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Dual-Gate Organic Electrochemical Transistors for Marine

Sensing

Shuo-En Wu, Lulu Yao, Alan Shiller, Andrew H. Barnard, Jason David Azoulay, and

Tse Nga Ng*

Monitoring dissolved oxygen is essential to marine research, but the
high redox potentials required to drive sensing reactions have posed an
ongoing instability issue in the sensors. Here, a novel dual-gate configu-
ration for organic electrochemical transistors that extends the device
electrochemical stability window is demonstrated. This paper presents
the sensor operating principle that relates the channel conductance to
potentials on the two gates. This broadly applicable design allows a large
potential to be applied between the gates for sensing analytes, while syn-
ergistically modulating the channel within a lower potential range to main-
tain the stability of the semiconductor. Specifically, the sensor achieves

a detection limit of 0.3 ppm dissolved oxygen concentration in seawater,
with a sensitivity of 222 pA cm=2 ppm™' for concentrations below 5 ppm.
The device demonstrates reliable operation over 5 days and is capable of
monitoring oxygenation changes arising from the photosynthesis cycles
of saltwater macro-algae. This dual-gate configuration serves to extend
the sensor operating voltage window and improves device stability. Thus,
this new configuration provides a new type of compact, robust sensor for
marine research, and opportunities in other fields ranging from waste-

1. Introduction

The marine ecosystem is experiencing
significant anthropogenic-driven changes.
Rising temperatures decrease the solu-
bility of oxygen in water, and less dissolved
oxygen has devastating impacts on aquatic
life, aquaculture, marine environments,
and biodiversity.!! To assess and manage
stressors that exacerbate deoxygenation,
there is an urgent need for the develop-
ment of compact, economical sensor tech-
nologies that facilitate widespread in situ
monitoring of oxygen in the marine envi-
ronment. Compared to conventional bulky
probes,! thin-film sensorsi* can lead to
reductions in size, weight, and cost that
enable nonintrusive monitoring systems.
For example, miniaturized sensors can
be placed in new locations, such as inside
crevices in coral reefs to study the urgent
problem of reef bleaching, or integrated

water management to bioelectronics.
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as electronic tags on marine creatures to

monitor environmental variables in their

surroundings.”) In particular, organic

electrochemical transistors (OECTS) offer
the advantages of inherent signal amplification!® and biocom-
patibility.’! Upon incorporation of redox receptors or selective
membranes, OECTs demonstrate sensitive detection of specific
metabolites!'®13 and ions™! in aqueous media and are desir-
able as miniaturized marine sensors. However, for analytes
with high redox potentials such as dissolved oxygen,['! the large
voltage required to drive the sensing reaction may inherently
alter the chemical composition of the semiconductor within the
OECT channel and degrade device performance.[18]

The instability of OECTs in the presence of the oxygen
reduction reactions (ORRs) has been an ongoing challenge, and
recent research has modified the semiconducting polymers to
shift the operational voltage window!!®-2% and minimize ORRs
at the channel. While promising, new polymers have yet to
match the performance of poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS), the most commonly used
semiconductor in state-of-the-art OECTs. Here, we extend the
OECT electrochemical stability window by using a new device
configuration, which is broadly applicable to all semiconducting
polymers including PEDOT:PSS. Typical OECTs have three
electrodes (gate, source, and drain), in which either the source
or drain electrode serves as the ground reference point. Our
OECT design adds a fourth electrode to serve as the ground,

© 2021 Wiley-VCH GmbH
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allowing both source and drain electrode potentials to be tuned
to avoid undesirable over-oxidization at the OECT channel.
This new configuration permits a high potential to be applied
between the gate and the fourth electrode (reference gate) to
induce sensing reactions; then the channel conductance is pro-
portionately modulated at lower potentials to maintain semi-
conductor stability. Thus, the new dual-gate OECT structure
can accommodate high-potential reactions such as ORRs at the
gates, while it does not subject the channel to high potentials
that cause degradation.

