
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



RSC Advances  

REVIEW 

This journal is © The Royal Society of Chemistry 20xx RSC Adv., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/advances 

Microfabricated electrochemical pH and free chlorine sensors for 

water quality monitoring: Recent advances and research 

challenges 

Yiheng Qin,a Hyuck-Jin Kwon,a Matiar M. R. Howladera* and M. Jamal Deena* 

Continuous, real-time monitoring of the level of pH and free chlorine in drinking water is of great importance to public 

health. However, it is challenging when conventional analytical instruments, such as bulky pH electrodes and expensive 

free chlorine meters, are used. These instruments have slow response, are difficult to use, prone to interference from 

operators, and require frequent maintenance. In contrast, microfabricated electrochemical sensors are cheaper, smaller in 

size, and highly sensitive. Therefore, these sensors are desirable for online monitoring of pH and free chlorine in water. In 

this review, we discuss different physical configurations of microfabricated sensors. These configurations include 

potentiometric electrodes, ion-sensitive field-effect transistors, and chemo-resistors/transistors for electrochemical pH 

sensing. Also, we identified that micro-amperometric sensors are the dominant ones used for free chlorine sensing. We 

summarized and compared the structure, operation/sensing mechanism, applicable materials, and performance 

parameters in terms of sensitivity, sensing range, response time and stability of each type of sensor. We observed that 

novel sensor structures fabricated by solution processing and operated by smart sensing methodologies may be used for 

developing pH and free chlorine sensors with high performance and low cost. Finally, we highlighted the importance of the 

concurrent design of materials, fabrication processes, and electronics for future sensors. 

1 Introduction 

The quality of water is determined by bio-physico-chemical 

parameters including, but are not limited to pH, free chlorine 

concentration, turbidity, dissolved oxygen, conductivity, organic 

carbon, and some types of microorganisms.1 Among them, the pH 

value and free chlorine concentration is critical to the natural 

environment and our health. The pH of an aqueous solution is 

defined as the negative common logarithm of the molar 

concentration of hydronium ions (H3O+), given by pH=-log[H3O+]. 

The usual range of pH is 0 to 14, where pH=7 is the neutral value, 

pH<7 indicates an acidic solution, and pH>7 denotes a basic 

solution.2 

 

According to the World Health Organization (WHO), the 

recommended optimum level of pH for drinking water is in the 

range of 6.5 to 9.5.3 The Canadian government has a narrower 

range of 6.5 to 8.5.4 If the pH of water in the distribution system is 

outside the recommended range, it may indicate some problems in 

water treatment and could eventually affect our health. For 

example, the leaching and nitrification of water is indicated by 

lower pH values;5 the presence of microorganisms in water changes 

the pH by producing acidic or basic metabolic species;6 accidental 

spills of disinfecting chemicals and breakdown of treatment system 

can even result in extreme pH values (pH outside the range of 4 to 

10).7 Water with unusual pH values may have abnormal odor and 

taste. It may cause gastrointestinal irritation,8 corrosion of metal 

pipes,9 and indicate inefficient disinfection.10 Therefore, pH has to 

be continuously monitored at all stages of water treatment.11 

 

On the other hand, chlorine is introduced into the water treatment 

system for disinfection due to its capability to bond with and 

destroy the outer surfaces of bacteria and viruses.12 However, 

chlorine should be used in a controlled manner to safely and 

effectively disinfect water. The WHO states that 2 to 3 ppm chlorine 

should be added into water to get an effective disinfection and 

acceptable residual concentration.13 In US standards, the maximum 

concentration of residual chlorine in drinking water is 4 ppm.14 Also, 

the suggested concentration for free chlorine in a well-maintained 

swimming pool is 1.5 to 2 ppm.15 

 

Underfeeding of chlorine may result in incomplete disinfection that 

threatens public health. Overfeeding may generate objectionable 

order and increase the level of trihalomethanes (suspected 

carcinogens) in the treated water.16 Moreover, chlorine is a costly 

chemical whose production requires a large amount of energy 

(around 3,000 kWh electricity is needed for producing 1 ton 

chlorine from brine).17 As a result, the free chlorine level in water is 

a critical parameter that should be monitored routinely and 

frequently. 
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Traditional analytical approach for water quality monitoring 

consists of multiple steps: water sampling, sample transportation to 

laboratories, and laboratory analysis.18 This approach is time-

consuming, expensive and laboratory-dependent. Also, the results 

are easily affected by anthropogenic interference as well as long-

term storage of the water samples.19,20 For example, conventional 

glass pH electrodes are brittle, large in dimensions, slow in 

response, costly, and they need regular maintenance such as 

calibration and refilling of the reference buffer solution.21 For free 

chlorine monitoring, the commonly used N,N-diethyl-p-

phenylenediamine (DPD) analyzers have high sensitivity and can 

provide accurate results in a limited detection range if they are 

calibrated frequently. However, such analyzers rely on expensive 

optical instruments, generate environmentally harmful chemicals, 

are prone to the interference of certain iron and manganese 

species, and are difficult to miniaturize.22 Therefore, alternative 

sensing technologies need to be developed to address these 

challenges. 

 

The utilization of accurate, easy-to-use, small-footprint and 

inexpensive sensors is an attractive alternative approach. Recent 

developments in microfabrication technologies enable the 

realization of such sensors. The advantages of the microfabrication 

technologies include the precise control of material surface 

morphologies (such as roughness), the ability to tailor material 

properties (such as conductivity), and the reduction of materials 

used. Also, micro-scale sensors can be integrated with other 

components to create high-functionality integrated systems for 

automatic operation.23,24 

 

There are reports of several hydrogel-based sensors using micro 

chemical-mechanical transducers for the measurement of pH.25-28 

However, these sensors are not widely studied and are more 

difficult to implement due to their brittle structures and long 

response time (hundreds of minutes). On the other hand, micro-

optical sensors are highly accurate and sensitive, but their sensing 

range is limited and linearity is poor. Also, the components for 

optical sensors such as lasers and detectors are expensive,29-32 and 

usually, the sensors require chemical reagents for the 

measurement.33 Therefore, chemo-mechanical and optical sensors 

are challenging to implement for continuous, low-cost and easy-to-

use water quality monitoring. The advantages of the 

microfabricated electrochemical sensors over other types of 

sensors and analytical methods include the following. 

� Wider sensing range and faster response with comparable 

sensitivity. 

� Easier integration with microelectronic components for 

automatic operation. 

� Smaller dimensions and higher structural compatibility with 

existing water distribution systems. 

� Better compatibility with additive fabrication technologies. 

� Lower cost so that they can be deployed more widely. 

 

Because of these advantages, many researchers are investigating 

microfabricated electrochemical pH sensors. Banna et al. provided a 

general review on sensing technologies for measurement of various 

water quality parameters.11 Miao et al. briefly listed the 

applications of new materials and techniques for different types of 

pH sensors.21 Vonau and Guth compared miniaturized solid-state 

pH electrodes made from metal oxides.34 Kurzweil summarized 

metal oxides as pH sensors based on ion-exchange mechanisms.35 

Korostynska et al. reviewed the development of polymer-based pH 

sensors, including those for in vivo applications.8,36 Shinwari et al. 

reviewed microfabricated reference electrodes for sensing 

applications.37 In addition, there are several review papers in which 

micro-scale chemical and biological sensors fabricated using organic 

materials are described.38-44 However, to the best of our 

knowledge, the recent development in microfabricated 

electrochemical pH sensors has not yet been comprehensively 

reviewed, and a review of electrochemical-based microfabricated 

free chlorine sensors was not found. 

 

This review provides an up-to-date discussion of microfabricated 

electrochemical pH and free chlorine sensors with different sensing 

configurations and with a focus on water quality monitoring. A brief 

introduction on conventional pH and free chlorine monitoring 

techniques is presented in section 2. In section 3, we discuss the 

sensing mechanisms along with the structures, materials and 

performance parameters of the microfabricated electrochemical pH 

sensors. They are categorized into potentiometric electrodes, ion-

sensitive field-effect transistors (ISFETs), and chemo-

resistor/transistors. In section 4, we consider amperometric sensor 

as the major type of small-size, free chlorine sensors. The recently 

developed free chlorine sensors are reviewed in terms of their 

configurations, sensing mechanisms, materials, and performance. 

At the end of sections 3 and 4, we state the challenges in 

developing future pH and free chlorine sensors. We also compare 

the advantages and disadvantages of each type of sensors, along 

with two comprehensive lists of recently reported micro-

electrochemical pH and free chlorine sensors. In section 5, 

conclusions and future perspectives are provided. 

2 Conventional monitoring techniques for pH and 

free chlorine 

2.1 pH monitoring 

Conventional technologies for pH measurement for water quality 

monitoring are mainly depending on glass electrode-based pH 

meters, which were invented by Arnold Beckman in 1934 and 

commercialized in 1936.45 The first pH meter included a glass-

indicating electrode that was developed by F. Haber and Z. 

Klemensiewicz in 1909 and integrated with a vacuum tube 

amplifier.46 In the next several decades, different types of pH 

sensors emerged, and they could be mainly categorized into 

chemo-mechanical sensors, electrochemical sensors, and optical 

sensors.11 Even today, the most commonly used pH sensors are still 

the glass-membrane-based electrochemical electrodes.  

 

A typical glass electrode consists of a bulb made from a specific 

glass (for example, a glass containing lithium or sodium ions), 

internal solution (usually 0.1 M hydrochloride acid or buffered 

chloride solution), internal electrode (usually silver/silver chloride, 

Ag/AgCl, or calomel electrode), and glass or plastic electrode 
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body.35 During pH measurement, the outer surface of the bulb is 

hydrated by forming a silicate skeleton layer, which is designed to 

be selectively permeable to H3O+. Similarly, a hydrated layer is 

created on the inner side of the bulb. The amount of charges at the 

inner side is proportional to the amount of permeated H3O+ at the 

outer side (relating to the concentration of H3O+ in the external 

solution). The potential difference across the glass bulb membrane 

(E) is given by Nernst equation:47 

                         0

3

2.303
log[H O ]

RT
E E

nF

+= +                             (1) 

where E
0 is the standard cell potential, which is a function of the 

standard potential of the internal reference electrode (relative to 

standard hydrogen electrode) and the resistivity of the internal 

solution. R is the gas constant (8.314 J/K·mol), T is the absolute 

temperature, n is the valence of the ion (1 for H3O+), F is Faraday’s 

constant (9.649 × 104 C/mol), and [H3O+] is the ion activity (relating 

to the molar concentration of H3O+). At 25 ˚C, the electrode 

potential as a function of solution pH is: 

                                   
0 0.05916pHE E= −

 
                               (2) 

which shows the ideal pH sensitivity of the glass electrode is 59.16 

mV/pH. This value is known as the Nernst slope in the pH-voltage 

plot and has been treated as the reference value in the 

development of novel pH sensors. 

