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Abstract 30 

Over the last decades, a large number of pH sensitive materials with new compositions and structures 31 

have been proposed. Solid state sensors based on organic, inorganic and composite materials are 32 

actively investigated, with an increasing interest in the performances offered by nano-scale materials. 33 

Our review provides a thorough, up-to-date knowledge of a wide range of pH measurement methods 34 

and related-sensing materials, first introducing well established materials and methods for pH sensing 35 

and then covering recent developments in inorganic, organic and nano-engineered devices. The main 36 

sensor parameters, including sensitivity, stability, response time and testing conditions are reported. 37 

Given the importance of pH sensing in environmental applications, in particular seawater monitoring, 38 

sensors tested in seawater are highlighted and discussed. 39 

 40 

 41 

Key words: pH sensors; environmental monitoring; nanomaterials; water quality  42 
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1. Introduction 43 

  44 

Due to the relevance of pH for many chemical and biochemical processes, pH measurements are 45 

routinely carried out in a very broad range of activities, from industrial processes to chemistry, 46 

medicine and environmental monitoring. 47 

pH strongly affects environmental and biological processes. The availability of nutrients, the uptake of 48 

pollutants like heavy metals, the occurrence and distribution of microorganisms, the efficiency of 49 

enzymatic bioprocesses and metabolism, the occurrence of oxidative stress and its consequences on 50 

living organisms, are all pH-related phenomena (González Durán et al., 2018; Jin & Kirk, 2018; Kahn 51 

et al., 2017). Accurate quantification of pH is then vital for monitoring and protecting the health of our 52 

planet. In particular, pH is intimately linked with the dynamics of nutrients, contaminants, and trace 53 

metals in seawater and is entangled with the complex ocean carbonate system. As the pH of ocean 54 

surface decreases (-0.15 since pre-industrial times due to increasing dissolution of atmospheric CO2, 55 

Clarke et al., 2015), the delicate equilibria among chemical species in solution are perturbed, with 56 

effects on coastal biodiversity, ecosystem functioning (Lacoue-Labarthe et al., 2016) and the health of 57 

ecosystems worldwide (Kroeker et al., 2013; Somero et al., 2016). Continuous, accurate and punctual 58 

recording of seawater pH is needed to increase our understanding of the local and global pH 59 

dynamics and enable a better prediction of their effects (Bushinsky et al., 2019; Stow et al., 2009). 60 

Ion sensitive glass electrodes are the most popular pH sensors, due to their reliability, affordability 61 

and fast (few s) response time. This includes environmental applications like seawater monitoring and 62 

most oceanic probes are equipped with this kind of pH sensors for routine pH recording. However, 63 

glass electrodes exhibit signal instability or drift and, therefore, require constant re-calibration: this 64 

operation can cause significant error, that may arise from the quality and handling of the calibration 65 

solutions (McLaughlin et al., 2017b). The need for an inner electrolyte solution, connecting the 66 

reference electrode with the sample solution through a liquid junction, can be another source of error 67 

as the potential that develops across the junction varies as a consequence of external factors like 68 

pressure. Finally, glass electrodes are brittle, need a storage solution and cannot be miniaturized. 69 

For all these reasons, a number of alternative pH sensing devices have been proposed over the past 70 

decades. High precision measurements (up to 0.001 pH units) can be provided by spectrophotometric 71 

devices that are, however, much more expensive and complex than potentiometric sensors and have 72 

long sampling time (up to minutes). Solid state sensors can provide a cheap, robust and 73 

miniaturizable alternative for pH measurements (Korostynska et al., 2007), as demonstrated by the 74 

presence on the market of Ion Sensitive Field-Effect Transistors (ISFETs) based pH probes. These 75 

features can be exploited to realize sensing system with low cost, low power consumption and ease 76 

of operation (Radu et al., 2015). In the case of seawater monitoring, desired uncertainties for pH 77 

sensing have been specified as 0.02 for the study of short term, local variation and 0.003 for global, 78 

long term trends (Newton et al., 2015) and the quest for sensors with optimal field performances is 79 
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still open (Okazaki et al., 2017). A discussion of problems and techniques related to the measurement 80 

of pH in marine waters can be found in specialized papers (Byrne, 2014; Marion et al., 2011).  81 

This review will discuss developments in the field of solid-state pH sensors, covering organic, 82 

inorganic and composite sensing materials and focusing on recent devices based on nanomaterials. 83 

Parameters like sensitivity, stability, robustness to interfering ions and response time of the sensors 84 

will be reported and organized in tables for a fast reference. Recent examples of pH sensors 85 

developed for seawater applications will be provided and critically reviewed at the end of each 86 

chapter. Providing a thorough, up-to-date knowledge of a wide range of pH measurement methods 87 

and related-sensing materials, our review may assist materials scientists, sensors developers and 88 

marine scientists interested in new pH sensing solutions. 89 

 90 

2. Traditional methods and materials for pH measurement 91 

The hydrogen ion is a ubiquitous species that plays a role in most chemical and biochemical reactions 92 

carried out in aqueous solutions. Firstly introduced by the Danish biochemist Soren Peter Lauritz 93 

