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A B S T R A C T   

The expansion of precision agriculture technology from commercial agriculture to home gardening is highly 
important due to its economic and health benefits, delivered through a new way of crop production. Addi-
tionally, it offers physiological and psychological benefits to the gardeners. The soil degradation and lack of 
knowledge among gardeners related to the properties of both soil and the pouring water chemical contents 
results in less efficient production from home plants. In this work, we proposed a new connected sensor system in 
which smart watering can connect to a wireless sensor network for soil analysis along with the properties of 
water. The soil condition was measured using thick film pH and moisture sensors. The sensitivity of the pH sensor 
is 53 ± 2 mV/pH for RuO2 vs Ag/AgCl electrode and is 42 ± 1.26 mV/pH for RuO2 vs carbon in the range of pH 
3–8. Depending on the soil properties, the sensors integrated watering can create a suitable pH solution by 
automatically, mixing the alkaline/acidic solution stored in separate containers in the watering can. This pre-
pared pH-controlled water is then deposited into the plant by the user. Online monitoring of both soil and 
pouring water chemical content support the gardener to grow plants sustainably.   

1. Introduction 

The tremendous increase in population has resulted in a 60% growth 
in food production to ensure food security for the growing population 
[1]. Additionally, climate change and deforestation also have the po-
tential to affect both crop yield and quality [2–4]. Land degradation 
from agricultural land expansion can lead to climate change, therefore a 
thorough revaluation of effective commercial agriculture is necessary. 
For effective food production, the yield and well-being of the plants 
strongly depend on soil properties, temperature, and the fertil-
izer/pesticides used for plant growth. However, the currently available 
major soil monitoring systems focus on commercial agriculture appli-
cations to check the soil properties. Even though many studies were 
reported on sensors and online monitoring system for wearables and 
environmental monitoring [5–8], the digitalization of agriculture and 
aquaculture studies are limited. Especially the number of studies on a 
monitoring system aimed at indoor gardening is limited. For monitoring 
and improved working conditions in farming/gardening [9–11], the 

digitalization of agriculture will have huge advantages which will 
enable environmental sustainability and economic growth. The lack of 
advanced sensors which can monitor the nutrients required for the 
growth and good health of crops including house plants demands 
advanced sensor systems for simultaneous analysis of the soil and the 
water. These sensors could determine the chemical and bio-chemical 
processes occurring in the soil and provide detailed information on 
the nutrients of the soil. The major advantage of online monitoring of 
nutrients in plants is to support inexperienced gardeners and people who 
are unable to properly care for their plants due to illness or disability. 

The precision agriculture incorporation with the Internet of Things 
(IoT) provides real-time and remote monitoring of the conditions and 
requirements of crop growth [12,13] for crop production. In commercial 
agriculture, variables such as pH, moisture, temperature, and nutrients 
of the soil as well as weather conditions are required to be monitored. 
Some recent works include soil-based pH and Ca2+ monitoring using 
ion-sensitive probes [14], determination of ions (pH, Ca2+, K+ and 
NO3− ) based on ion-sensitive field effect transistors (ISFETs) [15] and 
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ISFET for multi-ion detection (H+, Na+, and K+) with deep neural 
network for accurate data [16]. For nutrient monitoring, the pH value of 
the soil is considered a key variable as it is the determining factor in 
many chemical and biochemical processes [14,17–20]. Most impor-
tantly, soil pH regulates nutrient availability by controlling the chemical 
form of nutrients and their chemical reactions. As such, soil pH has a 
great effect on crop yield and plant growth [19]. Many nutrients 
including nitrogen, phosphorus, potassium, sulphur, calcium, magne-
sium, manganese, boron, copper, zinc, iron, and molybdenum are pre-
sent in soil which determines its acidity or alkalinity [21,22]. In nature, 
soil pH is greatly affected by climate, as soils in humid conditions are 
more acidic, whereas drier soils are more alkaline [19]. In addition to 
this, rainfall also affects the soil pH, with soils becoming more acidic 
over time due to the pH 5.7 of clean rainwater [19]. Indoor plants, 
however, are usually watered using tap water, and thus, their pH re-
mains neutral with a value of ∼ 7. Moreover, different plants have 
different requirements when it comes to soil pH and the availability of 
nutrients. Hence to estimate the soil pH in agriculture an advanced 
sensing system is required which can monitor simultaneously the pH of 
soil and water. The interference of other chemicals due to the various 
nutrients present in the soil can influence the pH sensing performances. 
Therefore, multi-sensing probe-integrated systems will be an advanced 
method for this, which can monitor multiple parameters simultaneously 
and better analyze the data. Fig. 1a outlines the pH requirements of 
common house plants. Because of this, soil pH is a determining factor in 
which plants can thrive in different fields. In addition to this, similar to 
soil monitoring, hydroponic plants need the chemical properties of the 
supplied water to be cross-checked for sustainable and healthy growth. 
Even though pH and other ion-sensitive electrodes were reported for soil 
monitoring [14], simultaneous determination of the soil pH and the 
pouring water pH has not been thoroughly discussed. 

