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An engineered organic electrochemical transistor
(OECT) platform with a highly ammonia-sensitive
mesoporous membrane

An OECT-based organic transistor device composed of
PEDOT:PSS, presents increased selectivity for ammonia
detection at a very low concentration of 71.6 ppb and at
remarkably low operating voltages of <1 volts at room
temperature. Such sensitive and selective behavior towards
ammonia even in aqueous environment is attributed to the

formation of a smart mesoporous bed (a polyhydroxyl layer).

The present approach can be extended to detect other
biological and chemical analytes efficiently due to its unique
compatibility, electronic properties and cost-effectiveness.
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An engineered organic electrochemical transistor
(OECT) platform with a highly ammonia-sensitive
mesoporous membranef

Indrani Medhi® and Parameswar Krishnan Iyer@*ab

The development of an improved sensor design methodology via an organic electrochemical transistor
(OECT)-based organic transistor device is presented here. A polyhydroxyl layer is introduced strategically in
the OECT sensor assembly which is composed primarily of poly(3,4-ethylenedioxythiophene) doped with
polystyrene-sulfonate (PEDOT:PSS). By introducing this layer, an increased selectivity for ammonia
compared to other tested analytes in an aqueous environment has been found. A very low order of
magnitude of ammonia concentration was detected by this device at very low operating voltages at room
temperature. This superior performance of the OECT device is attributed to the formation of a smart
mesoporous bed with electronic properties, which helped to obtain 71.6 ppb as the limit of detection
(LOD) for ammonia. This approach incorporates an OECT device platform wherein the sensitivity of the
sensor system is enhanced such that improved device performance is achieved while maintaining the

rsc.li/sensors cost-effectiveness.

Introduction

Although innumerable sensors for ammonia detection are
available for use in various industries and environmental
monitoring, the sensitivity of the device for medical
applications is very important. Particularly, the detection of
ammonia present in a very low concentration generated
during the course of diseases or human metabolism is
challenging. Among several techniques, the hybrid
nanostructures formed by blending of nanoparticles of metal/
metal-oxides with a polymer or its derivatives have been
utilized in estimating environmental hazards.™ These air and
environmental monitoring systems can detect analytes within
the limit of <1 ppb. Certain optical gas sensors are suitable to
detect ammonia but they are large and expensive, and the
reagent consumption and maintenance requirements pose
additional problems, making them less favorable.* In this
aspect, research on the improvement of sensitivity, selectivity,
response time and reliability, and miniaturization and
reduction of cost and power consumption are factors to be
considered. Nanostructured materials are widely used as gas
sensors due to their high volume ratio, good morphology and
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excellent electrical conductivity. These sensors are either metal
oxide-based or conducting polymer sensors.’® Conducting
polymers have been found useful because of their advantages
like easily tunable chemical structures, simple processing and
promising morphologies compared to other materials. In this
context, conjugated polymers and their nanocomposites have
been proposed as active sensing materials to gain advantages
in optoelectronic properties and better sensitivity towards a
number of acidic or basic gases to be utilized in state-of-the-
art devices and at room temperature operation. The high
demand for analytical devices necessitates the development of
smart technologies that enable faster and efficient detection
of desired analytes. Currently, various device architecture
combinations and improved methods of the existing
technology platforms are being developed to enhance the
analyte detection sensitivity and selectivity.”*® The main goal
for the development of such devices is to achieve greater
device performances in an affordable and less economic cost.
Examples of analytical devices include portable and easily
accessible glucose sensors used extensively in medical
practices as well as for home testing. However, the
development of such analytical devices involves a trade-off
between the cost of production and device sensitivity. Hence,
device improvements without compromising the sensitivity of
the analytical device can be further explored. Organic
electrochemical transistors (OECTs) are promising in this
regard due to their low operating voltages, ability to work in
aqueous environments and ease of fabrication. In addition,
OECTs can detect desired analytes specifically through active
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material functionalization or a chemical reaction involving the
analytes as a reactant or by-product. Further, OECTs based on
poly (3,4-ethylenedioxythiophene) doped with polystyrene
sulfonate (PEDOT:PSS) can be integrated into microfluidic
systems which are used for logic circuits. Such integration
facilitates sensing of biomolecules such as glucose,
deoxyribonucleic acid (DNA), neurotransmitters and certain
other biomarkers. These devices follow the ion-to-electron
converter mechanism, providing an effortless route to
interface biology with electronics.'”>*