Sorensen, pH is defined as the negative logarithm of H+ activity (Sørensen, 1909; Buck et al., 2002): 94 

𝑝𝐻 = − log(𝑎ுశ)   (1) 95 

Due to the importance of this parameter for a wide range of applications, pH measurements are 96 

routinely performed in chemical, industrial, biological and medical practice. In the following sections, 97 

well established measurement techniques will be summarized, introducing some examples of 98 

seawater-designed devices. 99 

2.1 Optical/spectrophotometric methods  100 

A practical measurement of pH can be obtained using the so-called acid-base indicators, substances 101 

that change their color as a function of pH. In general, an indicator dye is an amphoteric compound 102 

with a dissociation constant that is close to the pH to be determined. The pH of the sample-indicator 103 

system can be expressed as a function of the dissociation constant of the indicator (pK) and of the 104 

concentration of its protonated (HA) and unprotonated (A-) form: 105 

𝑝𝐻 = 𝑝𝐾 + log
[ష]

[ு]
  (2) 106 

As the two forms of the indicator in solution have different colors due to different light absorption, their 107 

concentration can be measured from their absorption spectra. 108 

Based on this principle, spectrophotometric methods for pH measurement, reaching an accuracy as 109 

high as 0.001, have been developed using different indicators such as m-cresol purple, cresol red, 110 

bromocresol green, bromocresol purple and thymol blue (King & Kester, 1989; Millero et al., 2009). A 111 

schematic example of automated spectrophotometric pH system is reported in Figure 1. Once 112 

calibrated, these devices do not need to be recalibrated for use at sea. A description of a 113 

spectrophotometric pH sensor designed for in situ measurements can be found in Cullison Gray et al. 114 

(2011) and in Lai et al. (2018). 115 
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Recent technological developments of optical/spectrophotometric-based sensors represent a 116 

promising tool for monitoring the ocean carbonate system. In particular, pH sensors using 117 

spectrophotometric techniques are currently used for surface water measurements on research 118 

vessels and, similarly, optodes for pCO2 measurements have been successfully tested in seawater for 119 

oceanographic applications (Rérolle et al., 2018; Staudinger et al., 2018; 2019 and references 120 

therein). Optical methods for pH detection will not be further discussed. A comprehensive review can 121 

be found in (Rérolle et al., 2012). 122 

2.2 Electrochemical methods  123 

Probably the most common techniques for pH sensing are based on the measurement of electrical 124 

parameters, such as conductivity or resistivity, impedance, potential. Conductometric devices 125 

correlate the change in conductivity/resistivity of an active material connecting two electrodes to the 126 

concentration of the analyte (H+ for pH). Voltammetric devices measure the current flowing between 127 

the electrodes when the potential is swept in a defined manner; in this case, the pH measurement can 128 

be correlated to a peak potential of an electroactive compound (Dai et al., 2016). 129 

Potentiometric sensors are the most used for routine pH determination. In principle, a potentiometric 130 

measurement consists of the measurement of the electromotive force (EMF) in an electrochemical 131 

cell, composed of a working electrode and a reference electrode. The pH of the sample is calculated 132 

comparing the EMF measured in the sample (Es) and in a standard buffer solution (Eb) of known pH 133 

(pHb), following the Nernst equation: 134 

𝑝𝐻 = 𝑝𝐻 +
(ா್ିாೞ)ி

ோ்ଵ
  (3) 135 

where R is the gas constant, F is the Faraday constant and T is the temperature (Rérolle et al., 2012).  136 

   137 
Figure 1. Scheme of: a potentiometric pH sensor with glass ion sensitive electrode (a) and a spectrophotometric 138 
pH measurement device (b). 139 

The most used working electrode for this application is made of a silver/silver chloride electrode 140 

embedded into a glass tube that ends in an ion selective glass membrane. On both sides of the glass 141 

membrane, a hydrated gel layer is formed with the aqueous solutions that are in contact with glass 142 

surfaces (Figure 1). The concentration of H+ ions on the inner layer, containing a reference solution, is 143 

constant while on the outer layer it varies depending on pH. As a consequence, there is an exchange 144 

of alkaline ions between the outer layer and the glass membrane that changes the overall potential of 145 
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the membrane. The reference electrode is usually of the same type (Ag/AgCl), immersed into a KCl 146 

solution and can be included with the working electrode in a single device.  147 

The glass electrode potentiometric equipment is relatively cheap and has been the only practical way 148 

to measure pH of seawater for many years. However, the glass electrodes must be handled with care 149 

due to the brittleness that is associated with glass, and properly stored in electrolyte solutions to 150 

prevent ions leaching from the glass membrane (if stored in deionized water) and to preserve the 151 

hydrated layer onto glass surface from drying out. They also have a limited shelf life due to the 152 

degradation of the glass membrane and need a regular calibration in seawater buffers, whose 153 

accurate preparation determines the accuracy of the measurement (McLaughlin et al., 2017b; 154 