In this work, we developed a thick film potentiometric pH sensor for 
real-time monitoring of soil and tap water (Fig. 1b and c). The pH sensor 
was fabricated using a screen-printed RuO2 based sensitive electrode 
(SE) and thick film Ag/AgCl reference electrodes (RE). In addition, we 
also investigated the applicability of carbon printed electrode as a RE 
instead of Ag/AgCl. Through the design of a printed circuit board (PCB) 
with Arduino Uno board we developed a prototype for online moni-
toring of soil and water pH and humidity. Finally, we designed a new 
smart watering can, which can monitor water pH and adjust it through 
controlled addition of acidic/alkaline solution, as shown in Fig. 1c. The 
schematic of the system architecture is presented in Fig. 2. We carried 

out a detailed characterization of the sensor to understand the sensing 
performance and electrochemical reaction of RuO2 vs Ag/AgCl and 
RuO2 vs carbon using potentiometry, cyclic voltammetry (CV) and 
electrochemical impedance spectroscopic analysis (EIS). The sensor 
performances in Ca3(NO3)2, KCl, MgCl2, NaCl and NH4NO3 solution 
were also tested to understand selectivity of the pH sensor. By auto-
matically calculating the amount of water to be deposited in the potted 
plant and adjusting for chemical parameters of the soil/water according 
to the plant type, this advanced sensing system will lead to a successful 
home garden, without requiring much knowledge or time from the 
gardeners. 

2. Methods 

2.1. Sensors fabrication and characterization 

In this work, the thick film potentiometric pH sensor was fabricated 
using screen-printing method. RuO2 paste (ESL) was used as a SE and is 
printed on the top of Ag conductive electrode and its fabrication pro-
cedure was similar to our previous work [23,24]. For the REs, we used 
thick film Ag/AgCl RE comparable to commercial Ag/AgCl glass elec-
trodes. AgCl paste (paste (JESC-7713AgCl, JE Solutions Consultancy, 
UK) hand printed on the top of screen-printed Ag electrode. After 
printing the film was heat treated at 100 ◦C for 1hr. We also investigated 
the performances of the sensor using carbon printed electrode as a RE 
without any AgCl or reference membrane. The carbon paste (Sun-
Chemical) was used for printing the electrode on a polyvinyl chloride 
substrate. After printing, the sample was heat treated at 80 ◦C for 30 
min. The moisture content of the sensors was measured using a capac-
itive probe-based humidity sensor i.e., DFRobot. Soil monitor sensor and 
its value represented as an integer. 

Here, prior to testing the sensor in soil, we calibrated the sensor in 
dilute HCl (1 M) and dilute KOH (1 M) solutions. Electrode sensitivity 
was determined by sweeping the electrode through different pH values 
and measuring the resulting electromotive force (emf). The electrodes 
were placed in a glass beaker and submerged, initially, in tap water. For 
the first set of experiments, the potential difference emf between the SEs 
and the REs was measured using a multimeter. The potential difference 
was measured for pH values 4–8, as this is the pH range suitable for most 
plants. For testing in soil, the pH of the solution was also changed by 
dropping small amounts of commercial phosphoric acid (81%) to lower 
the pH value, and potassium hydroxide (25%) to increase the pH value. 

Fig. 1. (a) The range of pH values for different plants (b) soil monitoring system (c) schematic representation of the watering can with sensors and circuits for 
controlling the pH value of water. 
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These acid and base solutions were chosen as they are suitable for hy-
droponic systems, and, thus, will cause no harm to the plant. The 
interference of sensitive electrodes to other ions including Ca3(NO3)2, 
KCl, MgCl2, NaCl, and NH4NO3 at 0.01 M concentration in temperature 
21.7 ◦C were carried out using RuO2 SE with glass-based Ag/AgCl RE. 
Furthermore, we also carried out a detailed electrochemical property of 
the SE with various REs using EIS and CV by 3 electrode system with 
Gamry potentiostat (Interface 1010E). The EIS analysis was obtained 
from 1 MHz to 0.1 Hz and CV in the potential range − 0.8 V to 0.8V in the 
scan rate 100 mV/s in pH 7 solution. 

