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Abstract—Estimation of pH is vital

applications ranging from water to soil,

to assess the
biochemical and biological processes in a wide variety of
health, and
environment monitoring. This work reports a screen-printed
flexible and disposable pH sensor using the impedimetric
method. The pH sensor was fabricated by screen printing
Graphene-Carbon modified Zinc Oxide based active layer on
a paper substrate and shows nearly three orders of change in
impedance magnitude in the pH range of 2 — 9. The sensor
was carefully designed using COMSOL® Multiphysics
software to understand the influence of electrode geometry

and the electrical potential developed across the structure. The developed sensor was used for pH monitoring of soil
and exhibited high sensitivity of 5.27 kQ /pH (2-8) with a correlation coefficient (R2) of 0.99. Finally, an loT-enabled
smart pH detection system was implemented for continuous pH monitoring for potential application in digital
agriculture. The outcome demonstrates that the presented flexible and disposable pH sensor could open new
opportunities for monitoring of water, product process, human health, and chemical (or bio) reactions even using

small volumes of samples.

Index Terms— pH sensor; Disposable Sensor; Graphene; Screen Printing; loT Analytics

I. Introduction

The pH value is a vital parameter that is needed to assess the
biochemical and biological processes in a wide variety of
applications ranging from water to soil, health, and
environmental monitoring[1][2]. Monitoring of pH assures
drinking water safety, the survivability of marine organisms,
homeostasis maintenance and wastewater remediation[3].
Likewise, pH sensing has received considerable interest in
recent years as part of wearable systems for the early prediction
of diseases through the non-invasive analysis of bodily fluids
like sweat, saliva, and urine[4][5]. This work has particularly
reported on the continuous soil condition monitoring
application. Maintenance of an appropriate level of pH in soil
could help to enhance crop yields as well as the fight against
biotic and abiotic stresses. Thus, monitoring soil pH plays a
critical role in the enhancement of crop productivity and huge
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demand exists for sensors in smart
agriculture[6].

A wide range of pH sensing techniques ranging from optical to
electrochemical to physicochemical methods has been
developed using materials such as metal oxides, polymer, and
carbon-based composites. However, not all are suitable for in
situ soil condition monitoring in agricultural applications,
where disposable sensors capable of providing single and/or
multiple reliable measurements over a short duration are
preferred[7]. As an example, traditional glass-based pH sensors
are bulky, and it is difficult to have them in a portable and
biocompatible form to enable a large number of sensor
deployments in smart agriculture settings[8]. The widely
reported metal oxides (e.g., RuO,) for pH sensing applications
are toxic and non-biocompatible[9][10][11]. Deployment of
such sensors in large numbers could also aggravate the
challenges related to electronic waste.

disposable pH
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In this context, ZnO offers a better alternative as it is non-
toxic, biocompatible, easy to synthesize, and abundantly
available [12][13]. It is one of the amphoteric materials and
therefore can create oriented dipoles or surface bonds by
adsorbing (H* and OH") ions in pH solution [14]. However, the
high temperature (>120 °C) needed for the synthesis of ZnO
nanostructures does not go well with disposable substrates such
as paper and textiles. As a result, ZnO-based sensors are often
reported on rigid and non-degradable substrates, which makes
it difficult to use them in practical applications [15][16]. The
pH sensors developed from such materials on disposable,
flexible, biocompatible substrates can be used for a broad range
of biosensing applications [17][18][19][20]. The paper-based
pH sensor presented here addresses this need.

The disposable pH sensor reported here is realized on a paper
substrate. The sensor consists of the interdigitated electrode
(IDE) realized by screen-printing a graphene-carbon (G-C) ink
on a paper substrate. The biocompatible ink serves as a perfect
substitute for the toxic metallic inks used for printing without
compromising the conductivity of the printed electrodes to a
broader extent. The printed structure is further modified by the
addition of a ZnO layer, which can exhibit polar and nonpolar
active surfaces. Further, their high crystallinity nature makes
them attractive for pH sensors active layer [15]. The ZnO
modified screen printed electrodes on a paper substrate for pH
sensing are not reported yet. The sensor design (electrode
geometry) was finalized with COMSOL® Multiphysics
simulation studies, which were carried out to understand the
influence of electrical potential developed across the IDE
structure. The use of an optimized IDE pattern enabled a faster
response (10 sec) and high sensitivity (5.27 kQ /pH) of the
presented sensor. The performance of sensors with modified

electrodes was evaluated over a range of pH 2 to 9 and the
disposability of the device was also studied. The sensor
displayed almost complete depletion within 45 days. Finally,
the potential applicability of the presented sensor for digital
agriculture was evaluated by measuring the pH of various soil
samples, the real-time transfer of wireless data using an IoT
system and displaying the data on a smartphone using the web
application.