Weldborg et al., 2009). The stability and pressure sensitivity of the “liquid junction”, the porous 155 

membrane that allows an ion flow to close the electrochemical cell, can also be an issue. In practice, 156 

electrode potential drift and experimental problems can limit the accuracy of potentiometric 157 

measurements to less than 0.01, with a drift of 0.02 pH/day (Rérolle et al., 2012).  158 

3. Inorganic materials for solid state sensors 159 

The realization of a miniaturizable, stable and cheap pH sensor to substitute glass membrane based 160 

devices is still a challenge. A number of solid-state sensors have been proposed and some of them 161 

are already available on the market. 162 

A common approach to solid state Nernstian pH sensors is based on the realization of Ion Sensitive 163 

Field Effect Transistors (ISFETs). ISFETs are traditional Metal Oxide Semiconductor Field Effect 164 

Transistors (MOSFET), where the gate electrode is modified (or substituted) by a thin layer of an 165 

insulating material (Si3N4, Al2O3, Y2O3, ZrO2). The protonation/deprotonation process occuring on the 166 

insulator layer when in contact with water solutions of different pH determines the electrostatic field at 167 

the gate, controlling the current flowing into the FET (Bergveld, 2003). The circuit must be closed 168 

using a reference electrode connected to the source in lieu of the now removed gate (liquid gating).  169 

ISFET pH sensors exploit a mature (more than 20 years) technology and have been used extensively 170 

for industrial, clinical and environmental pH monitoring as they offer a number of advantages, relative 171 

to glass electrodes. First, the sensor can be fabricated with conventional silicon based semiconductor 172 

technologies at reduced costs and ease of integration with electronic devices. Furthermore, it is small, 173 

resistant to mechanical shock and does not need a storage solution. Due to the different structure, the 174 

impedance of ISFET devices is lower with respect to glass electrodes, which has a beneficial effect 175 

on noise and stability. Commercially available sensors based on ISFET technology have been tested 176 

at sea with encouraging results and devices specifically designed for oceanographic research, mainly 177 

based on the Honeywell Durafet™ sensor, are currently used by research institutions (Johnson et al., 178 

2016; Saba et al., 2019). 179 

Despite the good performances of ISFET sensors, further refinements are required for their extended 180 

use in ocean acidification studies, concerning, as an example, the reliability of the reference 181 

electrode, long signal stabilization time and the stability of the sensor during long-term oceanic 182 

deployments (Martz et al., 2015; McLaughlin et al., 2017a; Rérolle et al., 2012). 183 
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A wide number of variations to the standard ISFET design have been proposed over the years. Some 184 

examples of the most advanced solutions will be reported here (see Table 1 for main parameters). A 185 

double gate architecture that can push sensitivity above the Nernst limit has been developed. As an 186 

example, a double gate ISFET based on ZnO was claimed, with a sensitivity as high as 2.25 V/pH 187 

(Spijkman et al., 2011a). The high sensitivity is generated by a capacitive coupling effect (Spijkman et 188 

al., 2011b) that, in this case, was maximized by applying an extremely thin passivation layer, a self 189 

assembled monolayer of octadecyl phosphonic acid. However, the device was tested only at the pH 190 

values of 6 and 8, and showed a large standard deviation in the measured potential. An alternative 191 

design to reduce noise and increase stability relies on the realization of an extended sensing layer, 192 

connected to the gate (extended-gate FET or EGFET; Pullano et al., 2018). Parizi et al. (2012) 193 

proposed a device that couples two EGFETs (n- and p- type) in parallel, matched to have the same 194 

transconductance to cancel a large part of the noise. This design allows the substitution of the 195 

external reference electrode (e.g. Ag/AgCl) with a simple, solid state pseudo-reference. 196 

In a recent paper, Takechi et al. (2015) demonstrated a signal amplification effect similar to Spijkman 197 

(2011a) using an amorphous InGaZnO4 (IGZO) layer as the bottom gate and a thin film of TaOx as an 198 

ion sensitive top gate. The resulting sensitivity is as high as 450 mV/pH but the resolution limit, 199 

calculated taking into account drift and hysteresis of the device, was estimated in 0.02 pH in a narrow 200 

range (pH 4 – 6). An optimization of the fabrication process led to a similar IGZO/Ta2O5 based ISFET 201 

with a sensitivity of 402 mV/pH in the 4 – 9 pH range (Kumar et al., 2017). However, stability and drift 202 

problems still constitute a serious limit to the use of this kind of device in demanding applications (Pyo 203 