2.2. Data analysis and prediction 

The calibration of the electrodes required a simple amplifying circuit 
to increase the range of the potential difference values read by the 
Arduino Uno microcontroller. The amplifying circuit makes use of a rail- 
to-rail operational amplifier in a non-inverting configuration. From 
previous data, the potential difference between the SE and RE is ex-
pected to fall in a range of 0–600 mV for solutions with pH 4–8 on the pH 
scale. The analog input/output pins of the Arduino board can tolerate a 
negative voltage of no more than 0.5 V. Because of this, a non-inverting 
configuration was the most straightforward choice for the amplifying 
circuit. On the other hand, the microprocessor can safely read positive 
voltages up to 5 V. To allow room for error, and additional measure-
ments, the gain of the amplifier was limited. To avoid supplying voltages 
close to 5 V for extended periods of time, the maximum input voltage to 
the circuit was considered to be 500 mV, which allows for measuring the 
performance of electrodes in solutions with a lower pH value than 4. 
Furthermore, it was decided that this maximum voltage should corre-
spond to an amplified signal of 4 V, again, for safety reasons as the 
system required continuous readings at the analog pins. Thus, the gain of 
the amplifier should be equal to 8. The gain of a non-inverting amplifier 
depends on the resistor values (Gain = 1+ (R2/R1) in the feedback cir-
cuit. This means that the expected ratio between the two resistors is 7. 
Due to the range of resistors available as well as the requirement that 
such resistors be in the kΩ range - so as to not overload the operational 

amplifier with a high current - R2 was chosen as 6.8 kΩ and R1 was 
chosen as 1 kΩ, resulting in an overall gain of 7.8. Once the signal was 
amplified, it could be read by the analog input pins of the Arduino Uno 
board. As this particular microprocessor has a 10 bit analog-to-digital 
converter, this means that it can read 210 values in its range of toler-
ance, which is 0–5 V. Therefore, the input voltage is read as an integer 
value between 0 and 1023, where 0 equals 0 V, while 1023 equals 5 V. In 
order to display the read value in volts, the following formula is used. 

V =VIN ∗
5

1024
(1) 

This formula is then used in the Arduino program, which acts as a 
digital voltmeter, by reading the output value from the amplifier circuit, 
and then printing it as a voltage to the monitor. The output of the 
amplifier is connected to the analog pin A0 on the board, which is set as 
an input. In the code, the integer variable, input, is the incremental value 
between 0 and 1023 read at the pin, while the float variable, V, is the 
equivalent voltage printed to screen. As the emf between the electrodes 
is ultimately intended to be measured with an Arduino, the tests were 
adjusted and repeated. The analog inputs of the Arduino Uno have an 
analog-to-digital resolution of 10 bits, which means that they return 
values between 0 and 1023, which correspond to a potential difference 
between 0 V and 5 V, respectively. Consequently, the resolution of the 
analog inputs is 4.9 mV. Therefore, to increase the reliability of the 
measurements taken, the signal from the electrodes was connected to an 
amplifier with a gain of 7.8 as a means to expand the range of input 
values. The experiment was repeated, resulting in new linear equations 
for the electrode pairs. 

2.3. Soil monitoring 

The aim of the soil tests was to determine whether the electrodes 
would perform well in conditions where they were not fully submerged 
in a liquid solution. The electrodes were attached to alumina substrate, 
placed in a plastic container, and covered with semi-permeable filter 
paper. The reason for this was to provide the electrodes with a firm base, 

Fig. 2. Schematic diagram of system architecture for smart watering can with the sensor in potted plant.  
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such they could not be bent or damaged by the weight of the soil, and to 
provide a barrier between the solid particles of the soil and the elec-
trodes. By using filter paper, only the liquid solution from the soil would 
come into contact with the electrodes. It was found that for both types of 
REs, Ag/AgCl and carbon based, there is no electrical connection be-
tween the sensitive and reference electrodes unless they are connected 
by a continuous layer of water. The experiments were carried out in a 
single soil. Initially, dry soil was placed on top of the electrodes and the 
voltage was measured. Due to the lack of water, there was no path for 
current to flow between the electrodes, resulting in open circuit condi-
tions. The water content of the soil gradually increased, and the voltage 
measured, which lead to the conclusion that stable and reliable mea-
sures can only be taken when the soil is saturated with water. Once it 
was determined that saturation was essential for an accurate measure-
ment, the electrodes were tested under soil conditions. These experi-
ments required that the electrodes be placed under saturated soil, after 
which the potential difference was measured for 30 min, at an interval of 
4 s. First, the electrodes were tested by saturating the soil with clean tap 
water. The same sample of soil was then saturated with an acidic and 
basic solution. The pH was adjusted using commercial phosphoric acid 
and potassium hydroxide as in the previous experiments. In this exper-
iment, the potential difference was measured at the analog input pins of 
the Arduino Uno. Because of this, the electrodes were connected to the 
aforementioned amplifier circuit with a gain of 7.8. 

