarkable electrochemical sta-
bility and low water/oxygen permeability.>*] The weight fraction
of LiTFSI (Wy;rrs;) Was chosen to be 0.46 since, at this concen-
tration, Li* coordinates with the PEO backbone’s ether groups
(Figures S16-S18, Supporting Information), yielding films that
are insoluble in water.®> In addition, the contribution of an-
ions to the total ionic conductivity is maximal for Wz, = 0.46
(Figure S19, Supporting Information), which is preferable for p-
type OECT operation.

Figure 4a illustrates the schematic of the OECT structure with
the polymer glue layer placed between the P(g,2T-TT) channel
and the 0.1 m NaCl aqueous electrolyte. Figure 4b and Figure
S20 (in log scale, Supporting Information) show the P(g,2T-
TT) OECT transfer characteristics with/without the polymer glue
layer. Interestingly, the insertion of the LiTFSI:PEO layer does
not affect the on/off ratio and max g, values, while the hystere-
sis reduces compared to the OECTs without the polymer glue
layer. We also observed a shift in V,, from —0.13 to 0 V upon
insertion of the LiITFSI:PEO glue layer. This shift in V,, agrees
with the shift in onset potential observed from CV (Figure S21,
Supporting Information), and is attributed to the larger size of
TFSI- anions compared to Cl7*) as also observed for P(g,2T-
TT)-based OECTs measured using a 0.1 M LiTFSI solution as the
electrolyte (Figure S22, Supporting Information).

We then investigated the operation stability of P(g,2T-TT)-
based OECTs with/without the polymer glue layer. As shown
in Figure 4c and Figure S23 (Supporting Information), OECTs
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Figure 4. a) Cross-sectional schematic of OECT structure with the polymer glue Iayer b) Transfer characteristics comparison (solid line) and correspond-
ing transconductance (dash line) with/without glue layer. ¢) Long-term stability in pristine NaCl with/without glue (7 skip points). d) Temporal response

and corresponding exponential fitting of the devices (W =

100 um, L = 10 pm) with/without glue layer. e) Digital photos illustration of water resistance

with polymer glue by immersing in NaCl and by applying different voltages for 10 min each. scale bar: 1 cm.

comprising the LiTFSI:PEO layer retain 85% of the initial cur-
rent after nearly 2 h of continuous operation, a result which is
comparable to that of P(g,2T-TT)-based OECTs in Ar-saturated
electrolyte (see Figure 1c) and superior to what observed with the
use of Lewis acids.!??) We argue that the observed improvement
in stability with the LiTFSI:PEO layer is due to its low water
uptake, > which suppresses ORR. The latter is confirmed by CV
measurements, as reported in Figure S24 (Supporting Informa-
tion). In the presence of O, and without the LiTFSI:PEO layer, a
high polarized current is shown in the negative potential range,
with the current increasing at higher O, content. In contrast,
when the LiTFSI:PEO layer is used, the CV curves show a typical
double-layer capacitance behavior in the negative potential
range, suggesting that ORR is suppressed. This is equivalent to
when Ar-saturated NaCl is used as the electrolyte. To confirm
that water penetration is suppressed in the LiTFSI:PEO layer,
we coated the latter on top of a water-sensitive label placed onto
an FTO electrode (Figure 4e, see details in the Experimental
Section). The water-sensitive label is such that it turns red in
contact with water. The LITFSL:PEO layer can prevent water
from diffusing through it when immersed in 0.1 M NaCl for
24 h (without voltage bias) or when a voltage bias is applied
for 10 min. In addition, oxygen diffusion is greatly reduced
(Figure S25, Supporting Information). Note that we also tested
the stability of P(g,2T-TT)-based OECTs, using 0.1 m LiTFSI
as the electrolyte and in the absence of the LiTFSI:PEO layer,
and observed a 70% drop in current after 450 cycles (Figure

Adv. Funct. Mater. 2023, 2302249 2302249 (6 of 10)

S26, Supporting Information). Therefore, the improved stability
with the LiTFSI:PEO layer is not due to the LiTFSI salt. FTIR
and Raman spectra show no sign of chemical degradation or
microstructure changes when LiTFSI:PEO layer is coated on
the channel layer (Figure S27, Supporting Information). For
comparison, we tested the electrical performance of P(g,2T-TT)-
OECTs comprising an ion exchange gel made of poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) and 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
((EMIM][TFSI)), similar to the one reported Bischak et al.,[*®]
but observed continuous degradation of the device performance
(Figure S28, Supporting Information).

