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SI Figure 1. Effect of different applied voltages on a p(g3T2) electrode exposed to H,0,. (a)
Chronoamperometric measurements of a spin coated film of p(g3T2) on ITO/glass held at voltages
of +0.3V,0V,-0.1 Vand - 0.3 V vs. a saturated Ag/AgCl reference electrode. 33mM H,0, is
added at 60 s. (b) Cyclic voltammetry of p(g3T2) film in its pristine state in PBS (black) and after



chronoamperometry at -0.1V and addition of H,0,. (¢) Cyclic voltammetry of p(g3T2) film in its
pristine state in PBS (black) and after chronoamperometry at -0.3V and addition of H,O,.

It is important to understand the effect of electrode potential on the rate of redox reactions (faradaic
currents) for amperometric OECTs. Applying a gate voltage results in changes in channel potential
which modulates the channel’s ability to undergo redox reactions. Furthermore, the application of
a drain voltage across the channel results in asymmetry in potentials across the channel.

To investigate the effect of electrode potentials on reaction currents, chronoamperometry was
conducted on p(g3T2) electrodes in the presence of H,O,. Potentials are determined in related to
a saturated Ag/AgCl reference electrode. Different working electrode potentials were applied
while current was measured.

Different potentials applied on the working electrode changes the initial energy level of electrons
in the OMIEC electrode (degree of filling of the HOMO). The more negative potentials applied on
the electrode, the more reduced the OMIEC and the higher the energy of these electrons. Hence,
the driving force for electron transfer from the OMIEC electrode to the redox analyte in the
electrolyte increases with more negative applied potentials (SI Figure 1 (a)). Applying too
extreme potentials also results in degradation of the material as seen by the change in the CV after
imposing — 0.3V (SI Figure 1 (¢)).

OECT drain voltages are usually on the order of 100 mV. In amperometric OECTs where redox
analytes are added to the electrolyte, the potential differences across the channel can result in
drastic differences in reaction rates. The difference in faradaic reaction current between 0 V and -
0.1V is an order of magnitude (from 1 uA to 10 uA). Hence, applying a relatively small drain
voltage of 100mV results in great differences in faradaic currents on the source versus the drain.
Hence, in addition to the potential determined by the gate voltage, it is also important to account
for the effect of drain voltage on reaction rates.

In amperometric OECTs with an OMIEC gate, more complexities arise as there is no control over
the potential of the gate or channel (only their potential difference). Hence, depending on the
operation and processing history of the gate, the potentials on both the gate and channel can
change. Furthermore, applying a gate voltage changes the relative reactivity of both the gate and
channel.
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SI Figure 2. Schematics of potential measurement of electrodes in different OECT
architectures and their corresponding equivalent circuits. (a) Schematic of amperometric
OECT with Ag/AgCl gate showing addition of redox analyte to electrolyte while conducting
potential measurements of the Ag/AgCl gate and source of the channel. (b) Equivalent circuit of
amperometric OECT with Ag/AgCl gate showing flow of electrons as result of chemical redox
reaction on the channel. (¢) Schematic of amperometric OECT with OMIEC gate showing addition
of redox analyte to electrolyte while conducting potential measurements of the OMIEC gate and
source of the channel. (d) Equivalent circuit of amperometric OECT with Ag/AgCl gate showing