 

2.2 Free chlorine monitoring 

Free chlorine in water consists of two chemicals: hypochlorous acid 

(HOCl) and hypochlorite ion (OCl-). When chlorine gas is introduced 

into water for disinfection, HOCl is produced:48 

                            2 2Cl +H O HOCl+HCl→
 
                            (3) 

where HOCl is a weak acid and can be partially dissociated into H+ 

and OCl- in water: 

                                     
+ -HOCl H +OCl↔                                   (4) 

Thus, at a certain temperature, the percentage distribution of HOCl 

and OCl- is a function of the concentration of H+ (H3O+), which is the 

pH of the solution (Fig. 1). This relation can be generally expressed 

by: 

                          

-[OCl ]
log log pH

[HOCl]
aK= +

 

                            (5) 

where [OCl-] and [HOCl] are the equilibrium concentrations of OCl- 

and HOCl, respectively, and Ka is the dissociation constant of HOCl 

(around 10-7.53 at 25 ˚C).49 One can measure the solution pH 

together with the concentration of either HOCl or OCl- to obtain the 

level of free chlorine. Two commonly used analytical methods for 

free chlorine monitoring are colorimetric and electrochemical 

analysis, including: absorptiometry methods using DPD,50 o-

tolidine51 or other chemicals;52-54 iodometric titration;55 

chromatography;56 chemiluminescence;57 and amperometric 

methods.58,59 

 

The DPD-based absorptiometry method has been extensively used 

owing to its high sensitivity. When the solution pH is around 7, free 

chlorine oxidizes DPD to form a colored magenta compound.50 The 

color can be photometrically read out to determine the 

amount/concentration of chlorine. This method usually can detect 

free chlorine in the concentration range of 0 to 5 ppm with an 

accuracy of 0.04 ppm. It has been considered as a standard 

analytical approach and approved by the United States 

Environmental Protection Agency for online monitoring of free 

chlorine.22 

 
Fig. 1 Distribution of hypochlorous acid and hypochlorite ion in 

water at different pH values. 

3 Microfabricated electrochemical pH sensors 

In the literature, more than seven mechanisms were described to 

explain the working principles of solid-state electrochemical pH 

sensors.60-62 These mechanisms include: 

1) H3O+ ion exchange in a membrane rich in hydroxyl groups (-OH). 

It is the mechanism for conventional glass electrodes. 

2) Redox equilibrium involving H3O+ ions between a metal and its 

oxides, such as an antimony electrode. 

3) Redox equilibrium involving H3O+ ions between metal oxides with 

different metal valences, such as iridium oxide (IrOx) electrodes. 

4) Redox equilibrium involving a solid-phase material and H3O+ ions, 

whose hydrogen content can be changed by applying an electrical 

current, such as conductive polymer-based electrodes. 

5) Steady-state corrosion of the electrode material by H3O+ ions, 

but this is not suitable for practical uses. 

6) Change of surface potential of a solid-state material due to the 

pH change of the contacting solution, based on the site-dissociation 

and double-layer models at the solid-liquid interface. Such theory 

was applied in transistor-based pH sensors. 

7) Variation of electrical properties (such as resistivity) of a material 

with changes in the pH of the solution. 

 

Based on these transduction mechanisms, different configurations 

of pH sensors were developed. In addition to these methods, other 

mechanisms and sensor structures, such as voltammetric,63,64 

impedimetric,65 and diode-based sensors,66  were reported. In 

subsection 3.1 to 3.3, we focus on the more widely reported pH 

sensors structured as potentiometric electrodes, ISFETs, and 

chemo-resistor/transistors. 

 

3.1 Potentiometric sensor 

    3.1.1 Sensor configuration and sensing mechanism. A typical 

potentiometric sensor has a two-electrode structure, one electrode 

being the sensing electrode and the other, the reference electrode 

with Ag/AgCl is the most commonly used reference electrode in 
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micro-scale pH sensors.67-69 When both electrodes contact the 

solution, the electrical potential difference between them is 

measured to determine the H3O+ concentration in the solution. Fig. 

2 shows a schematic of a potentiometric pH sensor and its possible 

sensing mechanisms. 

 
Fig. 2 Schematic of a potentiometric pH sensor and its possible 

sensing mechanisms. 

 

For potentiometric sensors, two possible mechanisms for pH 

sensing were observed: redox reactions and ion-selective 

permeation. First, if the material on the sensing electrode has redox 

reactions with H3O+, then a potential difference is generated by the 

free energy change as reversible chemical reactions approaching 

their equilibrium conditions.67 Second, if the sensing material acts 

as an ion-selective membrane, the concentration gradient of ions 

across the membrane also generates a potential difference. For 

both cases, the potential can be quantitatively determined by the 

Nernst equation, as discussed previously in section 2. Ideally from 

equation (2), the change of 1 pH unit at 25 ˚C will result in a 59.16 

mV change in the potential difference between the sensing and 

reference electrodes. 

 

The potentiometric configuration is simple when compared to other 

sensor structures. It only requires two electrodes and no power 

supply is needed for its operation. Thus, the dimensions of 

potentiometric sensors can be reduced. The potential difference 

between the sensing and reference electrodes is normally hundreds 

of millivolts, which can be easily read out by inexpensive, 

commercial voltmeters. Therefore, potentiometric sensors are 

widely used in laboratories for the characterization of newly 

developed pH sensitive materials. 

 

    3.1.2 Applicable materials and sensor performance. The 

electrical conductivity of pH sensitive material being used at the 

potentiometric sensing electrode should not be low for the transfer 

of electrons generated by the redox reactions. Thus, conductive and 

semiconductive metal oxides and organic materials are used. 

Several of these are now described.  

 

IrOx was reported as an outstanding material for pH measurement 

over wide ranges, with fast responses, and high durability and 

stability.70 Several approaches for the preparation of 

microfabricated IrOx electrodes were used. They include: thermal 

oxidation of iridium (Ir),71 electroplating,72,73 anodization,74 

sputtering,66,75 and sol-gel processing.76 Generally, the IrOx 

electrodes have near-Nernstian response (59.16 mV/pH), because 

the amount of transferred electrons equals to the amount of 

reacted H3O+. However, IrOx prepared by electrochemical 

deposition showed super-Nernst response (pH sensitivity greater 

than 59.16 mV/pH), with a sensitivity of around 70 mV/pH. 

 

To explain the super-Nernstian response, it is proposed that the 

electrochemically deposited IrOx can become hydrated in an 

aqueous environment and contains Ir ions with different valences 

(+3 and +4).72,73 If IrOx is fully hydrated, the redox reaction is 

                          

( )
( )

22

3 +

2 33

2Ir OH O + H O 

 Ir O OH O + 3H + 2e−

−

−↔
                        (6) 

This reaction shows that every 3 hydrogen ions will lead to the 

transfer of 2 electrons. As a result, the pH response for this reaction 

is (3/2)(RT/F)=88.74 mV/pH at 25 ˚C. If IrOx is partially hydrated, 

thus a Nernst slope between 59.16 and 88.5 mV/pH should be 

obtained. The IrOx electrodes can cover a pH sensing range 

between 1 and 13 with short response times. It is worth noting that 

a less porous sensing surface gives faster response.76 For example, 

nano-porous IrOx exhibited a response time of 100 s while that of a 

dense film is less than 2 s.  

 

Other metal oxides have also been studied, but their pH sensitivities 

were not as high as IrOx. Nano-copper oxide,77 cobalt oxide,78 

tungsten oxide79 were synthesized by hydro-thermal growth and 

their pH sensitivities were 28, 58.5, and 56.7 mV/pH, respectively. 

Sputtered ruthenium oxide sensors were reported with a super-

Nernst response of about 69 mV/pH.80 However, the explanation 

for this phenomenon of was not given.  

 

A super-Nernst response of 84 mV/pH was achieved with β-phase 

lead dioxide nanoparticles deposited electrochemically.81 The pH 

sensing range of this sensor was from 0.12 to 13, which is the 

widest in recent publications. The superior response was attributed 

to the multiple oxidation states of lead oxide, which was similar to 

the electrochemically deposited IrOx. In addition, palladium oxide 

(PdO) generated from solution-processed palladium (Pd) precursor 

was tested and a pH sensitivity around 65 mV/pH was obtained. 

Also, because this sensor was prepared at a low temperature (200 

˚C), it could potentially be integrated with polymeric substrates to 

reduce the cost of the pH sensors.82 

 

In addition to metal oxides, many conductive polymers (CPs) were 

also fabricated as potentiometric electrodes. Their pH sensitivity is 

attributed to their acidic and/or basic functional groups, which can 

be protonated or deprotonated at different pH levels.42 

Deprotonation of CPs results in a decrease of charge carrier density 

along the polymer chains, which alters the materials’ redox, 

electrical and optical properties. Two widely studied CPs are 

polyaniline (PANI) and polypyrrole (PPY). The amino groups in their 

polymer chains have affinity towards H3O+. Hence, PANI and PPY 

thin films can be considered as H3O+ permeable membrane and a 

Nernst response was observed in pH buffers.83-85 Another 
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contributor to the Nernst response of CP-based pH sensors is the 

redox equilibrium, similar to metal oxide-based sensors.  

 

PANI electrodes prepared by electropolymerization showed a slight 

super-Nernst response (62.4 mV/pH) in the pH range of 2 to 9.83 

Due to the reliable near-Nernst performance and fast response time 

< 25 s in the physiological pH range (3 to 8), PANI-based wearable 

sensors were used to measure the pH values of bio-fluids.86,87 

Compared to PANI-based sensors, PPY was tested in a wider pH 

range of 2 to 12, but a lower sensitivity (~50 mV/pH) was 

measured.84,85,88 Such sensors were shown to be stable over 30 

days.  