& Cho, 2017). Ta2O5 has been investigated also for the realization of flexible extended gate 204 

electrodes, printed on plastics and coupled to a FET device (Wu et al., 2017). The sensitivity of this 205 

assembly was relatively low, 24 mV/pH, but good temporal stability (drift < 1% during tests) and 206 

repeatability were observed. 207 

Recently, an interesting combination of organic semiconductor and SiOx thin layer was tested as gate 208 

in a dual-gate ISFET device, showing an improvement in response time and an amplification of the 209 

signal up to 10 times with respect to a bare SiOx layer (Pfattner et al., 2019). However, the stability of 210 

the response was not addressed. 211 

In summary, ISFET devices take advantage of well-established semiconductor fabrication processes 212 

for the production and integration of pH sensors. It is a technology with a long history and a high 213 

maturity level, with at least one product dedicated to seawater application already on the market. In 214 

the quest for increased stability and accuracy, a number of improved designs have been proposed 215 

and tested at laboratory scale. Latest developments make use of nano-engineered active layers and 216 

electrodes and will be discussed in Section 5. 217 
 218 

Sensing 
material 
and setup 

Testing range and 
media 

Sensitivity Stability Response 
time 

Reference 

ZnO 
Dual gate 
ISFET 

6 – 8 
Commercial 
buffers 

Up to 2.25 V/pH Low hysteresis. n/a Spijkman et 
al., 2011a 
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High standard 
deviation on 
sensitivity estimation. 

Al2O3 
EGFET 

4 – 10  Up to 130 mV/pH  
 

n/a n/a Parizi et al., 
2012 

TaOx 
Dual gate 
ISFET 

4 – 6 
McIlvaine buffer 
(Na2HPO4 – citric 
acid)  

453 mV/pH 
Resolution up to 
0.02 pH 

Drift and hysteresis 
low with respect to 
the high response 

n/a Takechi et 
al. 2015 

Ta2O5 
Dual gate 
ISFET 

4 – 9  
Commercial pH 
buffers 

402 mV/pH Relatively stable 
after 1.5 years of 
storage 

n/a Kumar et 
al., 2017 

Ta2O5 
EGFET 

1 – 13 
Water + HCl/NaOH 
Weak effect of 
monovalent 
cations 

28 mV/pH <1% drift over 16 min <10 s  Wu et al., 
2017 

SiOx 
ISFET 

2.4 – 11.7 
PBS Response is 
not linear below pH 
5. 
Low effect of 
varying NaCl 
concentration. 

Up to 14%/pH 
(drain current 
normalized to the 
reference value at 
pH 7.4) 

n/a Few s Pfattner et 
al., 2019 

Table 1. Main characteristics of ISFET based sensors 219 

A second family of solid state probes for pH are electrodes based on oxides or metal/metal oxide 220 

couples, suitable for a potentiometric sensing setup. Metal/metal oxide pH sensors respond to pH due 221 

to an equilibrium involving the metal and its oxide where, in the metal oxide electrodes, the metal is 222 

not involved in the potential-determining reaction (Glab et al., 1989). 223 

Due to their robustness, relatively easy miniaturization, fast response and good sensing performance, 224 

metal/metal oxide and metal oxide materials represent promising substitutes to glass electrodes. pH 225 

responsiveness has been observed in many semiconducting oxides, including Sb2O3, PtO2, OsO2, 226 

Ta2O5, TiO2, PdO, SnO2, ZrO2, PbO2 and, notably, IrO2 and RuO2 (Hayat & Marty, 2014; Koncki & 227 

Mascini, 1997; Yao et al., 2001). 228 

Antimony based electrodes have been among the first to be developed and proposed (Kinoshita et 229 

al., 1986). As the potential developed by antimony, in response to hydrogen ion activity, is to some 230 

degree sensitive to other dissolved anions, the use of a Nafion membrane to cover the electrode has 231 

been proposed, resulting in a response stable within 2 mV/pH over 1 month (Xu et al., 2016, 2018, 232 

see table 2). 233 

Ruthenium oxide is one of the most investigated oxides for pH sensors; its sensing mechanism is 234 

attributed to the presence of oxygen vacancies at the surface that lead to the formation of hydroxyl 235 

groups by dissociative adsorption of water, generating a pH sensitive layer (Trasatti, 1991). Thick 236 

films can be produced by screen printing and 3D structures can be built by the low temperature co-237 

firing of ceramics (LTCC), both industrially scalable processes, showing very high sensitivity and 238 

robustness (Manjakkal et al., 2014, 2016; Figure 2). Thick films based on RuO2 containing glass paste 239 

by screen printing and sintering; potential was measured against Ag/AgCl in the pH range 2-12 and a 240 

linear Nernstian behaviour was observed with a slope of 56 mV/pH. In a formulation with 30 wt% of 241 

titania, the sensitivity was maintained at 56.11 mV/pH with a good response time of about 15s and a 242 
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good 60 days stability. In a similar way, mixed RuO2/Ta2O5 based films were prepared by screen 243 

printing and sintering with glass forming oxides. In this case, the response was higher in acid to 244 

neutral environment (64.7 mV/pH from 2 to 8) than in basic conditions (43.1 mV/pH from 8 to 11) 245 

probably due to the effect of alkaline pH on the supporting glass paste (Manjakkal et al., 2016). 246 