flow of electrons as result of chemical redox reaction on the channel and gate. (e) Schematic of
RC and OECT where the RC anode is in electrical contact with the OECT’s Ag/AgCl gate
electrode and the RC cathode is in electrical contact with the source. Redox analyte is added to
RC’s electrolyte while conducting potential measurements on the RC’s anode, cathode as well as
the OECT’s gate and source. (f) Sketch of equivalent circuit of RC-OECT showing the oxidation
reaction primarily on the anode and the flow of electrons from the OECT to the RC.
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SI Figure 3. Gate current of Amperometric OECT (with OMIEC gate) during a transfer
curve measurement. Solid line: Prisitine state in PBS. Dashed line: After addition of 33 mM
H,0; to OECT electrolyte. Red arrow shows larger reaction currents at more positive gate
voltages.
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SI Figure 4. Operation of A-OECT (OMIEC gate) at different gate voltages and addition of
33 mM H,0,. (a) Vg=- 0.3 V. Plot of p(g3T2) gate (blue) and source (black) potentials. (b) V=
- 0.3 V. Plot of gate (blue) and drain (black) current. a) V= 0 V. Plot of p(g3T2) gate (blue) and
source (black) potentials. (b) Vg =0 V. Plot of gate (blue) and drain (black) current.
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SI Figure 5. Amperometric OECT with OMIEC gate: effect of different concentrations of
H,0,. (a) Measurement of potential on the p(g3T2) gate with Vg = + 0.3 V. Different
concentrations of 100uL. H,O, are added to 200 uL of PBS OECT electrolyte at 60s. (b) Concurrent
measurement of potential on the source. (¢) Plot of change in gate potential vs H,O, concentration.
(d)Transfer curves of the OECT in its initial state (PBS electrolyte) and after addition of H,O, of
various concentrations. (e) Corresponding transconductance of OECT in its initial state (PBS
electrolyte) and after addition of H,O, of various concentrations. (f) Plot of OECT threshold
voltage vs H,O, concentration.
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SI Figure 6. Transfer curve (black) and transconductance (blue) of the OECT in its initial

state (solid traces) and after addition of the redox analyte to the electrolyte (dashed). Blue
rectangle indicate range of Vyc.

Stability of OECT before and after RC-OECT operation allows the same OECT to be utilized for
multiple reactions by changing RCs.
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SI Figure 7. Reaction Cell OECT with OMIEC gate electrode in OECT. (a) Schematic of RC
and OECT where the RC anode is in electrical contact with the OECT’s OMIEC gate electrode
and the RC cathode is in electrical contact with the source. Redox analyte is added to RC’s
electrolyte while conducting potential measurements on the RC’s anode, cathode as well as the
OECT’s gate and source. (b) Plot of potentials of OMIEC gate electrode (grey dashed), OECT
source (grey solid), RC anode (red solid) and RC cathode (red dashed). (c¢) Plot of potential
differences across RC (green) and OECT’s gate-source (black dashed) as well as the drain current
(grey) and the calculated drain current (grey dashed). (d) Transfer curve (black), gate currents (red)
and transconductance (blue) of the OECT in its initial state (solid traces) and after addition of the
redox analyte to the electrolyte (dashed).

gmims) <




Neutral HOMO ~ 4eV

> >
I~ =
- 4.5eV 0, 4 DH" + 2" < H,0, (+0.08V) | ®
of -~~~ —-—T-==-========"" *;:'
S 0, + 2H,0 + 4e<~— 40H (+0.61V) | @
________________ =

< o
> 5
< S
w + ~ (I\UJ
o H.0, + 2H + 2¢ «—>2H,0 (+1.1V] -Z
(@]

p(gPyDPP-Me(OT2)

SI Figure 8. Schematic of the energy levels of the p—type polymers PEDOT:PSS (blue), p(g3T2)
(black) and p(gPyDPP-MeOT?2) (red) relative to ORR and HPRR. Lighter colors indicate that the
polymers are charged (oxidized) due to ORR (ambient conditions).

To improve the magnitude of potential change of the anode, the anode’s ionization potential (IP)
should be low enough such that the driving force for electron transfer from the valence band to the
analyte of interest is maximized. Yet, the polymer’s IP should not be low such that it is too
susceptible to oxidation by oxygen at ambient conditions (e.g. PEDOT:PSS). p(g3T2) has an IP
that is a reasonable balance between these two extremes.
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SI Figure 9. Transfer curves (dark solid lines) and transconductances (light dashed lines) of
OECTs W=2000 pm, L =10 pm (black), 50 pm (red), 125 pm (blue), d = 120 nm operated
at VD =-0.1V.