 

Considering other organic materials, parylene-C normally used as an 

insulating material, also displayed a pH sensitivity of 16.3 mV/pH 

between pH of 4 and 10.89 Although the sensitivity of parylene-C 

was low, its process compatibility with existing microelectronics 

fabrication technologies makes it suitable for low-cost 

applications.90-93 Carbon nanotubes (CNTs) were also evaluated as a 

pH sensitive material with a Nernst response.94 H3O+ and OH- can 

dope CNT walls by behaving as electron acceptors and donors. 

Thus, the Fermi level of CNTs changes with the pH value, leading to 

a shift of the measured open-circuit potential. 

 

3.2 ISFET 

    3.2.1 Sensor configuration and sensing mechanism: ISFET. The 

ISFET was described by Bergveld in 1970, its configuration was a 

metal-oxide-semiconductor field-effect transistor (MOSFET) with 

the gate separated from the chip by the solution to be monitored. 

The gate metal was replaced by a reference electrode and the 

dielectric layer is normally critical to the sensing performance (Fig. 

3).44,61,95 

 
Fig. 3 Schematic of an ISFET-based pH sensor and its sensing 

mechanism. 
 

Based on the theory of MOSFET, the drain current (ID) of the ISFET 

in the linear regime is given by:61,96-99 

               

( ) 21

2
D OX GS TH DS DS

W
I C V V V V

L
µ  = − −  

                   (7) 

where COX is the gate dielectric capacitance per unit area; μ is the 

charge carrier mobility; W and L are the transistor’s channel width 

and length, respectively; VGS is the potential difference between 

gate and source electrode; and VTH is the threshold voltage of the 

transistor. The threshold voltage can be further expressed as:61,96,97 

      

2
sol SC OX SS B

TH ref f

OX

Q Q Q
V E

q C

φ
χ φ

+ +
= −Ψ + − − +              (8) 

where Eref is the potential of reference electrode; Ψ is the surface 

potential at the dielectric, which is a function of pH; χ
sol is the 

surface dipole potential of the solution; ϕSC is the work-function of 

semiconductor; q is the elementary charge; QOX is the accumulated 

charge per unit area in the dielectric; QSS is the accumulated charge 

per unit area at the dielectric-semiconductor interface; QB is the 

depletion charge per unit area in the semiconductor; and ϕf is the 

Fermi voltage.  

 

From the above two equations, one can see that the electrolyte-

insulator-semiconductor (EIS) structure determines the threshold 

voltage and consequently the current-voltage behavior of the ISFET. 

A theory from site-dissociation and double-layer models was 

developed to express the surface potential (Ψ):61,96,97  

                     

( )pzc2.3 pH -pH
1

kT

q

β
β

Ψ =
+

                           (9) 

where k is the Boltzmann’s constant; T is the absolute temperature; 

β is the acidic and basic equilibrium constants of the related surface 

reactions; pHpzc is the pH value for which the dielectric surface is 

electrically neutral. Among these parameters, β represents the 

capability of chemical sensing of the oxide or dielectric. If β is large 

enough, we can assume β/(β+1)=1. In this case, at 25 ˚C, the change 

of 1 pH unit will result in the change of surface potential of 59.16 

mV (also known as Nernst-response). In terms of pH sensors, β is 

related to the surface binding sites for H3O+ (such as -OH groups) 

and is defined as:100 

                             

( )1/22
2 /S b a

DL

q N K K

kTC
β =                              (10) 

where NS is the total number of surface binding sites per unit area; 

Ka and Kb are the equilibrium constants of acid and base point, 

respectively; CDL is the double-layer capacitance at the dielectric-

electrolyte interface derived from the Gouy-Chapman-Stern model. 

As a result, if a gate dielectric has a significant amount of surface 

binding sites for H3O+, then the surface potential of the dielectric 

can be shifted by a measurable amplitude. For ISPETs, the variation 

of threshold voltage or drain current can be recorded to determine 

the pH variation. Furthermore, the thin-film transistor-based ISFET 

follows the same relation between surface potential and solution 

pH. 

 

    3.2.2 Applicable materials and sensor performance: ISFET. The 

sensing material in an ISFET should have extensive surface binding 

sites for H3O+. Most ISFETs, or EIS devices, were fabricated on 

doped silicon (Si) substrates. The insulation materials functioning as 

the pH-sensitive layer include metal oxides and semiconductor-

based ceramics. Titanium oxide (TiO2) has been used in both EIS 

structures and ISFETs. The pH sensitivity of sputtered TiO2 film was 
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around 57 mV/pH,101,102 while the sensitivity was roughly 63 mV/pH 

for the TiO2 film prepared by metal-organic chemical vapor 

deposition (MOCVD).103 The sensitivity of TiO2 is attributed to the 

hydrogen bonds formed at the oxide surface acting as binding sites. 

However, the formation of titanium hydroxide introduces large 

hysteresis during measurements. In addition, to get a densely-

packed TiO2 layer, high-temperature annealing is required (normally 

above 500 °C).  

 

Another attractive material for pH sensing is tantalum pentoxide 

(Ta2O5). A near-Nernst response of about 57 mV/pH was obtained 

for this material prepared by MOCVD104 or thermal oxidation.105 

The challenge of using Ta2O5 is to avoid exposure to light. This is 

because light can generate charge carriers in Ta2O5 and result in 

drift of the output signals. Other materials such as zinc oxide 

(ZnO),106 hafnium oxide (HfO2),107 gadolinium oxide (Gd2O3),108 

titanium-based binary oxides,109 aluminum-gallium-nitride/gallium 

nitride (AlGaN/GaN),110 and semiconductor nanowires111,112 were 

used and they demonstrated with a sub-Nernst or near-Nernst pH 

responses. 

 

Low-temperature (normally below 300 °C) deposition of the pH 

sensing layer is attractive for sensor development on polymeric 

substrate due to their low glass transition temperature. Solution-

processed aluminum oxide (Al2O3) was spin coated onto graphene 

and annealed at 250 °C, offering a pH sensitivity of 36.8 mV/pH in 

the pH range of 3 to 10.113 Ta2O5 layer was deposited onto 

graphene using atomic layer deposition (ALD) at low 

temperatures.114 The pH sensing range of the graphene-based 

sensor is between 3 and 8 with a sensitivity of 55 mV/pH.  

 

Besides inorganic materilas, organic semiconductors were also used 

for the channel in an ISFET. Poly(3-hexylthiophene) (P3HT) and 

pentacene were also used in ISFET-based pH sensors.115-118 They can 

be integrated not only with metal oxide sensing layers, but also 

with organic thin films having hydrogen ionophores or H3O+ binding 

sites. Polytriarylamine (PTAA) has superior electrical stability to 

other organic semiconductors. It was coated with the insulating 

material Al2O3
119,120 and polyisobutylmethacrylate-Teflon as a bi-

layer. Depending on the insulating material, the pH sensitivity 

varied from 33 mV/pH (Al2O3) to over 60 mV/pH 

(polyisobutylmethacrylate-Teflon). Importantly, PTAA enabled the 

stable operation of such sensors for more than 5000 cycles of 

measurement.119 Due to the low mobility of organic 

semiconductors, the operation voltages of these sensors are higher 

(normally tens of volts) than that of Si-based ones. 

 

   3.2.3 Sensor configuration and sensing mechanism: ExGFET. The 

extended-gate field-effect transistor (ExGFET), invented in 1983, is a 

modified version of the ISFET.121 An ExGFET is a MOSFET or thin film 

transistor with an extended gate electrode, in which a large part of 

the extended gate is away from the active area of the transistor, as 

shown in Fig. 4. 

 
Fig. 4 Schematic of an ExGFET-based pH sensor and its sensing 
mechanism. 

 

During sensing, only the extended-gate is immersed in the solution 

while the other parts stay dry. Because of its structure, the ExGFETs 

exhibit several advantages over traditional ISFETs:122 

1) Lower cost since the pH sensing electrodes can be connected to 

the gate of commercialized MOSFETs (users do not have to 

fabricate their own transistors).  

2) Easier packaging because the whole ExGFET is physically 

connected (without solution between gate and dielectric). 

3) Better stability since the major part of the sensor can be used in 

dry environment.  

 

The major difference between ISFETs and ExGFETs is the impedance 

of the sensing films.123,124 In an ISFET, the sensing layer is the gate 

dielectric, which has to be defect-free and of high-impedance. The 

sensing membrane in an ExGFET has to be low-impedance and H3O+ 

changes the potential at the gate. The effective threshold voltage of 

an ExGFET when performing sensing can be written as:125 

                
,

sol M
t ExG TH refV V E

q

φ
χ= + −Ψ + −

   

                     (11) 

where VTH is the threshold voltage of the ExGFET when not 

performing sensing; Ψ is the surface potential at the electrolyte-

gate interface, which is a function of pH; and ϕM is the work 

function of gate metal. Since the pH-surface potential relation for 

ExGFETs is identical to that for ISFETs, then different pH values will 

result in different threshold voltages and drain currents. 

 

    3.2.4 Applicable materials and sensor performance: ExGFET. In 

case of ExGFET, low-impedance sensing layers have to be used. In 

contrast to insulating TiO2 films in ISFETs, semiconductive TiO2 

nanostructures were used in ExGFETs. TiO2 nanoparticles deposited 

by sol-gel methods exhibited pH responses between 50 and 61 

mV/pH in the pH range between 1 and 11.125-127 However, 

significant hysteresis and drift were observed, which might be due 

to the nanoporous nature of the sensing films made from 

nanoparticles. Furthermore, such sensing films require high 

temperature (> 500 °C) annealing as a post-treatment to achieve 

optimized performance.  

 

To address the issue of high-temperature processing, hydrothermal 

growth of TiO2 nanowires128 and nanorods129 were performed at 

150 °C. However, the processing time with this approach is much 

longer than that of other growth methods. Similarly, ZnO 
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nanowalls122 and nanowires130 prepared by chemical bathing and 

ALD were sensitive to pH. But their response was poorer than TiO2. 