Remarkably, in these examples the behaviour of RuO2 based sensors was not influenced by common 247 

anions. However, an influence of oxygen and redox agents has been observed in industrial 248 

applications of RuO2 based sensors. Recently, a double protective layer (Ta2O5 thin film and Nafion 249 

membrane) has been introduced to mitigate the effect of interfering species (Lonsdale et al., 2018). 250 

Some of the reported papers, in the quest for miniaturization and integration of their sensors, propose 251 

an integrated solid Ag/AgCl pseudo-reference electrode, to be fabricated into the same substrate as 252 

the sensing electrode. The need for a stable reference is, in fact, a key problem for the development 253 

of miniaturized solid pH sensors (Hu et al., 2015; Michalska, 2012). We can affirm that a robust and 254 

stable alternative to liquid or gel filled electrodes is not yet available, although a number of different 255 

designs for disposable and/or reusable solid pseudo-reference electrodes are available (Sophocleous 256 

& Atkinson, 2017). The use of modern fabrication technologies can lead to miniaturized multilayered 257 

electrodes with stability comparable to traditional ones (Moya et al., 2019). 258 

Iridium oxide is also widely employed for pH sensing. It is usually indicated as IrOx due to its complex 259 

stoichiometry, strongly influenced by synthesis conditions (Jang & Lee, 2020). An optimized 260 

electrodeposition, followed by an annealing procedure, was developed for the deposition of porous 261 

IrOx films onto gold electrodes (Kim & Yang, 2014). The modified electrodes (Figure 2) showed a 262 

nearly perfect Nernstian response to pH changes, with a slope of 59 mV/pH very stable towards cyclic 263 

pH changes. Iridium and tantalum oxide thin films were deposited onto platinum electrodes by means 264 

of electro-deposition and e-beam sputtering respectively (Uria et al., 2016). Being designed for 265 

biological media, these devices were tested in a phosphate buffer saline solution (PBS) within a 266 

narrow pH range, resulting in a potentiometric response of 59.4 mV/pH for tantalum and 72 mV/pH for 267 

iridium oxide.  268 

IrOx based sensors have good pH sensing performances but their response can be affected by 269 

reactions with oxidizing and reducing species dissolved in the test solution. A tantalum oxide layer 270 

deposited over IrOx has been tested as a barrier layer, increasing the stability of the signal against 271 

oxygen (Kuo et al., 2014). Recently, a further refinement in the oxidation procedure of iridium wires 272 

led to the production of a remarkably stable sensor, with no need for barrier layers (Pan et al., 2018). 273 

This sensor was tested in the presence of a large set of anions and cations and in marine water, 274 

exhibiting stability and sensing performances in line with the glass electrode used as a reference. A 275 

very similar Ir/Ir(OH)x pH electrode has been recently fabricated and field tested in seawater, 276 

comparing the results with a commercial pH meter (Zhang et al., 2017). The solid state electrode 277 

showed good stability (137 days) and a precision comparable to the reference glass sensor, with a life 278 

span up to 5 months. 279 
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 280 
Figure 2. Assembly of: sintered RuO2 working electrode onto LTCC ceramic substrate (a) (Reprinted from 281 
Manjakkal et al. (2016), with permission from Elsevier); gold electrode modified by electrodeposited IrOx (b) 282 
(Reprinted from Uria et al. (2016), with permission from Elsevier). Both solutions include a pseudo-reference solid 283 
Ag/AgCl electrode. 284 

Other metal oxides used for pH measurements include WO3, TiO2, ErO2 and MnO2. Manganese oxide 285 

was shown to exhibit a non-linear electrical response to pH (and a tendency to dissolve in acidic 286 

solutions) due to the chemical equilibrium among the oxide and the oxo-hydroxide species. A 287 

microelectrode was fabricated by coating MnO2 with a polymeric proton-conductive Nafion membrane, 288 

showing a linear response in the 4 – 12 pH range with a slope of 60 mV/pH (Cachet-Vivier et al., 289 

2010). In a recent study, a tungsten bronze with a well-defined composition and crystal structure was 290 

produced by oxidation of tungsten wire and has been proposed as electrode material for 291 

potentiometric pH detection (Cisternas et al., 2017). The response of this material was found to be 292 

highly reproducible and stable (variations in the order of 0.3 mV) upon storage and continuous 293 

operation conditions. The use of multiple metals in a single device has been investigated by Sadig et 294 

al. (2018) that realized an iridium, ruthenium and titanium oxide based tri-oxide system. Though no 295 

details are given on the structure of the deposited oxide layer, the response recorded showed a linear 296 

potential/pH relation whose slope was stable within 0.3 mV over 120 days of testing. Finally, it is 297 

worth reporting on the design of a sensor based on solid metal rods, expressely developed for 298 

seawater monitoring (Brooke et al., 2016). To overcome the interefences of corrosion, surface 299 

reactions and fouling, 8 different metals were simultaneously used and their potential against a 300 

common zinc counter electrode was recorded continuously against pH, measured by a reference pH 301 

meter, allowing the calibration of the device through a self-learning neural network algorithm. After 302 

calibration, the device was able to reproduce actual pH values over 3 weeks of deployment. 303 