It is also interesting to note that the response time of P(g,2T-
TT)-based OECTs with the LITFSI:PEO glue layer is about four
times faster (2 ms) compared to devices without the glue layer
(8 ms, Figure 4d). We ascribed this to the higher ionic conduc-
tivity of the LiITFSI:PEO glue layer (Figure S29, Supporting In-
formation). The ionic conductivity of 0.1 M NaCl is ~6 mS cm™,
but with the addition of the glue layer, it increases to 41 mS cm™'.
We attributed the significant enhancement in ionic conductivity
observed for LiTFSI:PEO to the dissociation of LiTFSI salts in
PEO, as discussed in Figures S16-18 (Supporting Information).
Additionally, the diffusion of dehydrated chloride ions into the
polymer glue layer (Figure S30, Supporting Information) could
contribute to increasing the layer’s anionic character. These two
factors work together to reduce the charge transfer resistance at
the electrode/electrolyte interfaces. The pristine glue layer has a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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low ionic conductivity of #0.08 mS cm™!, which leads to a large

hysteresis in the OECT transfer curves when the glue is used as
the sole electrolyte (Figure S31, Supporting Information).

3. Conclusions

In conclusion, we investigated the relationship between ORR
and OECT degradation. By calibrating the electrochemical po-
tential of each electrode, we determined that the ORR occurs on
the surface of the drain electrode in p-type OECTs. We demon-
strated that material degradation is caused by increased pH dur-
ing ORR, which leads to the generation of excess OH™ on the
drain electrode surface and penetration into the source elec-
trode region when the OECT is switched on. This degradation by
OH" is irreversible and leads to instability in the device’s perfor-
mance. However, we also showed that using a polymer glue layer
could improve the device’s stability by preventing water and oxy-
gen penetration. Devices with the protective polymer glue layer
showed 85% current retention after ~2 h of continuous dop-
ing/dedoping cycles in the saturation regime without compro-
mising the switching speed and on/off ratio. This study could
aid in the future design of stable and safe bioelectronic devices.

4. Experimental Section

Device Fabrications:  All devices were fabricated on glass slides cleaned
with sequential sonication in 2% Hellmanex, deionized water, acetone,
and isopropanol. For larger devices (1000 x 30 um), source and drain elec-
trodes (5 nm Cr and 50 nm Au) were deposited by physical vapor depo-
sition (PVD) using an evaporation mask (Source—Drain Deposition Mask
for Low Density OFETs, Osilla Ltd, UK). For smaller devices (100 X 10 um),
the photolithography process was followed as reported.l'’l P(g,2T-TT)
was synthesized as reported.!?32] The film was deposited with 5 mg mL™!
chlorobenzene solution and spun at 1000 rpm for 60 s. For all the OECTs,
an Ag/AgCl paste (Sigma-Aldrich) was used as the gate.

Electrical and Electrochemical Characterization: ~All the OECTs charac-
teristics were tested by Keithley 4200 semiconductor parameter analyzer.
The cyclic voltammetry and electrochemical impedance spectra were char-
acterized by Bio-Logic Science Instruments. For all the cyclic voltamme-
try measurements, a three-electrode system was used with the P(g,2T-
TT) electrode as the working electrode, a 2 cm? platinum mesh as the
counter electrode, and an Ag/AgCl/saturated KCl (CHI Instrument) as the
reference electrode. The CV samples obtained in NaCl electrolytes were
cycled between —0.7 and 0.7 V, whereas in 0.1 m NaOH was cycled be-
tween —0.2 and 0.7 V versus Ag/AgCl/saturated KCl. P(g,2T-TT) electrode
was spin-coated on 1x 1cm? Cr/Au electrode on a glass substrate. The
jonic conductivity was measured by potentio-electrochemical impedance
spectroscopy (PEIS) between 100 kHz and 100 mHz under open circuit
potential conditions. The ionic conductivity of NaCl and NaCl+polymer
glue was measured with a planar structure. For 0.1 m NaCl, a PDMS well
with a 2 mm thick (d) and 2 mm wide (/) hole was covered on two paral-
lel titanium electrodes with 3 mm distances (L). The NaCl+polymer glue
sample was measured by covering 150-um-thick glue on the same tita-
nium electrodes with | = 9 mm. The ionic conductivity was calculated by

(/th —[37I where R is the resistance obtained from the impedance at

high frequency (Figure S22, Supporting Information). The polymer glue’s
jonic conductivity was measured by sandwiching 150-um-thick polymer
glue between two 3 X 9 mm? due to its low ionic conductivity.?8] The
ionic conductivity was calculated by ¢ = KLR where A is the area of tita-
nium electrodes.