Other metal oxides that were used in an ExGFET-based pH sensor 

include niobium pentoxide,131 PdO,132 and tin oxide.133 They were 

less widely studied due to either their relatively poor sensing 

performance, or the requirement for extreme fabrication conditions 

such as the use of high temperatures. 

 

Organic-inorganic hybrid materials were studied to utilize the 

benefits from both types of materials. For instance, CNTs were used 

with indium oxide in a bi-layer and core-shell configurations.134,135 

CNTs and nickel have been plated together to form CNT-nickel 

oxide composite structure.136 The metal oxides normally behave as 

the H3O+ binder and CNTs are employed to regulate the 

conductivity of the film. Although these composite materials did not 

perform as well as metal oxides, the ease in adjusting material 

properties by varying processing steps and parameters are 

important advantages.  

 

Pure organic materials are less frequently reported as the sensing 

component in an ExGFET. Parylene-C, one of the few examples, was 

treated with oxygen plasma to generate surface functional groups 

for H3O+ binding.137 The resulting pH sensitivity of 23 mV/pH in the 

pH range of 4 to 10 was relatively low. This poor performance left 

room for more research work in this area. 

 

3.3 Chemo-resistor/-transistor 

    3.3.1 Sensor configuration and sensing mechanism: Chemo-

resistor. A chemo-resistor-based pH sensor is a two-terminal device 

with the pH sensitive material deposited between two electrodes 

(Fig. 5). The sensing material has an intrinsic electrical 

resistance/conductance, which will change accordingly upon 

exposure to solutions with different pH values. The mechanisms for 

the change in resistance/conductance are the following.138 

1) The chemical reactions between H3O+ or OH- with the sensing 

material that generates new materials with different electrical 

properties. 

2) The H3O+-induced changes in the charge depletion/accumulation 

layer in the semiconductive sensing material.  

 
Fig. 5 Schematic of a pH sensor in chemo-resistor structure and its 

possible sensing mechanisms. 

 

The chemo-resistor has a simple physical structure and it does not 

require a reference electrode. These two features are preferred for 

miniaturization of the sensor. 

 

    3.3.2 Applicable materials and sensor performance: Chemo-

resistor. For chemo-resistors, TiO2 nanowires have been 

synthesized at the surface of Ti/Carbon nanofibers by 

electrospinning and hydrothermal growth.139 The high-

concentration H3O+ in the solution reduces the depletion layer at 

the surface of n-type TiO2 nanowires, thus increasing the electrical 

conductivity of the material. In the pH range between 2 and 12, 

such a sensor showed a response of 5.7 nS/pH. On the other hand, 

Pd is known as a hydrogen storage material owing to the formation 

of Pd-H hydride, which possesses an electrical resistivity 1.3 to 2 

times higher than Pd.140 Based on the resistivity change, Lee et al.140 

used standard photolithography to fabricate Pd resistors and gold 

(Au) electrodes. Hydrogen gas generated during electrolysis was 

sensed by the Pd resistor and its resistance was proportional to the 

concentration of H3O+ in the solution (higher concentration 

generated more hydrogen gas). A change of 1 unit pH caused the Pd 

resistance to vary 5% from its initial value.  

 

Graphene and CNTs were also studied in chemo-resistors.138,141 

Their pH sensing mechanism can be attributed to the adsorption of 

H3O+ and OH- at their surface sites. The adsorbed ions make the 

carbon nanomaterials doped or de-doped, resulting in the variation 

of resistance. Annealed graphene had a pH sensitivity of 2000 Ω/pH 

between pH of 4 and 10, while the value was 65 Ω/pH in the pH 

range from 5 to 9 for multi-wall CNTs. Note that it is more 

meaningful to compare the response using resistivity rather than 

resistance. However, the resistivity values were not reported in 

these articles. 

 

    3.3.3 Sensor configuration and sensing mechanism: ECT. 

Sometimes, the pH sensing material is not easily affected by the 

H3O+, so sensitivity is low. Therefore, an extra electrode can be 

incorporated into the chemo-resistor to form a chemo-transistor. 

The extra electrode is the gate of the chemo-transistor and its 

functions to modulate the output current.142 If the gate electrode is 

separated from the transistor and placed in the solution, then the 

device could be an electrochemical transistor (ECT, Fig. 6).  

 

In contrast to an ISFET, there is no oxide/dielectric layer between 

the semiconductor and solution.38 The conductivity of the channel 

is controlled by the electrochemical doping/de-doping process at 

the semiconductor-solution interface. The doping/de-doping 

process comprises reversible transportation of mobile ions into/out 

of the semiconductor. Also, the channel can be switched between 

different doping levels by the gate bias.40 Organic semiconductors 

are the preferred materials in ECTs because the modification of 

their electrical properties is relative easier when compared to 

inorganic ones. When there is no gate voltage applied, the output 

current is determined by the intrinsic conductance of the organic 

semiconductor (assume it is p-type).143 If the gate voltage is 

positive, the H3O+ (can be other cations) in the solution will be 

pushed into the semiconductor by the electrical field to dope the 

material, which increases the charge carrier density in the channel. 
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Consequently, the output current will increase. However, 

reversibility of the sensor is poor, which is attributed to the 

electrochemical-process-induced material degradation. 

 
Fig. 6 Schematic of an ECT-based pH sensor and its sensing 

mechanism. 

 

    3.3.4 Applicable materials and sensor performance: ECT. ECT-

based pH sensors generally use organic materials as the channel 

and sensing layer. The influence of H3O+ on charge transport in the 

P3HT channel in an ECT was observed. The output current had a 10 

nA/pH response when the pH was varied between 4 and 10.144 

However, due to the electrochemical reaction of the sensing 

material, the lifetime of this ECT-based sensor was short, around 12 

hours. To improve the lifetime of the sensor by reducing material 

degradation and delamination, AC measurement can be used. 

 

Poly(3,4-ethylenedioxythiophene) doped with polystyrene 

sulfonate (PEDOT:PSS) is a conductive polymer whose conductivity 

can be tuned by the extra doping of H3O+.145 The injection of H3O+ 

could turn highly conductive PEDOT+ to less conductive PEDOT0. 

Thus, in order to get the identical output current, the effective gate 

voltage had to be increased. A pH sensitivity of 64.2 mV/pH was 

realized. Since reliability is of great concern for ECT-based sensors, 

Gou et al. oxidized single-walled CNTs and functionalized them with 

poly(1-aminoanthracene) (PAA) to prepare the pH sensing 

material.62 The response of the sensor was 73 mS/pH and 

demonstrated a wide pH sensing range between pH=2 and 12. Also, 

very importantly, this sensor had a long lifetime of over 120 days. 

 

    3.3.5 Sensor configuration and sensing mechanism: EGFET. An 

electrolyte-gated field-effect transistor (EGFET) has the identical 

physical structure of an ECT. It consists of the semiconductor which 

does not react with the solution. Instead, an electrical double layer 

(EDL, or Debye Helmholtz double layer) at the electrolyte-

semiconductor interface is formed.143,146 In a p-channel EGFET (Fig. 

7), if the gate voltage is negative, the anions in the solution migrate 

to the semiconductor-solution interface while the cations travel to 

the solution-gate interface, resulting in the formation of EDLs. 

According to the Gouy-Chapman-Stern model, the EDL consists of 

excess electrons (or holes) along the metal gate (semiconductor) 

surface, and a layer of cations (anions) at the electrolyte side. The 

cations (anions) layer is composed of two layers, the compact layer 

(or Helmholtz layer, HL) and the diffusion layer.147 Because ions are 

solvated in the solution, the HL is composed of a single layer of 

solvent molecules and a single layer of solvated ions.148 The 

diffusion layer consists of free cations (anions) driven by the 

electrostatic interaction and thermal motion. The concentration of 

cations (anions) decreases with the distance from the gate 

(semiconductor). The electrical potential drops at the gate 

(semiconductor)-solution interface in the EDLs, which is an 

analogue of a capacitor. The capacitance of the EDL (Cd) can be 

expressed as:147 

                

1
2 2 2

1 1

2
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2

d

x
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n e nq

kT kT

ε
ε α φ

= +
   

  
  

                       (12) 

In equation (12), x is the thickness of the HL, ε is the permittivity of 

the HL, α is the ion concentration in the bulk solution, n is the 

charge on the ion, and ϕ is the electrical potential at the HL-

diffusion layer interface, which is also the plane having a distance x 

to the gate (semiconductor). This distance x is also a function of the 

ion concentration in the bulk solution: 

                                                

6

1

2

3.3 10
x

z

ε

α

×
=                                  (13) 

Because the thickness of the EDL is extremely small (typically less 

than 0.1Å in metals and 10 Å in solutions), the capacitance can be 

as high as a few to hundreds of μF/cm2 (typical values are between 

10 μF/cm2 and 500 μF/cm2, compared to 10 nF/cm2 for 300 nm 

thick silicon dioxide),143 which enables low operation voltage of the 

transistor. The pH sensitivity is determined by the gate capacitance 

as a function of H3O+ concentration. When pH increases, α 

decreases, x increases, Cd decreases, and the output current 

decreases. The disadvantages of EGFET-based sensors include their 

long response time due to the construction of the EDL, the difficulty 

in sensing high-concentration solutions (such as a solution of pH=1), 

as well as the poor selectivity of ions. 

 
Fig. 7 Schematic of an EGFET-based pH sensor and its sensing 

mechanism. 

 

    3.3.6 Applicable materials and sensor performance: EGFET. 

Using an EGFET, a pH response was observed in the output current 

when the solution pH is between 7 and 9.149 In such a device, ZnO 

nanowires were decorated by Pd or Au nanoparticles, which 

induced quasi-spherical charge depletion regions in the 1D 
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(nanowire) transport channel. However, important performance 

parameters such as sensitivity were not reported. Graphene, CNTs, 

and P3HT, deposited by low-temperature technologies were 

characterized in EGFET-based pH sensors.150-152 They displayed low 

sensitivities around 28 mV/pH, which may be due to the instability 

of the materials in an aqueous environment. However, Ang et al. 

grew a few-layer graphene film at 1100 ˚C and manually mounted 

the sensing layer to an EGFET.153 A sensitivity of about 100 mV/pH 

was achieved in the pH range from 2 to 12. This high sensitivity 

indicated the combined effect of surface potential modulation and 

ion adsorption. 