Specifically, this work shows that dual-gate OECTs are highly
sensitive and stable for monitoring dissolved oxygen concentra-
tion in seawater, a highly challenging matrix owing to its high
ionic strength and multitude of chemical interferents. We pre-
sent the sensor operating principle, by deriving the channel con-
ductance with respect to potentials on the two gates. In addition
to oxygen, this modulation principle is generalizable to other
analytes with high redox potentials such as nitrates and dis-
solved carbon dioxide. Here, the dual-gate OECT was used in
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an in situ sensing demonstration to track oxygen release from
the photosynthesis cycles of saltwater macro-algae,*??l dem-
onstrating its high sensitivity. The results demonstrate that our
new OECT configuration can extend the sensor operating voltage
window and improve the device stability, to provide a new class
of compact, robust sensors for marine research, and other fields
ranging from waste-water management to bioelectronics.

2. Results and Discussion

2.1. Channel Modulation Principles in Dual-Gate OECTs

The structure of a conventional three-electrode OECT is shown
in Figure 1a. The channel semiconductor was PEDOT:PSS
etched by sulfuric acid, and the acid treatment removed PSS
to form PEDOT films with improved conductivity and sta-
bility.?>2] A gel electrolyte consisting of xanthan gum/®®
with sodium sulfate was deposited onto the OECT channel
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Figure 1. Schematics of a) the conventional three-electrode OECT and b) the dual-gate OECT with four electrodes. Voltage diagrams of the potential
drop between a gate electrode and the channel in c) a conventional OECT and d) a dual-gate OECT. e) Electrochemical potential diagrams for the Pt-C

gate and the PEDOT channel, comparing the dual-gate and conventional

configurations. f) Transfer characteristics measured under the conventional

three-electrode configuration (black data) and the dual-gate configuration (blue data) with Vsgz =—0.6 V. The leakage currents (Vps = 0 V) are shown

as dashed lines.
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and covered by a polyvinylchloride-based membrane. The gel
electrolyte increased the current modulation and response
speed.'>?728] The structure of our dual-gate OECT is shown
in Figure 1b. The two gate electrodes were fabricated using a
conductive carbon cloth. One of the electrodes was coated with
a small amount of electrodeposited platinum to catalyze the
ORRs.?l The other gate electrode was coated with activated
carbon (AcC) and served as the ground reference point. The
voltage subscripts denote the electrode onto which a voltage
was applied, with respect to another electrode. For example,
Vs is the voltage applied onto the Pt-C gate with respect to the
source; Vip is the voltage applied onto the source with respect
to the AcC reference gate. The transistor channel region and
the gates are exposed to the seawater while the source/drain
contacts and interconnects are encapsulated in silicone.

For a conventional OECT, the source electrode is grounded
and the channel is near the ground potential as shown in
Figure 1c. The potential difference between the gate and source
electrodes Vs modulates the PEDOT channel to change drain—
source current Ipg. It is desirable to keep the channel operating
within capacitive region and avoid irreversible over-oxidation at
the channel. To meet this requirement, the range of Vg is lim-
ited and not sufficient to activate ORRs at the Pt-C gate.

To reach the potential needed for ORRs, our novel dual-
gate configuration includes an additional gate electrode as the
ground reference (Figure 1d). The applied potential between
the source electrode and this new reference Vs will shift the
voltages at the channel and at the Pt-C electrode, as illustrated
in Figure le. The sum of Vgg and Vgy is the voltage differ-
ence Vgr between the Pt-C and AcC gates (Vgr = Vs + Vsr).
Through controlling Vgg, high redox potential reactions such as
ORRs can be activated at the Pt-C gate; meanwhile, the PEDOT
channel stays within the capacitive modulation window, away
from undesirable Faradaic reactions. In contrast, the con-
ventional three-electrode OECT is restricted to assigning the
channel to near the ground level (Vs = 0 V), thus exposing the
semiconductor to Faradaic reactions that lead to degradation.