Polymer Glue Preparation and Transformation: The polymer glue was
prepared by dissolving 1.4 g PEO (Mw =600 000, Sigma-Aldrich) and 1.2 g
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LiTFSI (Sigma—Aldrich) in 10 mL acetone/dichloromethane binary solvent
with 1:40 mass ratio.[34¢3%] The uncrosslinked NFC film was prepared by
mixing 50 g carboxymethylated nanofibrillated cellulose (1 wt.% solid con-
tent, ordered from Research Institutes of Sweden(RISE)), 25 mg glycerol
(Sigma—Aldrich), and 50 g water by a laboratory mixer (T 10 basic ULTRA-
TURRAX, IKA) for 30 min and then followed by degassing in a vacuum
desiccator overnight to remove excessive bubbles in the viscous mixture.
The NFC film was obtained by pouring the mixture in a Petri dish and
dried at 60 °C for 3 h. The “double-sided tape” (see Figure S32, Support-
ing Information, for the illustration of the transfer process) was prepared
by blade-coating the polymer glue on the NFC film in a liquid nitrogen
slush bath to slow down the solvent evaporation. The polymer glue was
transferred by directly sticking on the channel area of the devices. NFC film
was peeled after spraying it with a small amount of water. Finally, devices
were put into a vacuum oven at 60 °C overnight to remove the excess water
and enhance the adhesion between the glue and the device.

H,0, Detection: H,0, was quantified by HRP-TMB (horseradish
peroxidase-3,3",5,5 -tetramethylbenzidine) method. Ten microliters of
each analyte were added to HRP-TMB buffer solution in a 96-well plate.
The absorbance at 653 nm was then measured by a plate reader (BioTek
Synergy H1 Hybrid Multi-Mode Microplate Reader). Finally, the concen-
tration of produced H,0, was determined by a calibration line, which was
obtained from a known concentration of H,0,.

ORR Measurements: ORR measurements were performed on a
BioLogic SP-200 Potentiostat with a typical three-electrode system.
Ag/AgCl/saturated KCl and a platinum wire served as the reference
and counter electrodes, respectively. Five microliters of P(g,2T-TT) in
chlorobenzene solution (2.5 mg mL™") were drop-casted on a rotating disc
electrode (RDE, area: 0.19625 cm?, Pine Research Instrumentation) as the
working electrode. The electrolyte (0.1 m NaCl) was purged with O, or Ar
gas for at least 30 min before experiments, and the gas was kept for refresh-
ing the headspace over the electrolyte during the experiments. The ORR
activities were investigated by linear sweeping voltammetry (LSV) with a
scan rate of 10 mV s~ at different rotation speeds (400, 625, 900, 1225,
1600, 2025, and 2500 rpm) from 0.2 V to —0.8 V (vs Ag/AgCl/saturated
KCl) under O, environment. The background current was acquired by
LSV with a scan rate of 10 mV s~' at 400 rpm from 0.2 V to 0.8 V (vs
Ag/AgCl/saturated KCl) under an Ar atmosphere. The uncompensated re-
sistance (R,) was measured by potentiostatic electrochemical impedance
spectroscopy (PEIS) between 100 kHz and 100 mHz under open circuit
potential conditions. R, was corrected after subtracting the background
current. The electron transfer number (n) could be determined by the fol-
lowing Koutecky—Levich equation at different potentials:[?°]

1_1 1 1 1

= + —=—+
J Jk Do I 0201nFD?3@'/2v=1/6C,

M

where J, Ji, and J; . are disk, kinetic, and diffusion-limited current density
(mA cm™2), respectively. F is the Faraday constant (96 485 C mol™"), D is
the diffusion coefficient of O, (1.9 X 107> cm? s7'), w is the angular speed
in rpm, v is the kinematic viscosity (0.01 cm? s7), and C, is the bulk
concentration of O, (1.2 x 1073 mol L™).

Materials Characterization: AFM was performed with a Dimension
3700 interfaced with a Nanoscope IV system operating in tapping mode.
Silicon tips with a constant force of 40 N m~" were used to record sur-
face morphologies at room temperature and in ambient atmosphere. The
samples for FTIR were measured after 100 CV cycles in a three-electrode
system. The FTIR spectra (Bruker Equinox 55) were measured in ATR mode
in ambient environment. The Raman spectra were measured with a Ren-
ishaw inVia Qontor confocal Raman microscope using a 50x long working
distance objective. The excitation wavelength was 532 nm, and the Raman
spectra were collected in the 150-2750 cm™ range. Single measurements
were measured with an excitation power of 0.1% or 1% with 2 s or 1s accu-
mulation time for OECT samples. The single measurements were repeated
90 times in a 15 by 6 grid with the measurement points separated by 5 um,
followed by cosmic ray and polynomial baseline removal from the single
scans and averaging of the scans to achieve the final spectra. For GIWAXS
measurement, the polymer was spin-coated onto Au-coated (80 nm)

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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silicon wafers at 1000 rpm for two layers. Samples were cycled between
—0.7 and 0.7 V versus Ag/AgCl with a scan rate of 100 mV s~ for
100 cycles. GIWAXS patterns were collected at a photon energy of
10.92 keV at an incident angle of & = 0.14° at Argonne National Lab’s
(ANL’s) Advanced Photon Source (APS) sector 8-1D-E. Scattering patterns
were analyzed using GIXSGUI and custom MATLAB scripts.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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