 

    3.3.7 Sensor configuration and sensing mechanism: FET. The 

ECT- and EGFET-based sensors discussed above are not preferred 

for miniaturized devices due to the floating gate. An alternative way 

to reduce the dimensions of the device is to fabricate the gate 

beneath the semiconductor and dielectric, the same as a bottom-

gate thin-film transistor (Fig. 8).142 In such FET-based sensor, three 

mechanisms were used to explain the sensing behavior.142 

1) The direct interaction between the semiconductor and ions (for 

example, charge transfer and doping/de-doping can alter the 

conductivity of semiconductor).  

2) The adsorption and diffusion of ions along the grain boundaries 

in the semiconductor, which may create deep-energy traps and 

increase the resistance of inter-grain charge transport. 

3) The local screening of the electrical field, due to the 

accumulation of ions at the semiconductor-solution interface.  

 

During operation, the gate bias and the source-drain bias are set to 

generate a current flow through the channel.154 The presence of 

H3O+ adsorption or interaction is subsequently transduced to a 

change in the source-drain current. To make the sensing process 

reversible, an opposite polarity bias can be applied to the gate to 

desorb the weakly bonded ions.155 The challenges for FET-based 

sensors are the high operating voltage, the drift of output current 

induced by gate-bias stress, and the stability of the sensing material 

in an aqueous environment.156-158
 

 
Fig. 8 Schematic of a pH sensor in FET structure and its possible 

sensing mechanisms. 

 
    3.3.8 Applicable materials and sensor performance: FET. For FET-

based sensors, Ahn et al. introduced a dual-gate transistor with Si 

nanowires as the channel on a silicon-on-insulator platform.159 

These sensors had a sensitivity of 68 mV/pH, but the drift rate of 27 

mV/hour made it unsuitable for long-term monitoring. Instead, 

some organic materials with a high stability in water were 

developed.157,160 For example, 5,5-bis-(7-dodecyl-9H-fluoren-2-yl)-

2,2-bithiophene was synthesized as a p-type semiconductor that 

can trap diffused H3O+ in the grain boundaries.160 The output 

current of the FET responded to the change of pH value at 50 nA/pH 

over 104 measurement cycles. 

 

3.4 Challenges in developing microfabricated electrochemical pH 

sensor 

Although many microfabricated electrochemical pH sensors have 

been reported, several challenges remain. One challenge is related 

to the performance of the sensors. For sensors with sub-Nernst 

response, studies should focus on improving sensitivity. Many 

sensors exhibited near-Nernst or super-Nernst response. For these 

sensors, their stability and repeatability become the major concern. 

The instability and poor repeatability in long-term use most likely 

originate from the following phenomena. 

 

1) Degradation of sensing materials. The degradation can be either 

physical or chemical. Physical degradation indicates that the sensing 

material at the sensor surface mechanically leaves the substrate 

and enters the solution. This is likely to happen in a pH sensor in 

online water quality monitoring system since the flow rate of water 

is typically fast and it can physically impact the sensor surface. This 

physical process influences the sensitivity by exposing the 

underlying material which may not be as sensitive as the surface 

material. Also, the surface of the sensing area may become rougher 

and result in a longer response time. Moreover, voids and pinholes 

may be generated in the sensing film, reducing the mechanical 

stability and reliability of the sensor.  

 

Chemical degradation happens when irreversible reaction(s) 

happens between the sensing material and H3O+, or when the redox 

reaction is not fully reversible. In water quality monitoring systems, 

treated water contains residual chlorine, which is a strong oxidizing 

reagent for many organic materials. These reactions alter the 

chemical composition of the sensing material which affects 

sensitivity, and also may introduce slow-reaction sites which results 

in increased hysteresis. Both physical and chemical degradation can 

result in increases in the drift rate of the sensor since the properties 

of sensor surface keep changing with time. Thus, new sensing 

materials with better physical and chemical stability (except for the 

reversable reactions with H3O+) have to be developed. 

 

2) Interference from the test solution. The interference can 

originate from the adsorption of other ions or from bio-fouling. pH 

sensors based on ISFETs, ECTs, EGFETs, and FETs are more prone to 

alkaline ions since they can be adsorbed on pH sensing surfaces. 

The interfering ions introduce an electrical field to the channel of 

the transistor, thus affecting its output electrical characteristics. 

Bio-fouling commonly happens in water quality monitoring devices. 

The fouling layer may deteriorate the functionality of sensors by 

blocking the redox reaction between the sensing material and H3O+, 

or by preventing the adsorption of H3O+ onto the sensor surface. To 
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reduce interference from the solution, an ion-selective membrane 

and an anti-fouling coating should be applied to the surface of the 

sensors. 

 

3) Instability of the electronic components. This mostly happens in 

pH sensors using transistor configurations with organic 

semiconductors. The electrical properties of organic 

semiconductors change with time, which is less stable than 

conventionally used silicon. As a consequence of the non-predicable 

behavior of the organic semiconductor, the repeatability of the pH 

sensor will be poor. Therefore, more research in the area of organic 

electronics is needed to obtain stable and reliable device 

performance using improved organic materials. 

 

Another challenge is related to the microfabrication technologies. 

The cost of the sensors for water quality monitoring should not be 

high. This requires the fabrication to be cheap and use small 

amount of materials. Also, process conditions at high temperatures 

and in vacuum environment should be avoided. Solution-based low-

cost and large-area processing is potentially promising, but the 

quality of deposited materials is problematic (usually high-

temperature treatment should be done after solution processing 

for a high-performance sensor). Therefore, there is a tradeoff 

between performance and cost of sensors. High-quality sensing 

materials that can be deposited using cost-effective ways are 

desired. 

 

3.5 Summary for microfabricated electrochemical pH sensor 

Microfabricated pH sensors based on potentiometric electrodes, 

ISFETs, and chemo-resistor/transistors have been reviewed in terms 

of their physical configurations and sensing mechanisms. The 

physical structures of the pH sensors are determined by the 

electrical properties (such as conductivity) and chemical features 

(such as solubility in water and chemical reactivity) of the sensing 

materials. The widely studied sensing materials include metal 

oxides, ceramics, polymers, and carbon nanomaterials. The sensing 

performance of microfabricated electrochemical pH sensors varies 

a lot (for example, from sub-Nernst response to super-Nernst 

response). This variation could be attributed to the intrinsic 

properties of the materials and their properties after processing. 

Therefore, the physical design, material selection, and 

microfabrication conditions are three key factors in the quest for 

low-cost, highly sensitive, fast-response and easy-to-use pH 

sensors.  

 

The conventional glass pH electrode is compared with different 

types of microfabricated electrochemical pH sensors (Table 1). In 

Table 2, a listing of recent microfabricated electrochemical pH 

sensors is provided. The list includes sensor structures, sensing 

materials, key performance parameters, and corresponding 

fabrication processes. It has been observed that the size and cost 

disadvantages of the glass electrodes stimulated research in 

microfabrication of different kinds of electrochemical pH sensors. 

However, further research is needed to develop new materials and 

microfabrication processes, as well as to optimize their 

compatibility for low-cost and high-performance pH sensors. 

 

Table 1. 

Table 2. 

4 Microfabricated electrochemical free chlorine 

sensors 

As discussed in section 1, two most commonly used approaches for 

free chlorine detection are DPD-based colorimetric and 

amperometric-based electrochemical methods. However, their 

large footprint limits their application in online water quality 

monitoring. Banna et al. briefly reviewed the miniaturized chlorine 

sensors,11 focusing on microwire-based amperometric sensors and 

interferometry sensors. In this section, electrochemical free 

chlorine sensors having planar structures are reviewed due to their 

potential of miniaturization and integration with microelectronic 

devices. 

 

4.1 Amperometric sensor configuration and sensing mechanism 

Amperometric sensing is based on the voltammetric sensing 

method, which requires three electrodes: working, counter, and 

reference, for precise measurement.67 A time-dependent electrical 

potential is applied to the working electrode, while the current 

flowing between the working and counter electrodes is measured 

(Fig. 9). The reference electrode is used to provide a fixed potential 

of the electrolyte. The potential sweep from a small to a large value 

can generate a current peak if the analyte is oxidized in that 

potential range. The creation of the peak is due to the oxidation of 

the analyte while the decline of the peak is because of the 

depletion of the analyte at the electrode surface. Conversely, when 

the potential sweeps from high to low, a reduction peak will be 

generated.  

 

In amperometric sensing, a constant potential is applied between 

the working and reference electrodes and the current is monitored 

between the working and counter electrodes.67 The constant 

potential is determined based on the position of redox peaks in the 

corresponding voltammetric waveform. At the selected potential, 

the redox reaction of the analyte should take place, and the 

interference of other ions should be avoided. The amplitude of 

measured current is proportional to the analyte concentration in 

the solution. 

 
Fig. 9 Schematic of an amperometric free chlorine sensor and its 

sensing mechanism. 
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In an amperometric free chlorine sensor, the working electrode is 

normally made of noble metals such as gold (Au) and platinum (Pt), 

and is sometimes coated with a selective membrane for chlorine 

ions. At the working electrode, free chlorine is electrochemically 

reduced by applying a constant potential versus the reference 

electrode.161 For example, at pH=5.5, the reduction peak of HOCl 

and/or OCl- was observed at +0.4 V on a Au electrode with respect 

to a Ag/AgCl reference electrode. The electrochemical reactions at 

the working electrode can be written as the following equations. 

                               
- - -HOCl+2e Cl +OH→                           (14a) 

                        
- - - -

2OCl +H O+2e Cl +2OH→                   (14b) 

The transfer of electrons generates a current which is proportional 

to the free chlorine concentration. Note that the pH, temperature, 

flow rate and pressure of the solution must be carefully controlled 

for an accurate measurement. 