2.4. Real-time test and automated system in watering can 

The performance of the electrodes in real-time conditions was tested 
by carefully placing them in the soil of the potted plant in a vertical 
position. The plant was then watered to saturation, and the measure-
ments were taken with the help of the Arduino and the amplifier circuit. 
The pH of the soil was then measured again, after the plant was watered 
with an acidic solution containing phosphoric acid. The proposed 
automated watering can system consists of two parts – a sensor circuit 
attached to the plant to be monitored, and the automated water can, as 
shown in Fig. 1c and the schematic of system architecture given Fig. 2. 
The electrodes measure the pH of the soil using the method described in 
the real time experiment. The moisture of the soil is also measured. This 
information is then sent to the automated watering can, where a solution 
is prepared. Depending on the size of the pot, and the moisture level of 
the soil in it, the program calculates the appropriate amount of water the 
plant needs, and then, using a submerged water pump, transports it to a 

separate container with an opening to the outside environment. The pH 
of this solution is also regulated to an appropriate level depending on the 
plant type. The pH of the watering solution is adjusted using two peri-
staltic, or dripping, pumps. The system works such that once the water is 
transported into the separate container, its pH is measured using an 
electrode pair. Then, if the pH of the water is not in an optimal range, its 
pH is adjusted by transferring a small amount of acidic or basic solution 
into a separate container. The pH is then measured again, and the pro-
cess is repeated until the solution is in an appropriate range. To protect 
the submerged water pump, a moisture sensor is used as a water level 
sensor in the water tank. The program can, thus, ensure that the water 
pump will not be turned on unless there is enough water in the reserves. 

3. Results and discussion 

3.1. Sensor calibration and mechanism 

Fig. 3a shows the schematic of the potentiometric pH sensor used in 
this work, which was fabricated using screen-printing method [23,24]. 
The sensor was tested initially in water to achieve the calibration and 
then tested in soil as shown in Fig. 3b and c. Electrode sensitivity was 
determined by sweeping the electrode through different pH values and 
measuring the resulting emf. Prior to measuring in soil, the potentio-
metric performances of the pH sensors based on both Ag/AgCl and 
carbon REs with RuO2 SE were tested in distilled water. In this case, tap 
water was used as it is assumed that tap water is commonly used for 
watering plants, and therefore, determining the electrode’s performance 
in these conditions is of great importance. Initially, the emf between the 
SEs and the REs was measured using a multimeter and then with a 
designed circuit using Arduino Uno board. The potential difference was 
measured for pH values 3–8, as this is the pH range suitable for most 
plants (as shown in Fig. 1a). The performance of the electrodes in 
real-time conditions was tested by carefully placing them in the soil of 
the potted plant in a vertical position, image given in Fig. 3c. In addition 
to the pH sensor, to measure the moisture content of the soil, a capaci-
tive probe-based humidity sensor was used. The moisture sensor was 
directly connected to the Arduino Uno board and calibrated. The 
measured moisture variations are given in Fig. 4 and is represented in 
integer (manufacturer instructions to determine the sets of the value 
range in which the soil was deemed dry (570, 380), wet (380, 190), and 
very wet (190, 0)). 

The difference in emf for various pH values for the RuO2 SE and the 

Fig. 3. (a) Schematic of potentiometric pH sensor (b) image of pH sensor measured in soil and (c) image of the sensor with circuit in potted plant for data analysis.  
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Ag/AgCl RE, measured using a multimeter, are given in Fig. 5a. In the 
range of pH 3–8, the sensor shows near Nernstian response with a 
sensitivity or slope factor of 52.68 ± 2.16 mV/pH and standard potential 
(E0) of 477.76 ± 12.53 mV. On the other hand, the sensitivity of the 
sensors in the pH range 5–8 is 59.16 ± 1.65 mV/pH (R2 = 0.9969) with 
the E0 value equal to 522.50 ± 10.89 mV/pH. These sensitivity factors 
were very close to the theoretical Nernst equation (59.14 mV/pH) be-
tween pH and cell potential. We noted that by changing the pH range of 
the solution the sensitivity of the electrode varies due to different hy-
dration responses of the sensor in acidic and alkaline regions, as 
confirmed in previous works [25]. Even though we used a quasi RE 
(without KCl layer) the observed sensitivity 52.68 ± 2.16 mV/pH of the 