Thus, these devices offer the advantage of detecting large
changes in the electronic current even on a relatively small
ionic drift. As such, herein, we have introduced a polyhydroxyl
layer (PHD) to design a PEDOT:PSS based OECT for exploring
its capability towards improved transistor performance. Apart
from being selective to ammonia, the PHD layer also provides
device stability, protects the transistor in an aqueous
environment and provides room-temperature operation under
ambient conditions. We have confirmed the presence of
strong hydrogen bonds, N-H stretching and cavity
condensation. Together, all these notable features along with
the mesoporous nature of the PHD film contribute to
achieving the remarkable response of the solution processed
PHD-OECT towards ammonia at low operating voltages of <1
V. Table 1 represents a comparative study of room
temperature ammonia detection using various techniques.

Experimental section
Materials and methods

PEDOT:PSS, acrylic acid, and 30% ammonia solution were
purchased from Sigma-Aldrich. Glycerol was purchased from
Merck and p-toluene sulfonic acid from LobaChemie. CV
measurements were carried out using a CH instruments
Model 700D series. Ag/AgCl was used as the reference
electrode and 0.1 M NacCl as the aqueous electrolytic solution.
The thickness of the deposited films was optimized using a
Profilometer (Dektat-150). Field emission scanning electron
microscopy (FESEM) images were recorded on a Sigma Carl
ZEISS SEM instrument. FT-IR was recorded on a Perkin Elmer
spectrometer with samples prepared using KBr pellets.

Synthesis

A polyhydroxyl derivative was synthesized by mixing 0.03 mol
of glycerol, 0.09 mol of acrylic acid and 0.05 g of p-toluene
sulfonic acid together for 30 min. A viscous solution was
formed after mixing which was used for coating the device.
The material has been found to be chemically, thermally, and
mechanically stable for room temperature experiments which
can be attributed to the cross-linked homogeneous texture.>

Sensor fabrication

Microscopic glass slides of dimensions 1 ecm x 2 cm were
utilized as substrates which were cleaned in piranha solution
for 1 hour and washed several times with deionised water
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followed by sanitation prior to use. The cleaned substrates
were then dried, ionized and subsequently 100 nm thickness
aluminium contacts were thermally deposited on them inside
the glove box. A channel of dimensions 30 mm length (L)
and 2 mm width (W) was obtained which was used as the
source (S) and drain (D). 30 nm thick PEDOT:PSS films were
coated on these aluminium deposited substrates. The coated
substrates were again heated at 130 °C for 1 hour. The
synthesized polyhydroxyl layer was coated over the PEDOT:
PSS region and heated at 50 °C for 30 minutes. An ammonia
concentration of 1 pM was used for all the experiments.

Characterization
a. Electrical measurements

All the electrical characterizations of the devices were carried
out under ambient conditions at room temperature using a
Keithley2614B. A positive gate bias (V,) was applied with the
Ag/AgCl electrode and the two aluminium electrodes served
as a source (S) and drain (D). The ammonia sensing
experiments were performed at drain voltage V4 = —0.2 V with
a gate voltage V, sweep ranging from 0 to 1 V in 5 ml
electrolyte solution at pH = 7. The analyte and ammonia
solutions were confined in a 10 mL beaker and mixed with
the electrolyte prior to testing.

b. Field emission scanning electron microscopy (FESEM) and
X-ray diffraction (XRD)

FESEM images of the PHD film on glass slides were
recorded on a Sigma Carl ZEISS scanning electron
microscope at an accelerating voltage of 15 kV at different
magnifications. XRD was recorded on a Bruker D8 Advance
model (provided in ESIf).

c. Brunauer-Emmett-Teller (BET) and Barrett-Joyner—
Halenda (BJH)

BET/BJH experiments of PHD were performed on an
Autosorb-IQ MP instrument to understand the porosity of the
selective layer.

d. Fourier transform infrared analysis (FT-IR)

FT-IR was recorded on a Perkin Elmer spectrometer with
solid samples prepared using KBr pellets. Selected IR peaks
with tentative assignments (12,,/cm ") were recorded.