Our devices operated in depletion mode, in which a posi-
tive Vs induced cations to migrate inside the semiconducting
film and de-dope PEDOT, reducing its conductance. Transfer
characteristics of the OECTs are shown in Figure 1f, with the
transconductance and output characteristics included in Figure
S1 (Supporting Information).

When the source electrode was grounded (Vg = 0 V), our
four-electrode structure effectively reverted to the conventional
three-electrode configuration with a typical transfer charac-
teristic displayed as the black line in Figure 1f. In the four-
electrode configuration with an additional reference gate, the
source electrode was not constrained to the ground potential.
By applying a voltage on the source electrode with respect to
the reference electrode (Vsg # 0 V), the channel potential was
shifted as illustrated in Figure 1d,e, effectively changing the
device threshold voltage V. For Vgg = —0.6 V, the transfer char-
acteristics denoted by the blue line in Figure 1f showed a Vr
shift of 1.6 V compared to the conventional configuration. The
carrier mobilities were derived to be =2 cm? V! s7! and com-
parable between both configurations. The Vgg control here is
similar to prior work that tuned Vi by back-channel gates*%
or adjustment of electrochemical potentials at OECT gates.[3!

Adv. Electron. Mater. 2021, 2100223
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Figure 2. Issues encountered when using the conventional three-
electrode OECT to measure dissolved oxygen through oxygen reduction
reactions (ORRs). a) Transfer characteristics degraded by ORRs on the
semiconductor. Vps = -0.2 V. Each curve was measured after applying
Vgs = 0.8 V for 200 s. b) ORRs not occurring on gate, as indicated by the
low redox current. The drawings show the applied voltage polarity. The
dissolved oxygen concentration was =6 ppm. c) Electrochemical potential
diagrams, illustrating PEDOT degradation due to ORRs (black line), or an
insufficient potential to induce ORRs (blue line) as the Pt-C remained in
nonreactive capacitive regime.

In addition to Vi tuning, our work applied this Vgg control to
extend the sensor stability window, while maintaining high car-
rier mobility to improve sensitivity.

Before delving further into the operation of dual-gate OECT
sensors, Figure 2 depicts the issues confronting conventional
three-electrode OECTs in dissolved oxygen measurements.
When the device was operated with positive Vg, ORRs took
place at the channel and over-oxidized the PEDOT semicon-
ductor.?? The channel conductance is irreversibly degraded
by ORRs to a very low current level in Figure 2a. If the device
was operated with negative Vs, hypothetically, ORRs would be
located at the Pt-C gate electrode. However, in practice, ORRs
did not occur, as evident from the very low micro-ampere cur-
rent between the gate and PEDOT channel in Figure 2b. The
reason was that the applied potential dropped largely at the
channel rather than at the gate, due to the channel capacitance
being much lower than the gate capacitance (capacitance meas-
urements in Figure S2a, Supporting Information). The small
voltage drop at the gate was insufficient to generate the ORRs
(depicted in Figure S2b, Supporting Information). Figure 2c
presents electrochemical potential diagrams that summarize

© 2021 Wiley-VCH GmbH
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Figure 3. a) A schematic and a photograph of the dual-gate OECT. b) Voltage diagram for the OECT channel with respect to the two gates. The Vg
term is the effective bias on the channel, dependent on the analyte concentration. c) Current versus applied voltage between the Pt-C and activated
carbon gates, as Vs was scanned from —0.3 to 0.8 V. For each color, Vsg was changed in steps of 0.2 V starting at Vsg = 0 V. d) Current versus voltage
between gate electrodes. e) Transfer characteristics as a function of the dissolved oxygen concentration set at 1.5, 3, 6, or 8.5 ppm. Here, Vps=-0.2V

and Vs =—0.6 V.

the instability and limited potential range in conventional
three-electrode OECTs. The gate and channel dimensions can
be adjusted to increase the gate potential;®*l but by comparison,
the dual-gate structure would enable a more direct and simple
approach to deliver a large potential that drives ORRs.