 

4.2 Applicable materials and sensor performance 

A limited range of electrode materials using microfabrication 

technologies has been demonstrated to create miniaturized free 

chlorine sensors. For example, Au working and counter electrodes 

were deposited by electron-beam evaporation on cyclic olefin 

copolymer, where the Ag/AgCl reference electrode was 

electrochemically deposited.162 Both electrodes were capped by 

microfluidic channels through which the analyte flowed. This low-

cost and disposable sensor was operated under 0.1 V bias, and had 

a linear detection range of OCl- from 1.5 to 8 ppm. The current 

density in the counter electrode showed a sensitivity of about 69 

μA/cm2/ppm. The lifetime of this sensor was about 100 s, which 

was longer than the signal stabilization time of 20 s. Olivé-Monllau 

et al. developed a stable free chlorine sensor using a similar 

structure and fabrication process.163 The resulting sensitivity of 0.23 

μA/ppm in the concentration range of 0.2 to 5 ppm makes this 

sensor suitable for monitoring the free chlorine level in swimming 

pools (lifetime > 10 days, applied potential = 0.35 V). Moreover, a 

lower detection limit of 0.08 ppm were realized using 0.15 V 

applied potential on Au electrode.59 The sensor maintained a stable 

sensitivity of 68.8 nA/ppm for over 7 days.  

 

Pt electrodes were also used to detect free chlorine concentration 

and they showed similar performance to those with Au 

electrodes.58,164 The operation voltage of a Pt electrode is higher 

than that of a Au electrode because the reduction of free chlorine 

at a Pt electrode happens at a higher potential. Another reason for 

the higher potential is to minimize the overlap of oxygen and 

hypochlorite reduction peaks, which is required for precise 

measurements.59 

 

For electrodes made of materials other than noble metals, carbon 

has been studied due to its chemical stability. Screen printed 

carbon electrode coated with potassium iodide exhibited a sensing 

range up to 20 ppm for free chlorine, with a sensitivity of 0.2 

μA/ppm.165 The sensing mechanism was based on the reaction 

between chlorine and iodide ions, which produced tri-iodide ions 

that could be titrated using sodium thiosulphate. Polymelamine has 

been electropolymerized onto carbon electrode to detect from 5.5 

μM to 7 mM free chlorine (sensitivity of 58 μA/mM).166 Such an 

electrode exhibited an enhanced reduction peak current, which was 

attributed to the reduction of the azo group (-N=N-) and then 

oxidized by free chlorine in a cyclic manner. Free chlorine 

concentration in swimming pool water and tap water was 

measured using the polymelamine/carbon-based sensors.  

 

In another study, a boron-doped diamond electrode showed 

reduced fouling rates compared to carbon electrodes.167 The free 

chlorine electrodes made of this material exhibited a lifetime over 3 

months. Recently, benzethonium chloride was used in 

electrochemical deposition of Prussian Blue for a higher surface 

coverage on glassy carbon electrodes.168 Free chlorine 

concentration between 9 ppb and 10 ppm could be detected in a 

short time (< 5 s) with a sensitivity of 12 μA/cm2/ppm. This is 

believed to be the first publication reporting free chlorine 

measurement results for real water samples (tap water) using 

laboratory-fabricated sensors. This sensor demonstrated a 

measurement accuracy over 93%. Finally, ferrocene compounds 

were also electrochemically deposited on glassy carbon electrodes 

to measure the concentration of ClO-.169 However, their responses 

were not linear, making it difficult for use in real sensing 

applications. Recently, copper oxide (CuO) nanoparticles were 

mixed with multi-wall CNTs in an epoxy matrix as an amperometric 

electrode for free chlorine measurement.170 CuO nanoparticles and 

CNTs increased the electrocatalytic active areas of the working 

electrode so that the electron transfer in the reduction of 

hypochlorite was promoted. In this study, a low detection limit of 

around 0.6 ppb and high sensitivity of 446 nA/ppm was realized. 

 

4.3 Challenges in developing microfabricated electrochemical free 

chlorine sensor 

It can be noted that microfabricated electrochemical free chlorine 

sensors are not as well developed as pH sensors. The major 

challenge is the lack of reversible sensing materials for HOCl or OCl-. 

A promising electrochemical sensing material should either react 

with free chlorine in a reversible manner, or selectively transport 

HOCl or OCl- to the target substrate. The chemical reagents used in 

optical detection techniques (such as DPD) can react with free 

chlorine, but the process is irreversible. While ion-selective 

transport membrane exists for many ions, very few were found for 

HOCl or OCl- due to their oxidizing nature. Therefore, developing 

advanced materials for free chlorine sensing is urgently needed. 

 

The limitation in sensing material forces the utilization of 

amperometric electrodes for electrochemical sensing of free 

chlorine. Normally, cyclic voltammetry measurement has to be 

done first to determine the optimized voltage bias for 

amperometric measurement, which increases the difficulty in using 

the sensors. Moreover, dissolved oxygen is electroactive in the 

usual voltage range between +1 and -1 V for amperometric sensing 

of free chlorine. The interference from dissolved oxygen decreases 

the sensing accuracy. Finally, the requirement of a potentiostat for 

an amperometric sensor increases the complexity as well as the 

cost of the sensor. Hence, alternative sensor configurations are 

needed when a suitable sensing material is available. Once the 

above challenges are properly addressed, the concern for free 
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chlorine sensors would become similar to those for pH sensors. 

Such concerns include the improvement of reliability and the 

reduction of fabrication costs. 

 

4.4 Summary for microfabricated electrochemical free chlorine 

sensor 

The literature on electrochemical free chlorine sensors is limited. 

Within the limited scope, the amperometric sensors have been 

identified as the widely used structure for the electrochemical 

detection of free chlorine. The comparison between conventional 

electrochemical free chlorine sensor and microfabricated ones is 

given in Table 3. 

 

A list of microfabricated electrochemical free chlorine sensors are 

provided in Table 4 with their structures, electrode/sensing 

materials, key performance parameters, and corresponding 

fabrication processes. The comparison shows that more works were 

focused on the optimization of working electrodes than the 

development of active sensing materials. Although microfabricated 

free chlorine sensors can be developed for cost-effective 

applications, their sensitivity varies widely and they are less 

accurate and reliable than the conventional sensors. This indicates 

that the microfabricated electrochemical free chlorine sensor is a 

challenging area of research that requires further intensive 

investigations. 

 

Table 3. 

Table 4. 

5 Conclusions and future perspectives 

Microfabricated electrochemical pH and free chlorine sensors are 

emerging for online monitoring of water quality due to their high 

sensitivity, fast response, small dimensions, ease of use, and low 

cost. In this paper, we reviewed microfabricated electrochemical pH 

and free chlorine sensors with different physical structures. We also 

compared these sensors from multiple aspects including sensing 

mechanisms, applicable materials, performance parameters, and 

fabrication technologies. Current challenges in developing both 

types of sensors were discussed. High sensitivity was reported for 

many microfabricated electrochemical pH sensors. However, the 

performance of microfabricated free chlorine sensors requires 

significant improvements if they are to be used for water quality 

monitoring. 

 

Future work in developing novel sensing devices and systems for pH 

and free chlorine monitoring should consider the following: the 

development of advanced sensing materials, the application of 

innovative device structures, the implementation of low-cost 

fabrication technologies, and the utilization of smart methods for 

sensor operation. Here, these perspectives are discussed. 

 

1) Innovative sensor structure. Dual-gate transistors have been 

developed to exceed the Nernst-limit (59.16 mV/pH) in pH 

detection. A dual-gate transistor can be considered as an ISFET with 

another gate at the bottom of the semiconductor, separated by 

another dielectric layer. The sensitivity can be enhanced by tuning 

the ratio of the top and bottom gate capacitances.120,171 The 

increased sensitivity (over 100 mV/pH) is beneficial for the 

detection of small pH changes.172-175 In terms of free chlorine 

sensors, a chemo-resistor was recently fabricated in contrast to 

conventional amperometric sensors.176 The resistor consisted of 

single-wall CNTs modified by phenyl capped aniline tetramer 

(PCAT), which could be oxidized by the free-chlorine and alter the 

resistivity of CNTs. The highlight of this study was the high 

reversibility of the sensor, which was attributed to the 

electrochemical re-activation of the sensing material. 

 

2) Low-cost fabrication technologies. Solution-based process is 

emerging for low-cost sensor applications. The need for low 

processing temperatures in an ambient environment is compatible 

with cheap polymeric substrates.177,178 Typically, drop-on-demand 

printing technologies are attractive due to its ease in patterning and 

deposition of dissimilar materials. Inkjet-printed Au and Ag 

electrodes have been used for plating of PANI and AgCl as pH 

sensing electrodes and reference electrodes, respectively.179 The 

cost of the printed Au electrode was as low as 0.04 Euro/cm2. 

Another study proposed that Ag/AgCl reference electrodes could be 

fully printed in the near future.180 Other low-cost fabrication 

technologies are also available,181 which can potentially be adopted 

in pH and free chlorine sensors. 

 

3) Smart operation of sensors. High performance sensing systems 

can be realized using improved sensing methodologies. For 

example, in a differential sensing system, two sets of sensors are 

connected to a differential amplifier. The measurement accuracy of 

such system under suboptimal conditions with temperatures 

changes or large measurement noise can be improved.182-184 

Another approach to improve the repeatability of potentiometric 

sensors is to stabilize the standard electrode potential (E0 in the 

Nernst equation) by short circuiting the sensing and reference 

electrode prior to the measurement.185 Such simple adoption 

enables the shifting of E
0 to zero, which is demanding for a 

calibration-free sensor. 

 

(4) Advanced sensing materials. The development of new sensing 

materials is of fundamental importance in sensors, especially for 

health and environmental monitoring, and it has recently been 

reviewed by several groups.8,35,36,186 Therefore, only a brief 

discussion is given here.  

� Nanomaterials, such as CNTs, graphene, and nano-structured 

metal oxides, are emerging in the development of pH and free 

chlorine sensors. The large surface-to-volume ratio of 

nanomaterials can enhance the charge transfer ability of the 

sensing material, hence improve the sensitivity of a 

potentiometric sensor. The large surface area of 

nanomaterials may provide enough room for numerous 

surface binding sites for sensing using an ISFET. The high 

catalytic activity of metal (e.g. Ag, Pd, and Pt) nanoparticles 

may enable new means to detect free chlorine in water. 