Results and discussion
a. Electrical measurements

The OECT and polyhydroxyl derivative used for coating are
shown in Fig. 1a. The electronic transfer characteristic is
indicated at V4 = —0.2 V and drain characteristics at different
gate voltages are shown in Fig. 1b. The measurements were
done under positive gate bias which subsequently changes
the channel conductance through injection of ions from the
aqueous medium. This process, in turn, affects the

Sens. Diagn., 2022,1,1176-1184 | 177
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Fig. 1 Schematic illustration and digital image of the ammonia sensing device. a) Schematic drawing of the device showing various layers and
incorporation of a mesoporous layer immersed in an electrolyte solution. b) Transfer characteristics (Ip-V¢) (inset top left device setup; inset down

right output curves).

conductivity of the PEDOT:PSS layer which is referred to as
doping/de-doping of PEDOT:PSS as depicted in eqn (1).
PEDOT":PSS™ + M" + ¢~ = PEDOT® + M":PSS~ (1)

where M" represents a cation and e~ an electron.
The transistor characteristics of the PHD-OECT are due to
ions acting as charged carriers contributing to its high
sensitivity. Therefore, these characteristics result in a built-in

amplification entity (Fig. 1b). This system is found to be
highly sensitive towards ammonia, i.e., it forms an ammonia

ISOTHERM 14 4

BJH.DFT .

sensitive layer. Hence, the presence of small concentration of
ammonia is selectively detected. It is found that the electron
transfer curve shifts significantly upon exposure to different
concentrations of ammonia. Various analytes, such as urea,
thiourea, ethanolamine, diethylamine, FeCl;, hydrazine, NaCl
and KCl, have been tested with this sensor assembly.

b. FESEM and XRD

The surface morphology of the PHD film layer before and after
exposure to ammonia can be seen in Fig. S1(a—c) (ESI).f In Fig.
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Fig. 2 Surface area evaluation for determination of pores as well as functional groups and characterizing chemical bond formation. a) Isotherm of
a mesoporous PHD layer when exposed to nitrogen. b) Pore size distribution of PHD calculated using the BJH-DFT method. c) Pore size
distribution of PHD calculated using the BJH-averaged method. d) FTIR analysis of PHD before and after exposure to ammonia. e) FTIR analysis of
PHD after heating and exposure to ammonia resulting in N-H stretching.
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S1a and S1b (ESIT), the PHD layer before exposure to ammonia
at 100x and 500x magnification respectively shows well-defined
grooves. Exposing it to ammonia changes the structural pattern
(Fig. S1c).f The XRD data shows a shift of peaks after exposure
to ammonia. Both in powder and film form, PHD is mostly
amorphous in nature (Fig. S1d and Sie, ESIf). This could be
one of the factors contributing to the PHD-OECT device's high
performance at low operating voltages. However, the peak at
20.8° for PHD powder (Fig. S1d, ESIf) shows a shift to 28.48°
after exposure to ammonia. Similarly, the peak at 23.04° for the
PHD film (Fig. S1e, ESIT) shows a shift to 32.08° after exposure
to ammonia (provided in the ESIf).

c. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH)