Increasing the W/L aspect ratio of the OECT channel increases its transconductance and shifts the
maximum transconductance to Vs values closer to 0 V. Hence, the shortest channel OECT (W =
2000 pm, L =10 pm , d = 120 nm) geometry was selected for this study.
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SI Figure 10. Effect of changing RC cathode to Ag/AgCl pellet. (a) Plot of potentials of
Ag/AgCl gate electrode (grey dashed), OECT source (grey solid), RC p(g3T2) anode (red solid)
and RC Ag/AgCl cathode (red dashed). (b) Plot of potential differences across RC (green) and
OECT’s gate-source (black dashed) as well as the drain current (grey).
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SI Figure 11. Illustration of potential profiles with the OECT from gate, to electrolyte and
channel for different OECT chemical sensor architectures (a) Amperometric OECT with
Ag/AgCl gate. No potential changes are observed due to the fixed gate potential and gate voltage.
(b) Amperometric OECT with OMIEC gate. Potentials throughout the OECT shift in concert due
to oxidation of both gate and channel as well as the fixed gate voltage. (¢) RC-OECT with Ag/AgCl
gate. Potential drop occurs mainly on the channel which changes by the same amount as AVgc. (d)
RC-OECT with OMIEC gate. Potential drop occurs mainly on the channel which changes by the
same amount as AVrc. There is additional shift in potentials across the OECT due to dirft in gate

potential.
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Modelling of Ideal Amperometric Sensors
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SI Figure 12. Comparison of 3-electrode and 2-electrode amperometric sensors. (a) 3-
electrode setup (b) 2-electrode setup with the absence a counter electrode (¢) 2-electrode setup
where conductivity of the working electrode is measured (OECT)

In a regular amperometric sensor (SI Figure 12 (a)), a potential is applied between a reference
electrode (RE) and a working electrode (WE) while ensuring that there is minimal current flow
between these two electrodes. For example, a saturated Ag/AgCl reference consists of a saturated
aqueous solution of Cl-ions (e.g. KCI), Ag (s) and AgCl (s) such that the activities of the all three
phases are constant, resulting in constant electrochemical potential of the reference electrode.
Hence, the potential on the working electrode can be measured against a known value. In
chronoamperometry measurements, the potential difference between the RE and WE is fixed by
the potentiostat e.g. the initial open circuit potential. When H,0; is introduced to the electrolyte,
the oxidation of p(g3T2) leads to the injection of holes into the film. The accumulation of holes
on p(g3T2) would lead to shifts in its potential which is not allowed in CA. Hence, an external
current must flow from the potentiostat into the WE to maintain a constant OCV vs. the reference.
For the circuit to be complete, an additional counter electrode (CE) is required to collect this
current. In this 3-electrode setup, the current (or charge) injected into the WE is solely due to the
compensation of charges generated by HPRR at the specific potential applied. The reaction current
dependence on applied potentials can be expressed by the Butler-Volmer model. For a fixed
potential, the Cottrell equation can be used to relate the reaction current to concentration.

To progress to the OECT sensor, let’s first look at a pseudo amperometric sensor, which unlike
the 3-electrode setup, lacks a counter electrode. In this case, an Ag/AgCl pellet is used as a
reference and a potential is applied between the pellet and the polymer. To catalyze the HPRR on
the polymer, a positive potential difference is applied on the pellet with respect to the WE (e.g.
+0.3 V), resulting in negative potentials on the WE. This leads to the reduction of hydrogen
peroxide on the polymer and oxidation of Ag to AgCl on the pellet. Due to the absence of a counter
electrode, current must flow through the reference electrode. Electrons from the oxidation of Ag
flow from the pellet through the external circuit and replenish the holes generated on the polymer
to maintain a constant potential difference between the pellet and polymer. The pellet here is not
an ideal reference electrode as redox reactions of Ag are forced to occur which may lead to changes

13



in CI- concentrations in the electrolyte. In the limit where Cl- concentration is constant, the current
measured would be the absolute amount of charge generated by HPRR at the applied potential
(e.g. -0.3V vs. Ag/AgCl).