screen-printed sensor is similar to the reported screen printed based pH 
sensors with screen printed Ag/AgCl reference electrode with KCl layer 
[25] as well as commercial glass Ag/AgCl/KCl reference electrode [24]. 
This similarity may be because the role of KCl in a standard reference 
electrode is the provision of a small liquid junction potential which is 
probably provided by the Cl− ions dissociating slowly and stably from 
hand-printed AgCl layer. This may eliminate the requirement of a KCl 
layer under the circumstances described in this study. Low volume of 
testing sample, simplicity of fabrication, disposability and stability are 
the common reasons for using quasi-RE. However, if required, there are 
many recommended methods to effectively introduce KCl into the 
fabrication procedure of planar electrochemical sensors [26]. The 
experiment was then repeated using an amplifier circuit with a gain of 
7.8 and measured using an Arduino Uno board. The sensitivity of the 
sensor after adding a gain circuit was observed to be 0.4179 V/pH or 
417.9 mV/pH. This is comparable to the previously obtained sensitivity 
when dividing by 7.8, being 53.577 mV/pH. The newly obtained result 
shows a 1.7% increase compared the value obtained from the mea-
surement with a multimeter. 

A similar potentiometric experiment was carried out using a carbon 
based RE. The sensor shows a sensitivity of 42.33 ± 1.26 mV/pH and a 
standard potential (E0) of 547.44 ± 7.62 mV. A similar characterization 
was also carried out by using the Arduino Uno board and the sensitivity 
was 328.4 mV/pH. This is equal to 42.103 mV/pH after considering the 
gain value. Hence, we noticed that when compared to the Ag/AgCl 
based RE, the SE electrode with carbon printed RE shows a lower 
sensitivity. This could be due to surface reactions of the conductive RE 
compared to the Ag/AgCl RE. It was observed that due to its high 
electrical double layer capacitance and inertness in different solutions, 
carbon materials have been successfully employed as quasi-REs in ap-
plications such as concrete, electrochemical scanning tunnelling mi-
croscopy and supercapacitors [27–29]. However, at pH lower than 5 or 6 
the measured emf decreases, indicating that surface reactions might 

Fig. 4. Long-term moisture monitoring of potted plant.  

Fig. 5. Potentiometric sensing performances of the thick film pH sensor in the range of pH 3 to 8 (a) emf value of the sensor measured using a multimeter (inset pH 
sensing performances in pH 5 to 8) for RuO2 with printed Ag/AgCl RE (b) experimentally measured and simulated surface potential (c) sensitivity parameter and 
intrinsic buffer capacity [same color notations] for oxide and different reference electrodes (d) Interference of SE in different salt solutions. 
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disturb the carbon ability to produce stable results in highly acidic 
conditions, decreasing the pH sensor sensitivity in the pH range 3–9. 

Further studies on modelling and simulations based on obtained 
above results were carried out to understand the difference in sensing 
mechanism. Fig. 5b presents the comparison of potentiometric perfor-
mances of RuO2 vs glass based commercial Ag/AgCl RE, RuO2 vs printed 
Ag/AgCl RE and RuO2 vs printed carbon RE. For proper simulation and 
proof-of-concept, it is necessary to work with the dissociation constants 
and surface states for the oxide-electrolyte interactions. The experi-
mental data is used to extract the RuO2 affinities (pK1 and pK2) for 
protonation and deprotonation for a specific value of surface states (NS) 
[30,31]. The obtained surface potential is used to calculate the zeta 
potential with a stern capacitance of 0.8.m− 2 [32] which is then con-
verted to the charge density from the Gouy-Chapman-Stern equation. 
The charge affinities and surface states are calculated from the surface 
charge density using the Site-Binding method [33]. The extracted ma-
terial properties are utilized to calculate the surface potential with 
self-consistency for minimal error. The extracted values of pK1, pK2 and 
NS are 7.8241, 9.87 and 1019 cm− 2 for RuO2 Vs Ag–AgCl as RE. The 
isoelectric point for RuO2/Ag–AgCl system is found to be a little bit 
higher than the bare RuO2 due to the higher protonation of 
screen-printed electrode. With the consideration of carbon and glass/-
Ag–AgCl as a RE, the measured surface potential is higher than the 
Ag–AgCl electrode due to the extra surface states from the electrode with 
a higher affinity of deprotonation leading to a negative bias at the RE 
[34]. The calculated values of pK1, pK2, NS are 9.7445, 14, 1.5 × 1019 

cm− 2 and 12.0494, 12.81, 1.5 × 1019 cm− 2 for RuO2/Carbon and 
RuO2/Glass-Ag-AgCl as a system respectively. Other than surface po-
tential, sensitivity factor (α) and intrinsic buffer capacity (β) are the two 
parameters that define the effectiveness of the oxide-electrolyte in-
teractions. α and β can be calculated as [35]; 

α=
1

2.303kBTCdiff
q2β + 1

(2)  