The adsorption and desorption of N, in an isotherm
determines the presence of pores in the material and the
likeable cavity condensation. The appearance of hysteresis
highlights the presence of mesoporous pores in the material
(Fig. 2a). Since pores of a specific size are filled at higher
pressures and expelled at lower pressures, cavity
condensation takes place during adsorption; and cavity
evaporation takes place during desorption. The BET
experiment performed on the samples revealed the porosity
of the selective layer. In Fig. 2b and c, the pore distributions
of the selective layer are observed which is in direct contact
with the electrolyte. Fig. 2b shows the pore size distribution
calculated through the DFT method, while in Fig. 2c¢ it is an
averaged data. In both figures, the presence of different pore
sizes is observed; however, a maximum of 3 nm pore size was
noticed. Thus, the ions in the electrolyte could easily pass
through the porous selective layer to dope or de-dope the
PEDOT:PSS layer. Although it is possible for the ions of the
analyte to infiltrate the layer, the selectivity factor, along with
attraction and repulsion forces, comes into play and allows
more ammonium ions to be detected.*®®

d. Fourier transform infrared (FT-IR) analysis

FT-IR analysis performed at room temperature on the selective
layer (Fig. 2d and e) on pristine and after ammonia exposure
confirmed the changes occurring after the addition of
ammonia and revealed broad peaks at ~3406 cm™ for PHD w.
r.t. 3138 cm™* for PHD without ammonia corresponding to the
-OH groups. The peaks at 3172 cm™" and 2947 cm™" present in
PHD with ammonia are not seen in PHD without ammonia,
and the peaks at 1732 cm™" for PHD without ammonia and at
1724 em™ for PHD with ammonia confirm the formation of
ester. The idea of detecting a hydrogen bond (HB) solely on one
single site can be done by quantum chemical calculation.
However, the prediction of H-bonding can be made by
observing the easily accessible basic sites of PHD for
interacting with NHj;. First, we assume that the interaction with
these sites results in H-bonded complexes. It could also be
demonstrated from the classification of acceptor atom types in
order to form hydrogen-bonded complexes and also for

180 | Sens. Diagn., 2022, 1, 1176-1184
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forming more effective sites. In this context, three regions may
be recommended to associate with NH; through hydrogen
bonds with specific acceptor atoms, say -C-O-C- and -C=O0.
Accordingly the utility of these sites as a criterion for sensing of
NH; through H-bonds can be understood. These groups can be
connected to a H-atom of NH; by a HB and the strength of the
bond as well as the sensitivity depends on the electron density
of these groups to attract hydrogen. HBs are ubiquitous in this
structure and have been the important focus in sensing
processes. Many studies have shown that sensing mechanisms
can be well-explained by HB interactions.>*”** The probe PHD
shown in Fig. 2d and e, taken by the IR vibration analysis
before and after interaction with NHj;, shows that all the
relevant vibrational peaks are distinctly shifted. The FTIR
spectra of functional groups, -C—0, -C-O-C- and H-N related
to HBs, show the red-shift in vibration frequencies of up to 268
em™ (3406 — 3138 cm™') (Fig. 2d and e). This red shift
indicates the existence of a hydrogen bond (HB), whereas the
blue shift indicates its weakening. Analysis of sensing
mechanisms can be demonstrated from the six nucleophilic
sites of PHD. Out of these sites, the most electronegative sites
attract the H of NH; although these sites cannot be
distinguished from experimental results. Thus, the vibrational
spectra confirm the mechanism of HB in the ground state. The
presence of hydrogen bonding between the -C=O group of
PHD and ammonia results in an increase of -C=0 as well as
H-N bond length. Fundamentally, the vibrational frequency for
these bonds will decrease leading to a change in IR stretching
frequencies of -C=0 (PHD) and H-N (ammonia). The IR
spectra of PHD after addition of ammonia have also been
examined. On heating for 20 minutes the IR spectra were again
taken, showing a slight impression of ammonia in the spectra.
In Fig. 2e, the difference after application of heat could be
ascertained. The original IR of PHD could be observed with
N-H stretching at 3175 cm™ which was not found before
exposure to ammonia. This can be attributed to the formation
of strong hydrogen bonds between PHD and ammonia. It
proves stable hydrogen bond formation between -C=0 (PHD)
and ammonia at the exposed -C—=O groups of the material.
Moreover, the formation of hydrogen bonds may weakly
polarise the ammonia molecule which can facilitate the
accumulation of more NH; molecules inside the pores of the
material and thereby induce cavity condensation. Thus, both
hydrogen bonding and cavity condensation operate in this
system. The possibility of reversibility in this configuration
indicates that the device can be reusable with a baseline
correction. Aggregation of NH; at the nucleophilic sites ie.
-C=0 and -C-O-C- can significantly affect the extent of
reactivity or selectivity at these regions. Here, the presence of
NH; in IR spectra on heating reveals the importance of
H-bond networks where it forms a strong HB with the analyte.