Figure 3a presents the schematic and a photograph of the
dual-gate configuration. High redox potential reactions, such
as ORRs, were activated by controlling the Vgg. The channel
potential can be placed at a level between the gates, as illus-
trated by the orange level set by Vi in Figure 3b. While the
applied voltages Vs and Vsy are independently adjustable, they
add up to Vgg which determines whether the Pt-C electrode
would undergo ORRs. In Figure 3c, the measured current Igy
between the gates increased with more negative Vg, resulting
in the onset of ORRs. Significant ORRs were generated starting
at Veg = —0.8 V, as evident in Figure 3d where the gy cur-
rent increased when oxygen gas was bubbled into the sample.
In Figure 3e and subsequent plots, we showed the device set
at Vsg = —0.6 V, but this choice of voltage value was just an
example. As long as the potential Vg (= Vgs + Vsg) between
the two gate electrodes is more negative than —0.8 V, any com-
bination of Vg + Vgg can be used to induce ORRs.

The effect of Vg and Vg on the channel source—drain cur-
rent Ipg can be expressed by the following relations

wd . 1
IDS:THC (VT_Veff +EVDS)VDS (1)

(1+B)

kT (1+B)(1+7)
(1—137)7/ ze

(1-By)

Vg =—Vig + Ves InQ, +constant  (2)

where W is the channel width, d is the semiconductor thick-
ness, L is the channel length, u is the mobility, and C* is the
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volumetric capacitance. The V g term is the effective bias on the
channel, with dependence on the applied voltage levels Vg and
Vsg and the Faradaic reaction quotient Q, that is proportional
to the analyte concentration. The increase in V. with higher
analyte concentration is illustrated in Figure 3b. The coeflicient
B = Cpepot/Cacc is the capacitance ratio of the PEDOT channel
to the AcC reference gate, and y= Cp.c/Cacc is the capacitance
ratio of the Pt-C gate to the AcC reference gate. The parameter
T is the temperature, k is the Boltzmann constant, e is the elec-
tron charge, and z is the number of electrons transferred in the
redox reaction. The derivation of Equation (2) was built upon
refs. [34,35] and explained in detail in the Supporting Informa-
tion. Experimental verification of the equations is demonstrated
in Figure S3 (Supporting Information).

In Figure 3e, the measured Ipg rose with the dissolved
oxygen level in transfer characteristics. This response origi-
nated from the third term in Equation (2), which was based on
the Nernst equation and was a function of analyte concentra-
tion. Specifically, with higher dissolved oxygen concentration,
more ORRs occurred, and in turn V.g became more negative,
increasing Ipg.

As we did not want to degrade the Pt-C electrode over time,
we kept the operation window within the potential range that
did not show irreversible reactions at Pt-C. The lower and
upper potential limits of Vi were observed to be -1.2 V <
Vir < 0.6 V, as shown in Figure 3c,d. We did not test negative
potential beyond —1.2 'V, and for positive potential above 0.6 V,
there were irreversible reactions as seen in Figure 3c. To keep
the PEDOT channel in the stable capacitive regime, the poten-
tial range was —0.4 V < Vg5 < 0.5V, a safe potential window
for a conventional three-electrode OECT. In comparison, the
dual-gate OECT widened the potential window by —0.8 V in
the negative potential range. For example, by applying Vi of
—0.8 V and Vg at —0.3 V, the PEDOT channel stays in the safe

© 2021 Wiley-VCH GmbH
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Figure 4. a) Top: source—drain current of the dual-gate OECT in seawater, as the dissolved oxygen concentration was varied. Bottom: corresponding
measurement by the commercial calibration probe (Hanna model #H198194). b) Sensor calibration curve measured at Vgs = —0.3 V, Vsg = —-0.6 V,
and Vps = 0.2 V for three different devices, each with a different symbol. The black and blue colors represent the Ips (222 HA cm™ ppm™) and Igg

(5.7 HA cm™2 ppm™) responses, respectively.

capacitive regime, while Vg = Vgs+Vsg = —1.1 V, reaching a
sufficiently high potential to induce ORRs.