� Biocompatible and eco-friendly sensing materials are 

preferred in future. Since the sensors are in contact with the 

water distribution system, any hazardous substances (e.g. 
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heavy metals, neurotoxins, etc.) must be carefully applied to 

protect the nature and human being. Also, the biocompatible 

sensing materials may be used to measure the pH of bodily 

fluid, therefore, will find wide applications in health 

monitoring. The materials should be highly sensitive and 

reliable in the range from strong acid (pH=1-3.5 for gastric 

secretion) to mild alkaline (pH~8 for pancreatic secretion). 

� The stability of sensing materials requires to be improved for 

reliable sensor operation in the aqueous environment (in 

contrast to disposable sensors). Such materials should be 

chemically inert (except for the reactions with the target 

analyte), mechanically robust, anti-fouling, and have little 

water absorption in order to keep the output electrical signal 

stable for months. This perspective is especially important for 

free chlorine sensors because their analyte is highly oxidizing. 
� Currently, some of the pH sensitive materials, such as partially 

hydrated IrOx, RuO2 and PdO show super-Nernst response. 

However, in order to realize pH sensors with improved 

reproducibility and reliability using these oxides, good control 

of the ratio of hydrated and non-hydrated oxides during their 

synthesis is needed. 

� The processability and cost of the new sensing materials 

would be critical. The materials could either be chosen from 

existing commercial products (e.g. use drawing pencils to 

replace glassy carbon electrodes), or should be compatible 

with low-cost processing technologies such as printing. 

 

The foundation of the emerging microfabricated electrochemical pH 

and free chlorine sensing systems would be the development of 

new materials with high sensitivity, selectivity, and stability. With 

the use of newly developed materials, the physical configurations of 

sensors need to be properly designed to transduce the chemical 

signal to readable electronic outputs. Finally, cost effective 

microfabrication technologies as well as systems designs are 

needed to bridge theoretical concepts with real world applications. 
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Table 1 Comparison of glass pH electrodes and different types of microfabricated electrochemical pH sensors. 

 Advantages Disadvantages 

Glass electrode 1. Wide application temperature (from < 0 °C to > 100 °C) 

2. Ideal Nernst response independent of redox 

interferences 

3. High accuracy and resolution (0.001 pH unit) 

4. High stability and long lifetime (several years) 

1. Unstable in strong alkaline and hydrofluoric acid solutions 

2. Large in size 

3. Brittle 

4. Require frequent maintenance and calibration 

5. Expensive 

Microfabricated 

electrochemical 

pH sensor 

General 1. Small size 

2. Easy for integration 

3. Can be stored in dry condition 

4. Low cost 

5. Less frequent maintenance 

1. Low accuracy and resolution 

2. Large hysteresis and drift 

3. Poor ion selectivity 

4. Sometimes sensitive to light 

5. Limited application temperature 

6. Require water-stable sensing material 

Potentiometric 

electrode 

1. Simple structure 

2. Power supply not needed 

1. Require reference electrode 

2. No internal signal amplification 

ISFET 1. Semiconductor protected by dielectric 

2. Compatible with CMOS fabrication process 

3. Internal signal amplification 

1. Require reference electrode 

2. Dielectric surface difficult to be functionalized for higher 

selectivity 

ExGFET 1. Transistor can be used in dry condition 

2. Compatible with CMOS fabrication process 

3. Internal signal amplification 

1. Require reference electrode 

2. Larger size due to extended gate 

Chemo-resistor 1. Simple structure 

2. Reference electrode not needed 

1. Low reversibility 

2. Poor selectivity 

3. Lower sensitivity comparing to ECT 

4. No internal signal amplification 

ECT 1. Dielectric not needed 

2. Low operation voltage 

3. Higher sensitivity comparing to chemo-resistor 

4. Internal signal amplification 

1. Require reference electrode 

2. Low reversibility 

3. Poor selectivity 

4. Difficult in integration 

EGFET 1. Dielectric not needed 

2. Low operation voltage 

3. Internal signal amplification 

1. Require reference electrode 

2. Sensing is difficult in high-concentration electrolyte 

3. Low switching speed 

4. Poor selectivity 

FET 1. Compact structure 

2. Easy for integration 

3. Reference electrode not needed 

4. Internal signal amplification 

1. Require water-stable semiconductors 

2. High operation voltage 

3. Large hysteresis 

4. Low reversibility 
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Table 2 Summary of microfabricated electrochemical pH sensors. 

Structure Sensing material 

Operation 

voltage 

[V] 

Detection 

range 

[pH unit] Sensitivity 

Response 

time [s] Stability  

Fabrication of sensing 

materials Ref. 

Potentiometric CuO - 2-11 28 mV/pH 25 Drift = 150 mV/h Hydrothermal deposition 77 

IrOX - 2-10 74 mV/pH < 100 Sensitivity 

reduces to 65 

mV/pH in 14 

days 

Electrochemical deposition of 

IrOx in anodized Al2O3 

74 

IrOX - 2.38-

11.61 

69 mV/pH < 2 Potential 

variation < 10 

mV 

Electrochemical deposition, 

annealing at > 300 °C 

73 

IrOX - 4-9 70 mV/pH - - Electrochemical deposition 72 

IrO2 - 1.56-12 74 mV/pH - Stable > 7 days Electrochemical deposition 187 

IrO2 - 1-13 59 mV/pH < 1 Drift < 0.1 

mV/day 

Thermal oxidation at 870 °C  71 

IrO2+PMMA - 3-11 60 mV/pH < 2 Stable > 1 

month 

Hydrolysis of (NH4)2IrCl6 for 

IrO2, thermal molding with 

PMMA at 150 °C 

76 

Ta2O5-IrO2 bi-layer - 2-13 60 mV/pH 15 Drift < 0.1 mV/h RF sputtering 75 

S-modified-α-Fe2O3 - 1.5-12.5 59 mV/pH 10 Stable < 1 week Hydrothermal synthesis, 

annealing at 600 °C 

174 

Co3O4 - 3-13 58 mV/pH 53 Stable for 3 days Hydrothermal deposition, 

annealing at 450 °C 

78 

WO3 - 5-9 57 mV/pH 25 11.6% sensitivity 

decrease 

between 1st and 

3rd 

measurement 

Hydrothermal deposition 79 

WO3 - 2-12 55 mV/pH - Drift = 6 mV/h; 

50mV hysteresis  

RF sputterting and O2 plasma 

oxidation 

188 

RuO2 - 1-13 57 mV/pH - - RF sputtering 183 

RuO2 - 4-10 69 mV/pH 10 Potential 

fluctuation = 9 

mV 

RF sputtering 80 

TiO2  - 2-12 59 mV/pH < 30 - Anodization, annealing at 450 

°C 

189 

ZnO - 4-11 52 mV/pH - - Hydrothermal deposition 190 

PbO2 - 0.25-13 84 mV/pH - - Electrochemical deposition + 

electrochemical oxidation for 

24 h 

81 

Uric acid composite - 4-10 73 mV/pH - - Electrochemical deposition 191 

Diamond - 2-12 51 mV/pH <1 - Hot filament CVD  192 

PANI - 2-9 62 mV/pH - - Electropolymerisation 83 
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PANI - 3-7 54 mV/pH < 25 Stable for 30 

min on human 

body 

Electropolymerisation 86 

PANI - 2.69-8.51 59 mV/pH < 20 Stable > 35 days Electropolymerisation 87 

PANI - 2-10 71 mV/pH - Stable for 5 

weeks 

Electropolymerisation 179 

PANI+CNT - 1-13 58 mV/pH < 40 Drift between 2 

and 10 mV/h  

Spray of CNT suspension, 

electrochemical deposition of 

PANI 

193 

PANI:tetraphenylborate - 3-9 86 mV/pH - - Electropolymerisation 194 

Parylene C - 4-10 16 mV/pH - Drift between 3 

and 20 mV/h  

CVD + O2 plasma etching 89 

PEI - 2-11 46 mV/pH 15 Sensitivity 

decreases at 

0.65 mV/pH/day 

Electropolymerisation 84 

Polybisphenol A - -1-15 57 mV/pH < 20 Stable > 12 days Electropolymerisation 195 

PEDOT:PSS - 5.9-8.7 52 mV/pH 15 3.2 mV/pH 

variation in 

sensitivity for 50 

days 

Electropolymerisation 196 

PPY - 2-11 51 mV/pH 120 Stable for 30 

days 

Electropolymerisation 85 

PPY:hydroquinone 

monosulfonate 

- 2-12 51 mV/pH < 100 Stable for 30 

days 

Electropolymerisation 88 

CNT - 3-11 60 mV/pH < 30 - CNT deposited from solution 94 

EIS  Er2TiO5 3 2-12 57 mV/pH - Drift = 0.29 

mV/h 

Reactive sputtering, rapid 

thermal annealing at 900 °C 

109 

Gd2O3 2 2-10 55 mV/pH - Sensitivity 

decreases by 

0.65 mV/pH in 

12 h 

Reactive sputtering, rapid 

thermal annealing at 800 °C 

108 

Gd2Ti2O7 3 2-12 58 mV/pH - Drift = 0.38 

mV/h 

Reactive sputtering, rapid 

thermal annealing at 900 °C 

109 

Lu2Ti2O7 3 2-12 59 mV/pH - Drift = 0.55 

mV/h 

Reactive sputtering, rapid 

thermal annealing at 900 °C 

109 

Ta2O5 - 1-10 56 mV/pH 60 Drift = 5 mV/h Thermal oxidation at 525 °C 105 

TiO2 - 3-11 62 mV/pH - Drift = 0.9 

mV/day 

MOCVD, annealing at 700 to 

900 °C 

103 

NbOx 2.5 2-12 60 mV/pH - Drift = 3 mV/h RF sputtering, rapid thermal 

annealing at 700 °C 

197 

ISFET InAs 0.9 4.7-7.8 48 mV/pH - - Molecular beam epitaxy 112 

AlGaN/GaN 10 4-9 52 mV/pH - - ICP etching, annealing at 850 

°C 

110 
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GaxOy 1.5 2-12 55 mV/pH - Drift = 1.41 