[I. MATERIALS AND METHODS

A. Materials

The interdigitated electrodes (IDE) are developed using
graphene-carbon ink (C2171023D1: Graphene Carbon
Ink:BGO04, Sun Chemical). Commercially available Zinc Oxide
(ZnO) nanoparticles dissolved in ethanol (C2H5SOH, MW:
46.07 g/mol, Thermo Scientific) solvent are used for fabricating
the active layer for pH sensing.

B. Screen printing

The interdigitated electrodes were developed on a paper
substrate using screen printing (Screen Stencil Printer C920
from AUREL Automation). The IDEs printed on the paper had
three configurations i.e., single layered, double layered and
triple layered. The optimized active layer configuration was
obtained by analyzing their pH sensing output. The 2 wt. %
solution of ZnO nanoparticles in ethanol solvent was prepared
by 2 hours of ultrasonication at room temperature. The 0.5 mL
of this solution was drop casted on all three (single, double, and
triple layered) IDE structures. The process was repeated 10
times to attain the desired thickness. The ZnO nanoparticles
modified G-C IDE was calcinated at 60°C for 24 hours. Further,
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Fig. 1. (a) Schematic design of the interdigitated electrode (IDE) platform for pH sensing, (b) Finer physics-controlled mesh of the device for

COMSOL simulation, (c) Electric field displacement of the device for the applied electric potential of 1 V, (d) Two-dimensional average electric field
potential plot of the device, (e) Direction of electric field (logarithmic arrow lines) in the device (f) Two-dimensional average current density plot of

the device and (g) Two-dimensional total electric energy plot of the device.
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the connection points are obtained using wiring followed by
dielectric placement to insulate the connection. Later the sensor
is utilised for the pH monitoring process.

C. Characterization

The morphological and structural characteristics of the spin
coated ZnO layer is analysed using scanning electron
microscopy (FEI Nova) and X-ray diffraction (XRD
P’ Analytical X‘Pert with Cu Ko (A=1.541 /OX)). The screen-
printed IDE structure is imaged using an optical microscope
(Nikon, Eclipse LVI0OND). The hydrophilicity of the ZnO
layer is analysed using contact angle measurement. Further, the
electrical characteristic i.e., change in impedance response is
monitored using the LCR meter (Keysight E4980AL, Precision
LCR Meter).

D. pH sensing set-up

The pH sensing performance of the developed sensor is
monitored using the Keysight E4980AL. The pH samples are
prepared corresponding to the target range i.e., pH 2 to pH 9.
Electrochemical impedance spectroscopy is carried over the
range of 40 Hz to 100 kHz using a 1 Vpp sine wave for the
target pH range. The list sweep parameters such as impedance
magnitude (R-X) and double layer capacitance (Cq) are
extracted in the single trigger computation. All the
measurements are carried out at room temperature (25 + 2 °C).
To analyses the performance of the developed sensor towards
soil pH monitoring, the soil samples with a pH value of 2,4, 6
and 8 were used. Initially, the impedance of the sensor is
monitored under normal ambient conditions followed by
monitoring the change in impedance magnitude towards
prepared soil samples (pH 2-8). The schematic illustration of
the pH sensing set-up is shown in Fig. 7(b).