Gaussian studies

The structure of the PHD derivative may be analysed in three
subunits I, IT and III (Fig. 3a). The configuration of subunits I

© 2022 The Author(s). Published by the Royal Society of Chemistry
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HOMO of PHD

(HOMO = -02923a.u)

LUMO of PHD
(LUMO = -0.0668a.u.)

Fig. 3 Computational study and molecular electronic structure calculations of PHD. a) Gaussian model of the 3D structure of PHD with three
acrylate subunits. b) Electronic cloud density distribution of PHD. c) HOMO of PHD. d) LUMO of PHD.

and II remains along the same axial plane, whereas unit III
lies perpendicular to this plane. The acrylate groups are
bonded to primary carbon centres in subunits I and II,
whereas in subunit III the acrylate group is attached to the
tertiary carbon centre through a carboxylate bond. Hence, the
nature of electrostatic potential around this monomer PHD
may indicate distinguishable variation in electron density.
The completely optimized polyhydroxyl derivative with the
B3LYP/6-31G(d,p) method was wused for calculating
electrostatic potential (Fig. 3b). Thus, we have computed the
EPS profile in the 3D structure of monomer PHD.

More negative values are found around -C=O of these
three regions and less negative or positive values are found
around the rest of the regions. The maximum negative value
in regions I and II is approximately —4.31 x 1072 a.u., whereas
the value for region III is -4.58 x 10™> a.u. Hence, region III
may be more perceptive of NH; or NH,OH (in aqueous
solution) than regions I and II. This may be the reason why
the PHD material is very sensitive towards NH; or NH,OH (in
aqueous solution).The electron labile property of the
polyhydroxyl derivative can be related to the energy gap of
frontier orbitals, i.e. HOMO-LUMO (Fig. 3c). The optimized
structure of the PHD derivative using B3LYP/6-31G(d,p) was
used for calculating the HOMO and LUMO energies and
Fig. 3c and d show the electron density distribution. The
HOMO-LUMO gap is found to be —6.1 eV, but the value is

© 2022 The Author(s). Published by the Royal Society of Chemistry

much larger for an electronically conductive material.
According to the electronic property of the PHD derivative,
-C=C- and -C=0 groups generally undergo n-n* and n-r*
transitions, but such transitions occur only in the excited
states. Hence, electronic conduction may not occur in the
process of NH; or NH,OH (in aqueous solution) sensing. It is
essential to analyse electrostatic potential in the 3D structure
of the polyhydroxyl derivative.

Sensing mechanism

The sensing of a transistor is based on integration of ions in
aqueous solution repelled by the positively charged gate and
attracted by the negative channel. The species sensed acquires
a positive charge in aqueous medium which then associates
with the polyhydroxyl layer and gets absorbed by it to further
de-dope the PEDOT:PSS polymer film to create changes in the
I-V characteristics of the device. The absorption/association
with the acrylate polymer film involves different
intermolecular interactions like H-bonding, dipolar
interaction, London forces, dispersion forces and individual
ionic conductivities of ions furnished by various species taken
into consideration. In this study, we have analysed a large set
of species commonly found in industrial wastes and
biological processes, such as ammonia, urea, thiourea,
diethylamine (DA), ethanolamine (EA), hydrazine, and ionic

Sens. Diagn., 2022,1, 11761184 | 1181
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PHD modified device after exposure to ammonia.