2.2. Application of Dual-Gate OECTs to Monitor Dissolved
Oxygen in Seawater

The device response to dissolved oxygen concentration
was further calibrated at fixed gate voltages. We applied
Vsg = —0.6 V to keep the PEDOT channel below the ORRs
onset potential and prevent over-oxidation in the semicon-
ductor; Vg = —0.3 V was used to bring the total potential on
the Pt-C gate to Vggr = —0.9 V, to induce ORRs that modu-
lated the source-drain current. Figure 4a shows the dual-gate
OECT response as a function of dissolved oxygen concentra-
tions over time. The oxygenation level of the seawater sample
was concurrently monitored by a commercial meter (Hanna
model #HI98194) and was varied between 0.3 to 4 parts per
million (ppm) by bubbling oxygen or nitrogen gas into the
seawater. Figure 4b presents the OECT source—drain current
versus dissolved oxygen concentration, and the ratio of current
to analyte concentration determines the device sensitivity. The
average sensitivity of the three devices is 222 UA cm™ ppm~),
with deviations of £12%. We reported the current change with
the baseline current subtracted [AI = I(x ppm) — I(0 ppm)].
The detection threshold was measured to be 0.3 ppm, and
the sensors showed super-Nernstian sensitivity higher than
prior thin-film electrochemical sensors (Table S1, Supporting
Information). In other types of sensors,?l such as fluores-
cence quenching or switchable-trace-amount oxygen sensors,
the readouts are amplified by integrated circuits and reached
lower detection limits than our device but at the expense of
large device volume.

It is noted that the gate current Iy in our devices was equiv-
alent to the current readout in other oxygen sensors based on
conventional cyclic voltammetry.3% At its maximum the Igg
response was only 5.7 HA cm™2 ppm?, as shown in Figure S4
(Supporting Information). By comparison, the source—drain
current Ipg sensitivity was 38 times better than the Igg
response, thus showcasing the benefit of channel modulation
that enabled signal amplification in OECTs.

Adv. Electron. Mater. 2021, 2100223
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The dimensions of our OECT dissolved oxygen sensor are
much more compact and less intrusive than typical electrochem-
ical probes, and the OECT sensor provided local measurements
within confined environments such as amid a saltwater green
macro-algae (Chaetomorpha Chaeto) in Figure 5a. Macro-
algae are prevalent in reef environments, and they are also
grown in aquariums for water purification or to develop a sus-
tainable energy source substitute for fossil fuels.?'?2l Photo-
synthesis in macro-algae is triggered by light and produces
oxygen. Figure 5b demonstrates that our OECT sensor was able
to monitor real-time changes of the dissolved oxygen level, as
evidenced by the increased oxygen concentration upon light
exposure of the macro-algae. Light sensitivity of device was less
than 0.27% change in current upon illumination, and therefore
light response was negligible and the sensor response was due
to oxygen level change. The OECT signal correlated with corre-
sponding measurements made using a commercial probe; the
slight discrepancy might be due to the slower speed of the OECT
(177 s settling time, Figure S5, Supporting Information) and dif-
ferent sensor locations. The commercial probe was farther away
from the macro-algae than the OECT, and the oxygen concentra-
tion gradient at the probe location was more pronounced and
possibly contributed to the dips in its signal, compared to the
OECT sitting amid the oxygen-producing algae.