Sensing material 
and setup 

Testing range and 
media 

Sensitivity Stability Response 
time 

Reference 

Sb2O3 – Nafion 
membrane 
Potentiometric 

4 – 9 
Commercial buffers 

54.5 ± 2 
mV/pH 

Stable within 2 
mV/pH over 1 
month 
(measurement 
repeated every 
week) 

20 s Xu et al., 
2018 

RuO2/TiO2 
Potentiometric 

2 – 12 
HCl/NaOH 
solutions. 
Interference of Li+, 
Na+ and K+ 
negligible 

56.11 mV/pH  
 

Storage in ambient 
condition up to 2 
months with no 
change in 
properties 

15 s Manjakkal et 
al., 2014 

RuO2/Ta2O5 
Potentiometric 

2 – 12 
HCl/NaOH solutions 
and H3BO3/citric 

64.7 mV/pH 
(pH 2–8) 

Storage in ambient 
conditions up to 2 
months led to a 

15 s Manjakkal et 
al., 2016 
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acid/Na3PO4 buffer. 
Interference of Li+, 
Na+ and K+ 
negligible 

43.1 mV/pH 
(pH 8–11) 

small reduction in 
sensitivity. 

IrOx 
Potentiometric 

2.4 – 11.6 
Commercial buffers 

59.5 mV/pH n/a 2 s Kim & Yang, 
2014 

Ta2O5 / IrOx 
Potentiometric 

3 – 8 
PBS acidified with 
HNO3 
Chloride ion 
concentration can 
influence reference 
stability. 
 

59.4 mV/pH 
(Ta2O5) 
72 mV/pH 
(IrOx) 

Stable after 
incubation in LB/ 
glucose for 24h. 

Few s Uria et al., 
2016 

IrOx 
Potentiometric 

2 – 13 
Britton – Robinson 
buffer 
Good selectivity 
against common 
cations 

59.5 mV/pH Drift < 0.1 mV/h n/a Kuo et al., 
2014 

Ir(OH)x 
carbonate 
oxidized 
Potentiometric 

2 – 10 
Commercial buffers 
Tested in seawater 
(pH 7.9) Negligible 
effect of common 
cations anions and 
O2 

56.8 – 57.6 
mV/pH 

No drift over 48 h at 
pH 6. 

1 s Pan et al., 
2018 

Ir(OH)x 
Potentiometric 

4 – 9 
Calibrated in 
commercial 
buffersTested in 
Dickinson 
seawater (pH 
7.876) and in open 
sea 

56.1 – 59.5 
mV/pH  

Negligible drift over 
200s. 
Stable during 137 d 
of continuous 
recalibration in 
standard buffers 

5 s Zhang et al., 
2017 

MnO2 – Nafion 
membrane 
Potentiometric 

2 – 12 
H2SO4/NaOH 
solutions 
Interference by Fe2+ 
ions. 

≈ 60 mV/pH  n/a 35 to 74 s Cachet-
Vivier et al., 
2010 

Na0.75WO3 
Potentiometric 

1 – 10 
Commercial buffers, 
KCl/HCl solution 
(pH 1) 
High selectivity 
against Na+ K+ Mg2+ 
Ca2+ 

≈ 56 mV/pH Stable for storage 
in air up to 6 
months and for 
repeated 
measurements over 
1 w 

13 – 18 s 
(depending 
on pH) 

Cisternas et 
al., 2015; 
Cisternas et 
al., 2017 

IrO2-RuO2-TiO2 
Potentiometric 

1 – 13 
Tris buffer Some 
influence of K+ ions 

59 mV/pH Stable for 120 d  4 – 8 s Sadig et al., 
2018 

Stainless Steel, 
Cu, WC, Brass, 
Ni, Al, Ti, Bronze  
Potentiometric 
vs a common Zn 
counter-
electrode 

Tested in seawater Neural 
network 
calibration 
correlates 
potential 
readings with 
pH 

Signal degradation 
after 1 month of 
deployment 

n/a Brooke et 
al., 2016 

Table 2. Main characteristics of metal/metal oxide based sensors. In bold, sensors that have been tested in 304 
seawater. 305 

Metal oxide based pH sensors are finding increasing popularity due to their ruggedness and relatively 306 

low price. However, most of the prospective applications are not demanding, in terms of accuracy and 307 

stability, like seawater monitoring.  308 
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There are interesting examples of metal oxide sensors tested in seawater. Zhang et al. (2017) 309 

integrated four IrOx pH electrodes and one Ag/AgCl reference electrode in a self-made chemical 310 

sensor, and deployed it in a profile detection of nearly 70 m for a sea trial, near Newport Harbor, 311 