Il. Result and Discussion

A. COMSOL simulation

The strength of the electric field and potential of the sensor
electrodes were studied by using AC/DC module under the
COMSOL® Multiphysics software. The total area of the sensor
is kept constant (12 mm x 8 mm) to incorporate the 10
individual electrodes with 0.5 mm width and 0.25 mm
interspace for the electrodes (Fig. 1a). Graphene-Carbon was
used as the active material and air acted as the bottom layer of
the electrode. Modeling was supported using finer physics-
controlled mesh (Fig. 1b). To compute the electric field
displacement of IDEs, the electric potential (Bias Voltage =1 V
and Frequency =1000 Hz) was sequentially applied to the
working electrodes (WE) and reference electrodes (RE). The
two-dimensional electric potential plot of devices is shown in
Fig. 1c. Electric potential is supreme at the digits of the WE and
varies from 4.92 kV to 0 V (Red to Blue) moving from WE to
the RE. Color gradients in middle confirm the electrostatic
potential variation as it moves from the middle of the field. The
device with the 10 interdigitated electrodes design pattern
generated the maximum average electric field potential of 4.92
kV (Fig. 1d). Fig. 1e shows the direction of the electric field
(logarithmic arrow lines) to confirm the charge particle
displacement in the device. The maximum current density of
2.83 x 10 A/m? (Fig. 1f) and total electric energy of 4.4 x 10
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Fig. 2. (a) Screen-printed G-C electrode modified ZnO-NPs active
layer-based pH sensor. SEM images of the (b) G-C electrode and (c)
G-C electrode modified ZnO-NPs active layer at 50 yum magnifications;
(d) XRD spectrum for G-C electrode modified ZnO-NPs active layer and
contact angle measurement of the (e) G-C electrode and (f) G-C
electrode modified ZnO-NPs.

J (Fig. 1g) are detected at the WE, which influences the output
response of the fabricated device[21].

B. Material characterization

The screen-printed G-C modified ZnO-NPs sensing layer-
based pH sensor is shown in Fig. 2a. The surface morphology
of the G-C based IDE and ZnO-NPs based active layer is
investigated using scanning electron microscopy (SEM) images
as shown in Fig. 2 (b-c). The G-C ink printed surface (Fig. 2b)
across the electrode is shown and it displays the random
distribution of carbon and graphene network. On the other hand,
the images taken at lower magnification for ZnO modified
printed electrode shows distributed spherical particles (Fig. 2c).
While the image at higher magnification helps in estimating the
average particle size to be around 200 nm (Fig. S1). The
diffractograms of the printed electrode, ZnO nanoparticles and
the modified printed electrode with ZnO are displayed in Fig.
2d. The printed electrode diffractogram (blue line) displays a
peak of carbon around 27°. However, the broadness in the peak
observed is contributed by the presence of graphene nanosheets.
While the diffractogram of ZnO (red line) displays the
traditional peaks at 31.7°, 34.4°, 36.1°, 47.4°, 56.4°, 66.3°,
68.1° and 69.2° corresponding to (100), (002), (101), (102),
(110), (103), (112) and (201) respectively. The results agree
with the standard peaks observed for hexagonal wurtzite
structure (ICDD card no: 36-1451). The sharp peaks indicate
the high crystallinity of the nanoparticles. The peaks observed
for the modified printed electrode with ZnO (black line in the
inset) show the presence of a combination of both peaks
(Carbon and ZnO).

The contact angle measurement using the sessile drop
technique of the bare IDE and by modifying the surface of the
IDE is shown in Fig. 2 (e-f). The angle calculated for the bare
IDE and the modified IDE is measured to be 66° and 68°
respectively. The G-C ink exhibits a hydrophilic nature and no
change in the surface was observed on modifying with ZnO.
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Fig. 3. Schematic illustration of pH sensing mechanism of different pH
levels (a) pH<7 and (b) pH = 7.

The optical image was taken for sensor 1 at a 5X magnification
aided in measuring the width (~500 mm) and the interspace
gaping (~250 mm) between the electrodes as shown in Fig. S2.

C. Evaluation of pH sensing performance

The pH of any solution is determined by the presence of H*
and OH- ions. The material used for the sensing layer defines
the overall response observed. In the present work, ZnO is
utilised as the sensing material and deposited above the printed
IDE structure. Table S1 provides a comparative analysis of the
present work with the state of the art. The impedimetric
response of the sensor increases with the increase in the pH
values. With the increase in the impedance value, the decrease
in capacitance value is predicted [22]. However, on closer
inspection of the data collected, there is no evident relation
observed between the change in pH and capacitance. Thus,
emphasizing the contribution of the conductance of the ZnO
comes into play, rather than the overall capacitance [23]. This
suggests that with the increase in the OH- ions the overall
conductance of the system reduces. The change in the
impedimetric response of the sensor could be proposed as the
change in the density of states (DOS) of ZnO with the
introduction of the hydroxyl ions [24]. The DOS could
essentially observe a trough and subsequently lead to an
increase in the band gap (Eg), by increasing the distance
between the fermi level (Ey) (Fig. 3) [25]. ZnO being an n-type
semiconductor has excess electrons contributed by Zn
atoms[14]. Being one of the amphoteric materials and therefore
being able to create oriented dipoles and surface bonds by
adsorbing (H* and OH") ions form the pH solution [26].