β=
dσo

dpHs
(3)  

where, σo = − Q0 sinh
(

qΨo

2kBT

)

(4)  

Q0 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8kBTεwI0Navo

√
(5)  

σo = qNs
(

H2
S − K1∗K2

H2
S + HS∗K1 + K1∗K2

)

[from Site − Binding Method] (6)  

where, kB, T, Cdiff, q, σo, Ψo, Io, Navo, εw, Hs and pHS are Boltzmann 
constant, temperature, differential capacitance, electronic charge, sur-
face potential, electrolyte concentration, Avogadro number, electrolyte 
permittivity, surface hydrogen ion concentration and surface pH. The 
sensitivity factor (α) and intrinsic buffer capacity (β) are highest for the 
RuO2/Glass-Ag-AgCl (as shown in Fig. 5c) due to the increased slope and 
reactivity of silanol sites with the change in bulk pH. The decrement of 
the surface charge density with the surface pH is the reason behind the 
lowest value of α and β for RuO2/Carbon. Thus, the calculated material 
properties of the system pave the way for designing new architectures 
for ISFETs using RuO2 as the molecule interacting site. 

Further, the influence of SE interferences to other ions was also 
tested by using pH RuO2 SE with standard glass-based Ag/AgCl RE in a 
solution of Ca3(NO3)2, KCl, MgCl2, NaCl, and NH4NO3. These salts were 
particularly chosen for this study because sodium (Na+), potassium 
(K+), magnesium (Mg+), ammonium (NH4

+) and calcium (Ca+) are 
macronutrients and essential soil base cations which play a critical role 
in the soil-nutrient relationship [36]. Sodium (Na+) is a non-essential 
base cation which participates in exchange reactions along with the 
other base cations and acts as a buffer against acidity fluctuations in the 

soil [36]. It is therefore vital that a sensor that was fabricated for 
application in soil pH monitoring is not significantly affected by the 
interference effect produced by any of these ions. The potentiometric 
performances of the sensor in various salt solutions are given in Fig. 5d 
and performances deviation in slope factor is given in Table 1. It was 
noted that the sensor shows ±1 mV/pH sensitivity variations which is 
comparatively negligible. RuO2 shows an almost instantaneous response 
time within the pH range applied in this study (pH 3–8, Fig. 1a) with a 
little higher response time expected at pH 8 because of the slightly 
higher concentration of OH− ions that are bigger in size than H+ ions 
and therefore diffuse more slowly into the sensing layer [37]. Addi-
tionally, RuO2 electrodes are stable over a long period of time without 
any significant change in sensitivity and exhibit excellent adhesion of 
the glass containing RuO2 layer to the substrate [24]. This implies that 
when applied in soil for pH monitoring, fabricated sensors can last up to 
weeks without replacement and do not risk leaching of the sensing layer 
into the soil if it were to come in direct contact with it. 

The EIS analysis of the RuO2 electrode with glass and printed Ag/ 
AgCl and carbon-based REs were carried out in pH 7 solution. The 
Nyquist and Bode phase angle plots are shown in Fig. 6a and b respec-
tively. It can be observed that even though the REs showed different 
sensitivities and emf results against the RuO2 SE, the electrochemical 
reaction taking place on the electrodes is very similar behaviour. The 
Nyquist plot presents a slightly curved line in the low-frequency range 
suggesting an ionic adsorption/desorption at the metal oxide/solution 
interface and an incomplete semi-circle in the high-frequency range due 
to the charge transfer process. The bulk resistance of the material causes 
the charge transfer resistance in high frequency range while the ionic 
diffusion causes the straight line in the low frequency range. However, 
when comparing the measurement with previous studies on 2 electrodes 
system using the interdigitated electrode, it was noticed a large semi- 
circle arc in the low frequency range [38]. This reveals that the mea-
surement system and the electrode configuration influence the 
measured impedance. The EIS confirms that both ionic exchange and 
charge transfer processes are involved in the sensing mechanism [38]. 
However, it was observed that by changing the REs the impedance value 
of the sensor varied. The Bode phase angle and impedance plot 
confirmed the capacitive nature of the electrode due to ionic diffusion. 
The mixed ionic and electronic conductivity of the RuO2 electrode is 
responsible for its pH sensing performances [38]. 