California. The pH value measured by the sensor was very close to the data given by a Sea-Bird 911 312 

plus CTD, taken as a reference (maximum deviation 0.06 pH units), with the IrOx sensor showing a 313 

better data matching in the 0–40 m water depth range. The sensors were subjected to periodic 314 

calibrations for a 137 days period, showing a remarkable response stability. The authors contend that 315 

the high precision and accuracy of the sensor make it possible to use in the ocean observation field.  316 

Pan et al. (2018), fabricated an IrOx based electrode, whose response to pH was tested in various 317 

buffers and in seawater samples. Their sensors showed a good agreement (maximum deviation 0.04 318 

pH units) with a commercial glass electrode in all testing conditions, showing a remarkable selectivity 319 

against interfering ions. No data is available for long term deployment in seawater. 320 

Furthermore, Brooke et al. (2016) described the simultaneous use of eight metal electrochemical cell 321 

for measuring ocean pH through a non-linear calibration algorithm obtained using a neural network 322 

self-learning approach. A prototype sensor was deployed in a seawater tank at the Seattle Aquarium 323 

for one month and, after the calibration period, was able to reproduce pH values within 0.02 pH units 324 

vs. the reference pH electrode for up to 3 weeks, before corrosion and fouling started to affect the 325 

response.  326 

The latest developments in the field of inorganic films, for both FET and potentiometric pH sensing 327 

devices, are directed towards the fabrication of nanostructured/multilayer electrodes with improved 328 

performances and reduced cost. These approaches will be treated in Section 5.  329 

 330 

4. Polymer-based pH sensors  331 

Polymer based materials, in particular conducting polymers, are finding ever increasing applications in 332 

the sensing field, due to their versatility, low cost and robustness (Adhikari & Majumdar, 2004).  333 

A general feature of conducting polymers is their “redox” activity and, as a consequence, the 334 

possibility to change their electrical behaviour (charge carrier density, band structure) through a 335 

doping-dedoping effect generated by the interaction with ions or small molecules (Adhikari & 336 

Majumdar, 2004; Culebras et al., 2014). These interactions constitute the basis for the use of 337 

conducting polymers for sensing (Gupta et al., 2004; Persaud & Pelosi, 1985).  338 

Huang et al. (1986) investigated in detail the effect of pH on conducting polymers, in particular 339 

polyaniline (PANI) and showed that the pH influences the redox processes of PANI in aqueous 340 

electrolytes. Since the first pioneering studies, the most investigated polymers in sensing have been 341 

polythiophene, polypyrrole (Ppy) and, notably, polyaniline and its derivatives, deposited or 342 

polymerized directly onto metal electrodes. 343 

Doped PANI can be produced by electrochemical polymerization of aniline in the presence of 344 

tetraphenyl borate (Pandey & Singh, 2001). The potentiometric measurement carried out in buffers 345 

and electrolytic solutions showed a linear potential/pH relationship, and a claimed stability of 6 months 346 
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(Table 3). However, a super-Nernstian response was observed, attributed to a non equilibrium 347 

protonation/deprotonation process. In a more complex design, a graphite lead was covered with in 348 

situ polymerized PANI (Gao & Song, 2009) and used for amperometric sensing of pH in the range 1.8 349 

– 9.9. The voltammetric I/V curve shifted towards negative potential with increasing pH, showing a 350 

bilinear correlation and high reproducibility (0.5% error on repeated measurements). The higher slope 351 

recorded in the acidic range was attributed to multiple oxidation states possible for PANI. Recently, 352 

disposable and low cost sensors were realized by drop casting a PANI solution on carbon electrodes, 353 

printed on a paper substrate. Ag/AgCl solid pseudo-references were produced on the same substrate 354 

to fabricate an integrated device that showed a linear response to pH in the range 4 – 10, stable 355 

during 24h (Rahimi et al., 2016). Flexible interdigitated electrodes deposited on a polyimide film 356 

(Figure 3) have been covered by spin casting with a PANI film, doped with dodecyl benzene sulfonic 357 

acid (Li et al., 2020). The flexible sensors were calibrated in phosphate buffers and showed a linear 358 

potential response vs. pH up to pH 8.6. 359 

Platinum electrodes, realized by photolithography, have been modified with polypyrrole and used by 360 

Lakard et al. (2007); the potentiometric response of these sensors was tested in the pH range 2 – 11, 361 

showing a nearly linear dependence of potential with pH. The sensitivity, however, showed a 362 

progressive decrease over 30 days of monitoring, attributed to the degradation of the silver pseudo-363 

reference electrode. Ppy polymerized onto PEI modified electrodes showed improved stability, due to 364 

the adhesion granted by the imine layer (Segut et al., 2007). As a more recent example of a 365 

potentiometric sensor made by electropolymerization, it is worth mentioning the device proposed by 366 