In an OECT sensor, the measured source-drain current does not capture the absolute amount of
charge but how the injected charges affect conductivity of the channel which adds an additional
layer of complexity to the understanding of device operation. The channel is a variable resistor
where the applied Vs modulates the channel conductivity and this conductivity can be probed by
applying a Vps across the channel and measuring drain current (/p). Concurrently, as discussed
above, V also controls the rate of HPRR. Unlike other field effect transistors where Vgg>>Vpg,
the fact that V'pg 1s on a similar magnitude as Vs for an OECT results in further perturbation of
the HPRR rate by Vps. SI Figure 13 summarizes the effect of asymmetric electric fields within
the OECT.
&
H,O; (electrolyte)

dl I*/ H,0, (channel)

Ves :

D
dx

A
A 4

SI Figure 13. Illustration of approach to model faradaic reaction currents in an OECT. dI is
the current injected into a slice of dx across the channel length.

Boundary conditions: Potentials are fixed by externally applied voltages to drive redox reactions.
Hence, the OECT is at non-equilibrium conditions. To approximate the change in source-drain
current in the OECT channel, we can use a modified Bulter-Volmer model:

The potential across the channel varies linearly, where x is the position from the source:
x

For each infinitesimal slice (dx) along the length of the channel, the infinitesimal reaction current
(dI) dependent on the potential across the length of the channel can be expressed according to the
Butler-Volmer model. Here, we only consider HPRR and can neglect the oxidation reaction of
H,0, as we are applying large positive gate potentials to drive HPRR on the OECT channel:

[H202] channet(© aFn(x) }
exp ( - )

dl(x) =1
() =1l RT

[ 2 02] electrolyte
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x
n(x) =ZVD +V.-E,

Where I is the exchange current, a is the transfer coefficient, and n is the overpotential (E,pplica —
Eo). In this case, E,pplica = Ven, the potential on the channel. The exchange current is dependent on
the surface area of the channel. k° is the standard rate constant of the reaction:

I,=FWLK'([H,0,] Y-

electrolyte

F
d[(x,t) = FWLkO([Hzaz]electrolyte) ) a[[HZOZ]channel(t) " exXp ( B - U(X))]dx

RT

As the system is not in equilibrium, we need to account for the change in concentration of H,O, at
the channel surface which will be depleted over time and needs to be replenished by diffusion from
the bulk of the electrolyte (modified from Cottrell equation, where we assume interfacial reaction
kinetics are more rapid than mass transfer i.e. the channel is a sink for H,0O5):

[H205] etectrotyeen/D
Flux, ]H ) (0, t) _ electrolyte

27 2channel ATt
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Charge accumulation (OMIEC gate): Current Transients

We first investigate the phenomena in an amperometric OECT with OMIEC gate. Experimental
data in Figure 3 and SI Figure 4 show the shift in threshold voltage after addition of H,O, is
indicative of charge accumulation on the channel. To model the time-dependent change in drain
current, we assume:

1. Applied gate voltage is above the initial threshold voltage of the OECT, hence operating
the OECT in the super-threshold regime. This is so that charge injected in the channel from
the reaction results in the depletion of the valence band (accumulation of holes) and hence
a change in charge density.

2. For simplicity, mobility is assumed to be independent of charge density. This may not hold
true for all ranges of Vs as gy, 1s not a constant with respect to V. In particular, mobility
is limited at potentials near the oxidation onset of the p-type channel (V7).

3. No degradation of the polymer channel nor side reactions. This may not be the case at
extreme potentials that result in permanent chemical changes in the polymer molecular
structure and hence its electrochemical properties.

4. The bulk concentration of analyte in the electrolyte remains unperturbed.

5. All the charge injected (AQ) into the channel is due to reaction of the oxidant on the
channel.

This leads to its change in conductivity (due to changes in density of charge carriers i.e. changing
the volumetric capacitance of the channel). We then sum up the total amount of H,O, entering the
channel over the whole course of the experiment. The change in source-drain current (from Ohm’s
Law) would be:

wd

AICH = VD ’ T TR Achmulative

To get the instantaneous concentration of H,O, at the surface of the channel, we integrate flux over
time.