salts like NaCl, KCl, and FeCl; in order to extract the highest
sensitivity. The sensitivity profiles of these species depend on
attraction  forces, repulsion forces, and different
intermolecular interactions between the acrylate polymer and
ions furnished by the species taken into consideration. As per
the results obtained in the process, ammonia shows the
maximum sensitivity due to H-bonding between the acrylate
and NH; which after absorption through the polymer film de-
dopes the PEDOT:PSS polymer up to the maximum extent
(Fig. 4a). In ionic cases like NaCl and KCI the sensitivity is
lower due to poor interaction between the polymer and Na'/
K' ions. The sensitivity profile clearly shows approximately
similar values for NaCl and KCl which can be explained on
the basis of almost similar ionic properties and dissociation
of both salts in water. As NaCl is slightly more soluble in
water hence it shows a higher value than KCI. In the case of
ionic salts like FeCl;, due to higher solubility than NaCl and
KCl, FeCl; shows a slightly higher sensitivity but the overall

182 | Sens. Diagn., 2022, 1, 1176-1184

sensitivity when compared to NH; is fairly low due to rapid
complexation of Fe*" ions with water molecules to form
[Fe(H,0)s]*" hexaaquairon(m) complex ions. Hence, the
interaction of Fe** has been reduced with the sensing polymer
layer which led to the sensitivity profile seen in Fig. 4a. In the
case of other organic samples taken into consideration for
this study, namely urea and thiourea molecules, due to the
high electronegativity of oxygen (O) in the urea molecule
polarisation takes place leading to lower electron density on
both -NH, groups. This results in less association of the urea
molecule with the acrylate group as indicated by the reduced
sensitivity of urea as compared to thiourea. However, overall
they have a very high tendency to form hydrogen bonding
with the polymer; hence their sensing profile is high as
compared to those of other organic samples. In the case of
hydrazine, the molecule exists as NH,-NH;" in water which
will associate with the polymer but repulsions due to a nearby
second -NH, group led to lower sensitivity than ammonia,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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urea and thiourea but can be comparable to that of ionic salts
like KCI and NaCl. The sensitivity of ethanolamine is least as
compared to the rest due to the presence of intra-molecular
hydrogen bonding between the -OH group and -NH, group
which will result in less association of ethanolamine with the
acrylate group of the PHD layer. In the case of diethylamine,
the association is somewhat more due to the absence of such
an electron rich group. It is less repelled and more associated
to the polymer as compared to ethanolamine as seen in the
sensitivity profile.

Repeatability and reproducibility are two distinguished
features in a sensor. The device characteristics were
measured for the same device multiple times in the same
electrolyte solution (Fig. 4b). The device does not deter away
from its original value and is repeatable even after successive
10 scans. Four different devices fabricated under the same
conditions scanned in the same electrolyte solution indicate
that our device is reproducible (Fig. 4c). The values for
different concentrations of ammonia were plotted to get the
calibration curve for the calculation of the limit of detection
(LOD) (Fig. 4d). Increasing concentration of ammonia is
injected into the electrolyte solution where the device is
immersed as seen in Fig. 1a and the LOD was calculated to
be 71.6 ppb. Exposure to ammonia of about 25 ppm for 8
hours is hazardous to health.>®> As such, this approach to
fabricate OECTs could be further explored for improved
detection of various analytes in a cost-effective manner.

Conclusion

In conclusion, a mesoporous film platform using a vertical
OECT  has been developed utilizing  poly(3,4-
ethylenedioxythiophene) doped with polystyrene-sulfonate
(PEDOT:PSS), and ammonia sensing at the 71.6 ppb level has
been achieved. We have demonstrated that the sensor
assembly has excellent transistor characteristics and can be
operated with voltages <1 V. The polyhydroxyl film is optimal
in an aqueous environment at room temperature due to its
cross-linked homogeneous texture. The developed PHD-OECT
is highly sensitive and selective for ammonia with the
presence of strong hydrogen bond formation and N-H
stretching. It has been observed that there were mesoporous
pores on the PHD film that enhance the sensing attributes of
PHD-OECT towards ammonia with excellent electrical
response. Due to the economic viability of this PHD-OECT
sensor, the present approach can be further explored to
detect other biological and chemical analytes efficiently.
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