μA/h; hystresis = 

0.4 mV; 

sensitivity 

decreases at 

0.14 mV/pH/day 

MOCVD, rapid thermal 

annealing at 900 °C, H2O2 

surface treatment 

198 

HfO2 2 3-10 60 mV/pH - -  ALD, annealing at 450 °C 107 

HfO2 8 3-10 57 mV/pH 120 Drift = 0.1mV/h 

at pH=6; 

hysteresis = 8 

mV 

Electron-beam lithography, 

thermal SiO2 growth, ALD of 

HfO2 

199 

SiO2 6 3-12 363 

mV/pH 

- Drift = 3 mV/h; 

hystresis = 13 

mV 

RF sputtering, rapid thermal 

annealing at 450 °C 

173 

SiO2 3 4-10 168 

mV/pH 

 - PECVD 175 

TiO2 4 1-13 57 mV/pH - - RF sputtering, annealing at 

500 °C  

101,102 

Ta2O5 1.2 3-8 55 mV/pH - Drift = 1 

mV/week 

ALD 114 

Ta2O5 12 3-8 120 

mV/pH 

- - Rf sputtering, annealing at 300 

°C 

174 

Yb2O3 2 2-12 56 mV/pH 60 Drift = 1.54 

mV/h 

Reactive sputtering, rapid 

thermal annealing at 800 °C  

200 

ZnO 3 2-12 42mV/pH - Drift = 1.78 

mV/h 

RF sputtering, annealing at > 

600 °C  

106 

Graphene+Al2O3 60 3-10 37 mV/pH 200 Drift = 6.34 

mV/h 

Rapid thermal CVD of 

graphene at 950 °C + low 

temperature transferring; spin 

coating of Al2O3 + annealing at 

250 °C 

113 

P3HT+valinomycin 

membrane  

1 3.4-5.6 3 nA/pH 360 - P3HT spin coating, 

valinomycin membrane 

deposited by Langmuir-

Blodgett technique 

115 

P3HT+Ta2O5+ 

valinomycin membrane 

5 6.6-9.5 71 nA/pH - - RF sputtering of Ta2O5, 

solution casting of 

valinomycin membrane, P3HT 

spin coating 

201 

P3HT+arachidic acid 1 3.3-5.5 4 nA/pH 100 - Spin coating of P3HT, arachidic 

acid deposited by Langmuir-

Blodgett technique 

116 

P3HT+multi-layer 

hydrogen inopore 

0.6 3-12 25-52 

mV/pH 

- Stable for 30 s Drop casting of PVC, 2-NPOE, 

NaTFPB, and hydrogen 

inopore 

117 

Pentacene 100 4-10 30 nA/pH > 2000 - Pentacene: vacuum 

sublimination. 

118 

Pentacene/PTAA+Al2O3 4 2-12 5 nA/pH 30 Stable for > 

5000 cycles 

TIPS-pentacene spin coating, 

ALD of Al2O3 

119 
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PTAA+PIBMA+Teflon 40 2-10 60 mV/pH - -  PTAA spin coating, Teflon spin 

coating 

120 

ExGFET Nb2O5 6 2-12 52 mV/pH 75 Drift = 3.34 

mV/h 

RF sputtering + CF4 plasma 

treatment, rapid thermal 

annealing at 600 °C 

131 

TiO2:Ru 6 1-13 55 mV/pH - Drift = 0.745 

mV/h 

RF sputtering of TiO2, DC 

sputtering of Ru, annealing at 

600 °C  

123 

TiO2 6 1-11 59 mV/pH 40 Drift = 1.97 

mV/h 

Sol-gel spin coating, annealing 

at 600 °C 

127 

TiO2 5 2-12 50 mV/pH - - Hydrothermal deposition 129 

TiO2 5 2-12 62 mV/pH - - Hydrothermal deposition 128 

TiO2 10 1-11 61 mV/pH - Drift between 9 

and 60 mV/h  

Sol-gel spin coating, annealing 

< 500 °C 

125 

TiO2-PPI bi-layer - 4-10 57 mV/pH - - Layer-by-layer deposition of 

PPI and TiO2 from solution  

126 

In2O3-CNT bi-layer 3 2-12 36 mV/pH - - Sputtering of In, spray coating 

of CNTs, annealing at 400 °C  

134,135 

SnO2 40 3-10 287 

mV/pH 

- Drift = 48.77 

mV/h 

RF sputtering, microwave 

annealing at 1000 W (~87 °C) 

172 

SnO2:F 5 2-12 50 mV/pH - - Vacuum deposition  133 

PdO 2 2-12 63 mV/pH - Drift = 2.32 

mV/h; hysteresis 

= 7.9 mV; stable 

for 6 

measurement 

cycles 

Reactive e-beam evaporation 

+ annealing at 700 °C  

132 

ZnO 6 2-12 38 mV/pH - - Sol-gel brushing, annealing at 

150 °C 

100 

ZnO 10 1-9 59 mV/pH - - Hydrothermal deposition 122 

ZnO 6 5-9 18 mV/pH - - Hydrothermal deposition 202 

ZnO 4 1-13 46 mV/pH 300 - ALD 130 

CNT+Ni 3 2-10 59 mV/pH 9 - Electrodeposition 136 

Pentacene 100 2.5-7 5 V/pH - - Vacuum sublimation 203,204 

Parylene C 1.5 4-10 23 mV/pH < 5 Drift = 18 mV/h CVD + O2
 plasma treatment 137 

Chemo-resistor Pd 2 4-10 5% /pH 100 - DC sputtering 140 

TiO2 1 2-12 6 nS/pH - Stable > 60 s Electrospinning and 

hydrothermal deposition 

139 

Graphene 3 4-10 2000 

Ω/pH 

20 - Mechanical exfoliation of bulk 

graphite with scotch tape, 

annealing at 200 °C 

138 

CNT - 5-9 65 Ω/pH - - Vacuum filtration of aqueous 

solution 

141 

CNT+Ni - 2-10 1% / pH - Stable > 1 day CNT: LPCVD at 780 °C; Ni: 

electrodeposition 

205 
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ECT P3HT 2 4-10 10 nA/pH - Stable for 12 h Spin coating 144 

PEDOT:PSS 0.4 - 64 mV/pH 10 - Spin coating, annealing at 200 

°C 

145 

CNT+PAA 1 2-12 73 mS/pH - Stable > 120 

days 

Electropolymerisation 62 

EGFET ZnO+Pd/Au 2 7-9 - - - Hydrothermal deposition 149 

CNT 0.6 3-8 27 mV/pH 40 - Spin coating 150 

Graphene 2 2-12 100 

mV/pH 

- - High temperature growth 

(1100 °C)  

153 

Graphene 0.4 4.3-9.4 22 mV/pH - - CVD at 1000 °C, low 

temperature transferring, 

anneal at 500 °C 

151 

Reduced graphene oxide 0.7 4-8 34 mV/pH - - Graphene oxide prepared 

from Hummers method, spin 

coating, reducing with 

Hydrazine at 70 °C 

206 

Reduced graphene oxide 1.6 6-9 29 mV/pH - - Self-assembly and reduction 

of graphene oxide 

nanosheets, annealing at 200 

°C 

152 

P3HT 0.6 3-8 28 mV/pH 20 - Spin coating 150 

α6T 0.8 2-7 - - Drift by 10% in 3 

h 

Thermal evaporation 207 

FET Si 0.8 4-10 68 mV/pH - Drift = 27 mV/h Deep-UV lithography, 

chemical-mechanical 

polishing, annealing at 1000 

°C, wet etching 

159 

DDFTTF 2 3-11 50 nA/pH 90 Stable > 104 

measurement 

cycles 

 Thermal evaporation 160 

 

 

 

 

 

Table 3 Comparison of conventional and microfabricated electrochemical free chlorine sensors. 

 Advantages Disadvantages 

Conventional electrochemical free 

chlorine sensors 

1. Accurate 

2. Fast response 

1. Interference from pH, pressure, flow rate, 

and temperature 

2. Large size and difficult in integration 

Microfabricated electrochemical 

free chlorine sensors 

1. Eliminate electrolyte replenishment 

2. Small 

3. Low-cost 

4. Easy integration with other sensors 

1. Limited lifetime of coated membrane 

2. Low accuracy 
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Table 4 Summary of microfabricated electrochemical free chlorine sensors. 

Structure 

Electrode/sensing 

material 

Operation 

voltage [V] 

Detection 

range [ppm] Sensitivity 

Response 

time [s] Stability 

Fabrication of sensing 

materials Ref. 

Amperometric Au 0.15 > 0.08 13.69 

μA/cm2/ppm 

- Stable > 7 days Evaporation + lift-off 59 

Au - 1.5-8 69.2 

μA/cm2/ppm 

20 - Au evaporation, 

electrochemical deposition 

of Ag/AgCl 

208 

Au 0.35 0.2-5 14.20 

μA/cm2/ppm 

120 Stable >10 days Standard photolithography 163 

Pt 0.7 < 1.5 8.00 μA/ppm a - Stable > 5 h RF sputtering 164 

Pt 1.2 4-400 - - - - 58 

Carbon+KI - < 20 2.08 

μA/cm2/ppm 

30 - Screen printing of carbon 

electrodes, dispensing of KI 

165 

Carbon+polymelamine 1.2 0.4-521 ppm 3.98 

μA/cm2/ppm 

- Stable > 7 days Electropolymerization  166 

Boron-doped diamond 1.4 0.1-100 0.74 

μA/cm2/ppm 

- Stable > 3 

months 

Microwave plasma-assisted 

CVD + anodization 

167 

Benzethonium 

chloride + Prussian 

Blue on glassy carbon 

1.25 0.009-10 12.30 

μA/cm2/ppm 

< 5 Stable for 15 

test cycles (6 h) 

Electrodeposition 168 

CuO nanoparticle 

mixed with MWCNT in 

epoxy 

0.35 > 0.0006 16.07 

μA/cm2/ppm 

30 Stable > 7 days Manual casting + surface 

polishing 

170 

Chemo-resistor PCAT-SWCNT 0.8 0.06-60 91.50 nA/dec < 300 Stable > 30 h Drop casting of SWCNT, 

flow-through adsorption of 

PCAT 

176 

a Data for electrode surface area was not given. 
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Recent advances of micro-electrochemical pH and free chlorine sensors are reviewed and their technological challenges and perspectives 
are provided. 

 

Page 26 of 26RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