In addition, we measured the effect of pH changes on
the oxygen sensor. The OECT Ipg showed less than a 0.7%
change when pH was adjusted between 6 and 9 (broader than
the typical pH range in the ocean) in Figure S6 (Supporting
Information). Given that the Ipg current changed by 10% ppm™!
of dissolved oxygen (Figure 5b), our OECT sensor was more
sensitive to dissolved oxygen than pH changes, indicating that
our devices exhibited specificity to the intended analyte.

We characterized the stability of a dual-gate OECT sub-
merged in seawater over five days. The dissolved oxygen con-
centration of the seawater was periodically adjusted between
0 and 1 ppm, as shown in Figure 5c. The sensor response in
Figure 5d clearly distinguished the two levels. As a proof of
concept, the OECT dissolved oxygen sensor has demonstrated
stable operation in seawater for 5 d. A caution is that the set-
tling time in Figure 5c was much slower than in Figure 4a,
because there was no stirring in the experiment and the settling

© 2021 Wiley-VCH GmbH
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Figure 5. a) Photographs showing the compact form factor of our dual-gate OECT, which allowed non-intrusive sensing amid dense macro-algae.
b) Monitoring changes in dissolved oxygen concentration as light triggered photosynthesis in the macro-algae. Black: OECT response, at Vgs =—-0.3 V,

Vsp = —0.6 V, and Vps = —0.2 V; blue: measurement by a commercial probe (Hanna model #H198194).

c) Comparison of the OECT response to the

commercial probe output, as the dissolved oxygen concentration was tuned by bubbling gases into the sample tank. d) Extension of the measurements
n (c) to check the sensor stability over 5 d, with the seawater periodically adjusted between oxygenation levels of 0 and 1 ppm.

time increased as the DO level decreased due to slow diffusion.
The device was robust to electrostatic discharge (Figure S7, Sup-
porting Information) often encountered in field operations. As
a proof of concept, the OECT dissolved oxygen sensor has dem-
onstrated stable operation in seawater for 5 d. Future studies
will examine and improve the device stability further toward
long-term operation, but the current lifetime is sufficient to
meet the needs of short-term marine research.

3. Conclusions

The dual-gate configuration in this work provides a simple
but effective approach to extend the electrochemical stability
window of OECTS. This new device design allows large poten-
tial between the gates to facilitate sensing reactions, while
modulating the channel within a lower potential range to main-
tain the semiconductor stability. We presented the analytical
expressions for the current modulation in dual-gate OECTs.
Complementary to the search for new channel materials to
improve stability, the dual-gate strategy is applicable to existing
semiconductors and simple to implement just by including an
additional electrode. Thus, this work enables the use of conven-
tional PEDOT materials in the challenging task of ORRs detec-
tion in marine environment.

As a miniaturized in situ sensor, the dual-gate OECT showed
a detection limit of 0.3 ppm dissolved oxygen concentration in
seawater. Below 5 ppm, the sensitivity was 222 pA cm™ ppm™.
The device was capable of monitoring oxygenation changes
due to saltwater macro-algael?"??l under photosynthesis cycles.
Signal drift and interference by pH changes were character-
ized, and the OECT dissolved oxygen sensor has demonstrated
stable operation in seawater for over 5 d. In addition to moni-
toring dissolved oxygen, the dual-gate OECT sensor can be
extended to other analytes, to reduce the size, weight, and cost
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of sensor systems and enable non-intrusive studies of marine
ecosystems.

4. Experimental Section

Xanthan Gum Electrolyte and Polyvinylchloride (PVC)-Based Membrane
Preparation: The chemicals were purchased from Sigma-Aldrich and
used as received, unless noted otherwise. The xanthan gum electrolyte
was prepared by dissolving 5 g xanthan gum powder in 50 mL of 1 m
sodium sulfate aqueous solution.?s! The PVC-based cocktail membrane
was prepared based on a formulation in ref. [37] but excluding the
hydrogen ionophore. The mixture consisted of 1 mL tetrahydrofuran,
59 mg of 2-nitrophenyl octyl ether, 29.5 mg of PVC, 0.44 mg of sodium
tetrakis[3,5-bis (trifluoromethyl) phenyl]borate, and 10.3 mg of tetrakis (4-
chlorophenyl)borate tetradodecyl-ammonium salt (ETH 500). The
solution was drop-cast onto a glass slide and allowed to dry over a day,
to form stand-alone thin films that would be transferred onto OECT
channels.