2 [HZOZ] electrolyte\/m

N

Instantaneous [H,0,)] channer(t) =

X
F|-V,+V.-E
{ . a-o [ |20t * (L pT Ve 0)
Achmulative = AQinstantaneous dt =FWLk ([HZOZ]electrolyte) \/E exp| - RT dxdt
00

0

Hence,

X
F[-V,+V.-E
2Dt * (L pTve 0)
-exp| - dxdt
RT

t
2 0 1-
AICH(t) =Vp W d-p-Fk ([HZOZ]electrolyte)( a)fj
00
Which simplifies to:
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4 t3/2 ,BV

AICH(t) = WzdL TR Fko([HZOZ]electrolyte) (-, \/:/* [Eexp [ B(VG 0)] ' [1 — exp (_ TD)]]

g = aF
Where: RT

pV
Let Y= Fko([HZOZ]elecr:rolyte)(1 a)\/\/i[ €xp [ (VG 0)] [1 exp( D) }
3/2
Al (8) = W2dL - - y

So

Total charge injected into the channel must equal the gate.

Achmulatfive, gate = Achmulative, channel

d(Achmulative)_ 1-a) 2\/D7t 1(1

BV
Mgate =g = FWLR(Hx02ltecranyd) == - ﬁeXp[—ﬁ(va-Eo)]-[l‘ew(‘L”)”

AlGate _ d(Achmulative) _ WLZ . L\/E oy

dt v,
This analysis shows that the drain current of the amperometric OECT (with OMIEC gate) does not
converge to a steady state on reasonable time scales under the above assumptions and boundary
conditions. This is indeed observed in SI Figure 3 (d) where drain current increases steadily with
a time dependence ~ t¥? even when potential changes on the gate and channel begin to plateau off

(SI Figure 3 (¢)).

This model only holds for the above assumptions. When the OECT is operated at negative gate
voltages (SI Figure 3 (a-b)), addition of an oxidizing agent results in over oxidation of the channel,
resulting in a drop in conductivity of the channel. When the OECT is operated in the subthreshold
regime as shown in Figure 3 (c), there is no charge accumulation on the channel, and the OECT
behaves similar to the case with a non-polarizable gate (see next section).
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Amperometric operation of OECT (Ag/AgCl gate)

In the other limit, the charges generated by the reduction of H,O, do not lead to accumulation of
charges within the channel, so the charge density in the channel is only modified by the flux of
H,0,. Whatever charges that enter the channel get swept into the current flowing through the
conductor.

wd
Aley=Vp T W AQ gy,

D(1 BV
VY= Fko([HZ02]electrolytte)(1 B a)\/f;[ﬁexp [ - ﬁ(V(; - Eo)] ) [1 — exp ( - TD)

Let

|

X
Vot Ve- EO)
dx
RT

wd 2D | “F(
0 1-
Mgy =Vyy == FWLk ([H203)etectrotyee) “)—ﬁ f eXp(_
0

2D (1 BV
AICH(t) = W?dL- B Fko([HZOZ]electralyte)(1_a) ’ % ) {Eexp [_ ﬁ(VG - EO)] ) [1 —exp ( - TD)

|

(2]

Without permanent charge accumulation on the channel, the time-dependence of current in an
amperometric OECT scales in a similar way to that of the Cottrell equation of an amperometric
measurement conducted in a three-electrode electrochemical cell.

Al () = WL - -2t~ 1% .y

Ay, = FWL*k"([H,0,]

= AQinstantaneom

2\/Dt 1(1
-, . = _ _ .
electroly!:e) \/E VD[ﬁeXp [ B(VG EO)]
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SI Figure 14. Comparison of sensing performance for A-OECTs and RC-OECT. Sensitivity is
extracted from fits. (a) A-OECT (Ag/AgCl gate) drain current modulation measured at Vg = +0.3
V, Vp = -0.1 V, plotted on a linear scale. (b) Threshold voltage of A-OECT (OMIEC gate)
measured at Vp = -0.1 V, plotted on a log-linear scale. (¢) RC reaction current vs H,O,
concentration measured in the RC using chronoamperometry at 0 V vs Ag/AgCl, plotted on linear
scale. (d) Magnitude of change in RC-OECT drain current vs H,O, concentration after
amplification, V'p =-0.1 V, plotted on log-linear scale.
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