This behaviour is confirmed in the CV at pH 7 (Fig. 6c). RuO2 is a 
reactive material both in its amorphous and crystalline phases. The 
several faradaic peaks observed in the CV are due to the electron 
transfers processes from proton (H+) coupling [39]. These peaks also 
demonstrate some of the different oxidation states of Ru, which can 
range from Ru(II) to Ru(VI) [40]. RuO2 also presents pseudo-capacitive 
properties, and even in the presence of a counter electrode a large 
non-faradaic current is observed. Interestingly, all REs showed a similar 
performance, with the carbon based RE being more similar to the 
commercial glass Ag/AgCl electrode than the printed Ag/AgCl, which 
had the peaks shifted to the left. This could indicate that the carbon RE is 
potentially more stable for certain electrochemical techniques than for 
others. The large double-layer capacitance and low reactivity carbon 
materials (as shown in Fig. 5c) could be positive parameters to consider 
in certain situations against printed Ag/AgCl REs. However, it presented 

Table 1 
Comparison of performances of SE with interference to different salts.  

Salts Sensitivity (mV/pH) R2 value Deviation (%) 

Without 58.29 0.9997 0 
Ca3(NO3)2 57.92 0.0992 − 0.63 
KCl 58.61 0.9995 0.55 
MgCl2 58.72 0.992 0.74 
NaCl 58.22 0.993 − 0.12 
NH4NO3 57.54 0.995 − 1.29  
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a lower sensitivity when it came to the potentiometric sensor, indicating 
that the large double-layer formation might hinder the potential dif-
ference between the SE and the carbon-based RE. 

3.2. Soil testing 

The performance of the electrodes was measured at three pH levels, 
by saturating the water with three different solutions. Initially, the soil 
was saturated with a solution with a pH value of 8.5. In this case, this 
was clean tap water. Then, the solution was adjusted to measure 6.5 on 
the pH scale, and the soil was saturated again. Finally, the same pro-
cedure was repeated for a solution of 4.0 on the pH scale. These three 
values were specifically chosen as, commonly, plants cannot thrive in 
soils of pH lower than 4.0 or higher than 8.5. It must be noted that 
different plant species thrive in different pH levels as given in Fig. 1a. 
Therefore, it was deemed important to determine the electrodes’ per-
formance in both acidic and basic pH range. The potentiometric per-
formances of RuO2 with Ag/AgCl were shown in Fig. 7a. For water with 
a pH value of 8.5 the sensor showed emf of 389.5 mV and when we 
consider this value, the saturated pH value of soil is 7.64. Similarly for 
pH 6.5 and pH 4 of watering solution after considering the measured 
voltage from Fig. 7a, the saturated pH value of soil is 7.17 and 7.01. It is 
important to note, however, that when saturated with a constant pH 
solution, the pH of the soil is not expected to change to the same pH of 
the solution as there are many factors and chemical reactions within the 
soil that affect its pH. In our measurement we started with basic solution 
saturation and gradually added the acidic solution. So already existing 
basic solutions dilute the acidity of solution and finally affect the pH 
value of soil. In addition to this, another one of the factors is the buff-
ering capacity of soil which explains soil’s ability to resist changes in pH. 
Different types of soils have different buffering capacities. Clay soil is the 

most resistant to changes in pH, loam soil less so, while sandy soils are 
least resistant. In turn, the buffering capacity of a soil depends on several 
factors. A soil’s buffering capacity is affected by the carbonate content in 
the soil. For non-carbonate containing soils, the buffering capacity is 
directly proportional to initial pH, clay content, cation exchange ca-
pacity, and exchangeable sodium concentration. Whereas, in carbonate 
containing soils, the buffering capacity is directly proportional to the 
cation exchange capacity, carbonate content and exchangeable sodium 
concentration; and inversely proportional to initial pH and clay content 
[41]. Therefore, it is important to know, that these experiments do not 
take into account the chemical contents of the soil, and thus do not seek 
to determine how much acidic or basic solution is required to achieve a 
predetermined pH value for the soil of the plant. 

The results of the real-time tests can be seen in the videos provided 
(SV1 and SV2). When watered with tap water, the pair of the sensitive 
electrode and the first silver chloride reference electrode returned an 
average value of 5.75. Similarly, the carbon-based electrode also showed 
an average of 5.75. The plant used in this experiment is a Philodendron 
Birkin, otherwise known as a Philodendron White Wave plant. Philo-
dendrons prefer a slightly acidic, in the range of 5–6 on the pH scale, 
loamy soil. Because of this, it can be noted that the pH of the potted plant 
is well within its optimal range. In the second part of the experiment, the 
plant was watered with a solution at a pH level of 4.84. It can be seen in 
the videos, however, that this did not result in an overall change in the 
pH of the soil. This result is expected, as it was explained previously, that 
loamy soils have a moderate buffering capacity, and thus can resist 
smaller changes in pH. Thus, it can be concluded that the pH of potted 
plants cannot safely be changed instantaneously and is a long process. 
The difference between this experiment, and the soil tests, is that the pot 
soil cannot be saturated with a highly acidic solution, as was the case in 
the soil tests, for risk of damaging the plant. Because of this, the 

Fig. 6. Comparison of RuO2 SE with different RE in pH 7 solution (a) Nyquist Plot (b) Bode phase angle plot and (c) CV curve.  