Based on the COMSOL studies, it is found that the IDE
structure with ten interdigitated electrodes with 0.5 mm width
and 0.25 mm interspace for the electrodes displayed maximum
electric potential response. The same design is further used to
screen print three different types of IDE altering the number of
layers and further modified with ZnO NPs. Sensor 1 i.e., single
G-C layer, sensor 2 i.e., double G-C layer, and sensor 3 i.c.,
triple G-C layer analyzed by varying pH 2 to pH 9.

The blank sensor impedance spectra shows an inversely
proportional response with frequency since the impedance of a
capacitor is inversely proportional to the frequency [27][28].
The |Z_max| values, estimated as 2.19 x 10° Q, 1.62 x 10° Q
and 1.60 x 10° Q, served as the starting point for the
parameterization of sensors 1, 2 and 3 respectively. The
response curve (Fig. S3) displays the predominant effect of
thickness on the impedance characteristics of the G-C electrode
modified with the ZnO active layer. The overall impedance is
reduced with increasing thickness of the G-C electrode;
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Fig. 4. Comparative analysis of pH sensing performance of (a) sensor
1; (b) sensor 2 and (c) sensor 3 from pH 2-9.

however, the stability and the overall response are
compromised too. Fig. 4 shows the impedimetric performance
of the sensor (1, 2 and 3) across continuous frequency sweep
(40 Hz - 100 kHz) in pH adjusted solutions, prepared at
physiological conditions from HCl and KOH buffer (25 + 2 °C,
4.4 mol %). A proportional decrease in impedance magnitude
was observed with respect to the increase in the frequency level
(40 Hz — 10 kHz). Furthermore, with the increase in frequency
up to 100 kHz, the impedance value drastically decreases and
holds up. A similar pattern was observed for all three sensor
conditions (Fig. 3. a, b, and c¢). Even though IZ_max | is higher
at a lower frequency (40 Hz) level, the target signals are quite
unstable and stabilizes only as the frequency level is increased
from 40 Hz to 1 kHz, which records the IZ_max | value of ~50.2
KQ. Optimal parameters such as the |Z max | and the frequency
dependency of |Z| are found to vary from device to device.
|Z_max | values for sensor 1 is ~ 36.8% higher compared to
sensor 2 and its ~ 38.83 % higher for sensor 3. |Z max | values
were comparatively stable for sensor 1 with a maximum
variation of £ 2 KQ. On the other hand, the function of pH (i.e.,
dissociation of H" and OH ions) clearly reflected the change in
ions concentration in the dielectric medium and causes a change
in the sensor impedance magnitude allied with the protonation
(<pH 6) and deprotonation (>pH 8) of the buffer. The rate of
change in impedance magnitude is highest at neutral (pH 7) to
alkaline (pH 9) transition conditions, whereas it is very gradual
in acidic medium (pH 2-6). In addition to that, the sensitivity of
the sensors (1, 2 and 3) is estimated from the characteristics
curve of average impedance magnitude vs pH (Fig. S4).
Moreover, the sensors are also plotted for some of the selected
stable frequency conditions (1 kHz, 5 kHz, 10 kHz, and 50 kHz)
as shown in Fig. S5, Fig. S6, and Fig. S7. It can be observed
that the electrochemical response of the device shows a linear
increase of impedance magnitude with an increase in the pH
levels. The correlation coefficient (R?) and sensitivity of the
fabricated device are calculated in the selective range and
recorded in Table 1.

Upon close inspection of the responses, the sensor 1 results



IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

displayed appreciable sensitivity (6.21-3.99 K€/pH), which is
about four folds higher than that of sensors 2 and 3. Moreover,
the sensitivity and the correlation coefficient (R?) estimated at
1 kHz are stable and also the highest among all the other
tabulated values. A sequential decrease in the sensitivity value
is observed as the frequency level increases. Accordingly,
sensor 1 with an applied frequency condition of 1 kHz is judged
as the most sensitive and stable device for pH sensing in the
desired pH range (pH 2-9) and investigated further for

characterization and soil application studies.