OECTs Fabrication: Glass substrates were cleaned by sonication in
isopropanol and then in acetone. Kapton tapes were used as stencil
masks to define the channel and electrode dimensions. PEDOT:PSS
(Clevios P1000) was spin-coated onto the mask-covered substrate at
2000 rpm. After removing the stencil mask, the PEDOT:PSS film was
annealed at 120 °C for 30 min. Subsequently, the film was immersed
in concentrated sulfuric acid for 15 min to remove PSS,12% followed by
rinsing with deionized water for three times to remove the residual
acid. Silver/silver chloride ink (Ercon part #E2414) was deposited?®®
onto the PEDOT film to define source and drain electrodes. Silicone
(Ecoflex) was stencil printed to encapsulate the electrodes and define
the channel dimensions to be 1 cm in width and 0.2 cm in length. After
the silicone has completed crosslinking, the xanthan gum electrolyte
was drop-cast onto the defined channel area. A piece of the PVC-based
membrane was placed over the channel area and pressed onto the
electrolyte. Finally, silicone was applied again to seal the membrane
edge.

For ORRs catalysis, the Pt-C gate electrode was fabricated by
electrodepositing a small amount of platinum on the conductive carbon
cloth (AvCarb MGL190). A commercial Pt carbon cloth (FuelCellStore,

© 2021 Wiley-VCH GmbH
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0.3 mg cm™2 40% Pt) was used as the Pt source. It served as the working
electrode to which potential cycles were applied versus Ag/AgCl, and the
carbon cloth was the counter electrode. The potential cycles were swept
from 1.2 to 0.8 V for 30 times in aqueous electrolyte made from Instant
Ocean, and Pt was found to be incorporated into the counter carbon
cloth electrode.?! For the reference electrode, AcC was selected because
it was more stable than Ag/AgCl in marine environments. The AcC slurry
was prepared by mixing activated carbon powder (Kuraray Chemical,
YP50F) and polyvinylidene fluoride binder at 9:1 weight ratio. The
mixture was added to N-methyl-2-pyrrolidone solvent to reach 60-70%
solid content by weight. Then, the slurry was evenly deposited onto the
carbon cloth and annealed at 80 °C for 1 h. The two gate electrodes were
attached adjacent to the PEDOT channel to complete the OECT. The
gate electrode dimensions were Tcm x 0.5 cm.

Electrochemical ~ Characterization: ~ Cyclic ~ voltammetry  and
electrochemical impedance spectroscopy were carried out using a
potentiostat (BioLogic SP-200) to measure devices submerged in
artificial seawater (Instant Ocean sea salt) or ocean samples from La
Jolla Cove in San Diego (Figure S8, Supporting Information). OECT
measurements were taken with electrometers (Keithley 2000) controlled
by LabVIEW software. The concentration of dissolved oxygen was
adjusted by purging oxygen or nitrogen through the seawater and
monitored by an oxygen meter (Hanna model #HI98194) in real time.

The light source used in the photosynthesis experiment was from a
20 W fluorescent compact light bulb with color temperature of 5000 K.
During the course of this measurement, the temperature and pH of the
seawater tank were monitored and changed by at most 3.5%, and the
light sensitivity of device was less than 0.27% change in current upon
illumination (Figure S9, Supporting Information). Thus these factors
had negligible effect on the oxygen sensor signal. To understand the
device stabilityl® over 5 d, the electrode voltages were submerged in
the seawater sample over 144 h, and the biases were switched on only
during measurements. The water tank setup was shown in Figure S10
(Supporting Information).

Supporting Information

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