Fig. 7. (a) Performances of sensor in soil with watering solution of different pH value (b) image of pH sensor implemented for hydroponics application.  
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proposed system continuously monitors the soil pH of the potted plant 
and adjusts the solution as needed. Finally, this work carried out 
changing the pH value of solution of water in hydroponics, image shown 
in Fig. 7b and video in supporting SV3. 

4. Conclusion 

In summary, this work developed soil monitoring pH sensors using 
RuO2 as SE and two different types of REs based on Ag/AgCl and carbon. 
The major advantage of carbon-based RE is less toxicity and low cost 
along with excellent sensing performances. When the RuO2 is exposed to 
the solution, negative, neutral, or positive surface charged groups are 
formed on the surface of the SE depending on the pH of the solution. We 
carried out a detailed theoretical and experimental analysis to under-
stand the sensing mechanism between RuO2 vs Ag/AgCl RE and RuO2 vs 
carbon RE. The experiments undertaken during this project found that 
when used with Ag/AgCl reference electrodes, the RuO2 has a sensitivity 
of 52 mV/pH, which is an almost Nernstian response. On the other hand, 
when used with a carbon-based reference electrode, the sensitivity was 
slightly lower at 42 mV/pH. However, despite their sub-Nernstian 
sensitivity, carbon-based reference electrodes are important, and 
might be preferred due to their sustainability. By monitoring the soil 
moisture and pH of potted plants, it ensures that they are not under- or 
overwatered, and that the soil is in an optimal pH for the selected plant - 
and, thus, ensuring that the plant can absorb a maximum amount of 
necessary nutrients from the soil. The information collected from the 
plant soil is then used to prepare a watering solution. The amount of 
water the plant needs is calculated. If the plant is not in the correct pH 
range for its species, the pH of the water is adjusted to be within this 
range using phosphoric acid and potassium hydroxide solutions inten-
ded for use in hydroponic system. The result is an optimal watering 
solution for the plant type and soil conditions. These findings are of 
considerable importance as such miniature sensors could be a cost- 
effective, flexible and portable alternative to traditional pH measuring 
methods, and, as such, could be used in many applications from hy-
droponics to environmental monitoring. To implement this in a large 
area, multiple sensors are required for deployment in various locations 
of the soil to monitor pH values. Additionally, an online pH monitoring 
system is required for the water tank or reservoir. A connected sensing 
networking system with data gathering and analysis methods will be 
highly necessary and will be carried out in future work. 
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[29] M. Widmaier, B. Krüner, N. Jäckel, M. Aslan, S. Fleischmann, C. Engel, V. Presser, 
Carbon as quasi-reference electrode in unconventional lithium-salt containing 
electrolytes for hybrid battery/supercapacitor devices, J. Electrochem. Soc. 163 
(14) (2016) A2956–A2964. 

[30] M. Kosmulski, Isoelectric points and points of zero charge of metal (hydr) oxides: 
50 years after Parks’ review, Adv. coll. interf. sci. 238 (2016) 1–61. 

[31] Y. Lee, J. Suntivich, K.J. May, E.E. Perry, Y. Shao-Horn, Synthesis and activities of 
rutile IrO2 and RuO2 nanoparticles for oxygen evolution in acid and alkaline 
solutions, J. Phys. Chem. Lett. 3 (3) (2012) 399–404. 

[32] R. Van Hal, J. Eijkel, P. Bergveld, A general model to describe the electrostatic 
potential at electrolyte oxide interfaces, Adv. coll. interf. sci. 69 (1–3) (1996) 
31–62. 

[33] A. Bandiziol, P. Palestri, F. Pittino, D. Esseni, L. Selmi, A TCAD-based methodology 
to model the site-binding charge at ISFET/electrolyte interfaces, IEEE Trans. 
Electron. Dev. 62 (10) (2015) 3379–3386. 

[34] Y. Gu, D. Li, The ζ-potential of glass surface in contact with aqueous solutions, 
J. coll. interf. sci. 226 (2) (2000) 328–339. 

[35] C. Medina-Bailon, N. Kumar, R.P.S. Dhar, I. Todorova, D. Lenoble, V.P. Georgiev, 
C. Pascual García, Comprehensive analytical modelling of an absolute pH sensor, 
Sensors 21 (15) (2021) 5190. 

[36] R.W. Lucas, J. Klaminder, M.N. Futter, K.H. Bishop, G. Egnell, H. Laudon, 
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