TABLE |
CHANGE IN SENSITIVITY AND CORRELATION COEFFICIENT (R2) COMPARISON
BASED ON PH SENSOR TYPE AND FREQUENCY

S;;l;(e)r Sensitivity (kQ/pH) Adj. R square Fr?lc(lll_llezr;cy
Sensorl 6.21 0.94685 1
4.68 0.9461 5
421 0.94808 10
3.99 0.95153 50
Sensor 2 1.69 0.94457 1
1.4 0.9545 5
1.34 0.95806 10
1.30 0.95984 50
Sensor 3 1.30 0.92961 1
1.10 0.95305 5
1.05 0.95487 10
1.01 0.95365 50

Further, the relative response of the pH sensor 1 is
determined at each intermediate pH level. The relative response
vs pH graph is shown in Fig. 5 for the selected frequency level.
The relative response value is observed at the lowest of 1 for
pH 2, which gradually increases up to 5 for pH 9. The change
in relative response for the selected frequency condition (1, 5,10
and 50 kHz) does not show any more significant alterations
even at the higher pH range. Therefore, the sensor response
could be found ideal for the pH range 2-9. The repeatability
and the reproducibility of the fabricated sensor are studied. Fig.
6a displays the multiple trials performed on the same sensor at
various pH levels. The impedance magnitude (£2) of the sensor
has been measured three times (Trial 1, Trial 2, and Trial 3) and
the results confirm that the impedance response of the sensor is
affected slightly for the multiple trials.

However, the response starts to deteriorate after 5 trials, as
the sensing layer deposited on the surface of the printed IDE
starts to wear off. Hence, the sensors could be limited to up to
3 cyclic usages. This also shows the disposability nature of the
fabricated sensor. While the reproducibility study performed
for three different sensors modified with ZnO has been studied
under similar conditions (Fig. 6b). The impedance magnitude
(Q) vs pH concentration response of the three different sensors
(sensors I, IT and III) are shown in Fig. 6b. The error margin
between the different sensors is estimated to be 2.67 % and
2.23%, respectively for sensor II and III devices, when
compared with sensor I. The error margin is in an acceptable
range as it is <3% for long range pH detection. These results
display a good stable response observed and thus the fabricated
sensor could be utilised for continuous and repetitive detection.
The rate of adsorption is dependent on the availability of free
holes or electrons on the surface of nanostructures. In the case
of lower pH values, the H" ions form a partial surface bond with
the excess electron available in the structure [25][26]. This
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Fig. 6. (a) Repeatability study of the sensor 1 for multiple trials (1-3) and (b)
reproducibility performance of multiple sensors (I, II and III) at a frequency of
1 kHz

results in lower impedance (or higher conductance) and faster
response. At neutral and basic pH values, the presence of OH™
ions are equal or higher respectively. These negative ions lead
to higher impedance (or lower conductance) and delayed
response [25]. The delayed response has been previously
reported for basic/neutral pH solutions in the case of a few
metal oxides [24]. This is also observed in the real time
monitoring of the pH.

D. Sensor application

The developed sensor is further tested for monitoring the soil
pH level as shown in Fig. 7b. The monitoring of the soil
conditions (pH, electrical conductivity (EC), Organic Carbon
(0.C) and Macronutrients (NPK)) will provide key information
to improve resource utilization and to maximize farming
outputs[22]. Here, pH is one of the important parameters to be
assessed. The soil samples for pH estimation are obtained from
the University Glasgow, Scotland, the UK, and the test samples
are prepared using standard protocol for the pH measurement.
Fig. 7a shows the four different soil samples with pH values of
2 to 8. Initially, the sensor is placed under normal ambient
conditions and the impedance of the sensor is monitored.
Further, the sensor is deployed on the surface of the prepared
soil samples (pH 2-8) and the change in impedance magnitude
is monitored as shown in Fig. 8a.



IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

E4980A Data Transfer Program
o)

" ¥

EEEEEEEE

EEEBEEEEE

- (b) ! = : |
--------\
pH 4 CpHG [ pHS

O - & ©
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The sensing characteristics of the sensor toward soil pH
levels are validated by comparing the calibrated pH level with
obtained soil pH level, which is estimated from the data
collected. The change in impedance magnitude is calculated
and confirms that the sensing performance of the device shows
a linear increase in impedance magnitude (7.9 - 48 k€2) with the
increase of pH (2-8) value. To calculate the linear fit and
sensitivity of the sensor, a corresponding curve of average
impedance magnitude vs soil pH level characteristics is plotted
and is displayed as in Fig. 8a. The fabricated pH sensor yielded
a sensitivity of 5.27 kQ /pH in the pH range of 2 to 8 with a
correlation coefficient (R?) estimated to be 0.99. As seen in the
plot (Fig. 8b), a linear pH response is observed for pH 2-8. The
obtained relative response value is well matched with the
primary calibration results performed on the pH buffered
solutions and the sensor output remains stable even at a higher
pH range. Therefore, the sensor response could be found ideal
for real time soil pH monitoring applications. Furthermore, a
soil burial degradation test is performed for studying the
disposability of the fabricated sensor. The sensor is kept inside
the compost soil for a prolonged duration and disintegration of
the sensor is observed across 45 days. The degradation of the
sensor throughout the 45 days is displayed in Fig. 9. The sensor
is observed at regular intervals, as it is thoroughly washed using
distilled  water and imaged for reporting the
disintegration/degradability of the sensor.

D. Real-time sensing and monitoring of pH level

Real time pH level monitoring system is facilitated using the
Node MCU microcontroller platform. As shown in Fig. 10, the
wireless system consists of a fabricated pH sensor, signal
processing unit, inbuilt Wi-Fi module for data transmission and
power supply unit. The system was powered by a 3 V supply
and a 32-bit microcontroller integrated with an ESP-12 module
(Wi-Fi  SoC). System design parameters include the
repeatability and stability of the change in impedance
measurements of the calibrated pH sensor to predict the
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Fig. 8. (a) pH sensing performance of the sensor for soil samples and
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Fig. 9. The degradation process for pH sensor over 45 days.

corresponding pH level. The software module of the monitoring
system is written in the Arduino integrated development
environment (IDE) and the control code is developed using
embedded C programming language. After the source code is
generated and uploaded to the ESP8266, the device turns out to
be smart to detect the pH levels with a fixed delay of around 15
sec.

ThingSpeak (IoT analytics platform) is used to monitor and
visualize the live data streams in the IoT cloud platform. As
depicted in Fig. 10a, the detected pH data is received and
displayed in real time on a smart device. Fig. 10b is the front-
end visualization system, which represents both previously
recorded and real time pH measurements. While Fig. 10c
represents the geographical information of the measurement
spot of the pH sensor along with an easy display highlighting
the pH levels. The supplementary Video S1 displays the real
time pH sensing, where the pH level is measured at pH 2-8. Fig.
10 (d and e) shows the dynamic response and recovery time of
the fabricated pH sensor, which is measured using a developed
monitoring system. The response and recovery time for
individual analytes (such as for pH 2 and 8) are different due to
the variation in the interaction between the functional group
with H* and OH-. This also contributes to the delay in
measurement for varying pH levels. As observed in the
obtained results, pH 2 provides a quick response time (10 sec)
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Fig. 10. (a) loT enabled pH monitoring system, (b) Data displayed in the
application showing the change in the values at multiple cycles (c) Data
displaying the geographical location of the measurement spot and (d &
e) Dynamic pH sensor response and recovery time (pH 2-8).

which is comparatively more rapid than of pH 8 (22 sec).
Moreover, the recovery time for any sensor is the time needed
for it to retain its initial state as soon as eliminates the analyte.
The recovery time required for the sensor at pH 8 (64 sec) is
almost 5 times slower compared to that of pH 2 (12 sec). This
essentially depends on the analyte elimination process by the
sensor and reaches at its initial state.

IV. CONCLUSION

In summary, the screen-printed flexible and disposable pH
sensors on the paper substrate was developed using a modified
using ZnO layer on screen printed IDE using G-C ink. Whilst
the nanostructured active layer provides large surface areas and
binding sites for the target H* and OH- ions, the biocompatible
and disposable paper-based sensor platforms allow ease of
operation for soil pH monitoring. The fabricated sensor shows
nearly three orders of change in impedance in the pH range of
2 — 9. The sensor exhibits a high sensitivity of 5.27 K /pH (2-
8) with a correlation coefficient (R?) of 0.99 and displays high
stability in the response. The wireless data transmission was
also explored to show the usage of developed sensors for
remote monitoring in applications such as digital agriculture.
Beyond pH measurement, the sensor could also be used to
monitor the humidity and temperature change caused in the soil
surface and could be coupled as a multivariant detection sensor
array.
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