(Li et al., 2011). By polymerization of bisphenol A (BPA) onto ITO glass, the authors developed an 367 

electrode that was tested in either potentiostatic or potentiometric setup, in a wide pH range (1 to 14) 368 

showing a sensitivity close to tne Nernst limit and a reasonable stability of the response up to 12 369 

days. 370 

 371 

Figure 3. Schematic representation of an interdigitated gold electrode with deposited PANI sensing layer 372 
undergoing reversible protonation/deprotonation. Reproduced from Li et al. (2020) - Published by The Royal 373 
Society of Chemistry. 374 

Recently, a non-conjugated, redox active polymer, poly(dopamine), demonstrated a linear correlation 375 

of the redox peak measured by voltammetry with pH. The polymer was deposited on a carbon 376 

electrode and tested in a wide pH range, in different buffers or saline solutions showing an excellent 377 

stability of the response (Amiri et al., 2016).  378 
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Combinations of conducting polymers with support polymers have been also realized by various 379 

methods, including the deposition of preformed polymer from solutions, reducing the cost of the 380 

assembly and overcoming the difficulties of electrodeposition. Gill et al. (2008) developed a composite 381 

conductimetric pH sensor mixing doped PANI particles with polyvinyl butyral and polypyrrole. The 382 

composite was deposited by screen printing on an interdigitated electrode and showed a linear 383 

response to pH in the range 2 – 8, but a response time of about 200 s. An analysis of the sensor 384 

response as a function of composition revealed that PANI is the active component while polypyrrole 385 

contributes to increase the system conductivity. As a development of this concept, a gel with similar 386 

composition was tested for the real time detection of pH in drinking water (Banna et al., 2014). Gold 387 

interdigitated electrodes were covered with the sensitive polymers and exposed to solutions in the pH 388 

range 6.5 – 9 showing a non-linear change in resistivity that was stable over 30 days of continuous 389 

exposure. The accuracy and resolution of this sensor were similar to commercial devices.  390 

 391 
Sensing material 
and setup 

Testing range 
and media 

Sensitivity Stability Response 
time 

Ref. 

PANI/ 
tetraphenylborate 
Potentiometric 

2 – 9 
Tris-HCl buffer 
Negligible 
effect of Na+, 
K+, Ca2+ 

≈ 86 mV/pH Stable after 6 
months storage 

n/a Pandey & 
Singh, 2001 

PANI 
Amperometric 

1.8 – 9.9 
Britton-
Robinson 
buffer 

32.4 mA/pH (pH 
1.8 – 5.5) 
15.9 mA/pH (pH 
5.5 – 9.9) 

0.5% error on 
consecutive 
measurements 

5 s (85% of 
reading) 

Gao & Song, 
2009 

PANI 
Potentiometric 

4 – 10 
Commercial 
buffers 

50 mV/pH Drift ≤ 0.01 pH/h 
during 24h  

12 s Rahimi et al., 
2016 

PANI 
Potentiometric 

5.45 – 8.62 
Phosphate 
buffer 

58.6 mV/pH 
2.4% standard 
deviation 

Hysteresis < 12% 
of full scale 

54 s Li et al., 
2020 

PEI / Ppy 
Potentiometric 

4 – 9  
Commercial 
buffers. 
Interference of 
carbonate ions 

≈ 50 mV/pH 
Dependent on 
film structure 

Slight decrease of 
sensitivity over 30 
d 

<60 s Segut et al., 
2007 

Poly(bisphenol A) 
Potentiostatic/ 
Potentiometric 

-1 – 15 
50nM NaCl + 
HCl or NaOH. 
No effect of 
Na+, K+, Cl-, 
SO4

- 

58.6 ± 1.4 
mV/pH 
(Potentiostatic) 
56.7 ± 1.6 
mV/pH 
(Potentiometric) 

Stable within ≈ 4% 
after 12 d of 
storage.  

20 s Li et al., 
2011 

Poly(dopamine) 
Potentiostatic 

1 – 12 
Phosphate, 
acetate, 
carbonate, 
Britton-
Robinson 
buffers. 
HCl/KCl 
solution 

58.2 mV/pH Stable within 0.8% 
for repeated 
measurement. 
Slight effect of 
buffer ionic 
strength, corrected 
by calibration  

n/a Amiri et al., 
2016 

PANI/ Ppy in 
poly(vinyl butyral) 
gel 
Conductometric 

6.4 – 9 
Tap water 
 

Non-linear 
resistivity/pH 
calibration curve. 

Precision 0.07 pH 
units. 
Stable for 30 d of 
continued use 

n/a Banna et al., 
2014 

Table 3. Main characteristics of polymer based sensors. 392 
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Polymer based pH sensors, mainly based on organic conductive polymers, have been known for a 393 

long time. Many different designs and compositions have been proposed, but their development has 394 

been limited up to now to lab scale studies. This fact can be due to the low compatibility of polymer 395 

processing conditions with the traditional electronic technologies that rely on inorganic 396 

semiconductors and oxides. Moreover, the relatively low stability of polymer electrical response may 397 

have contributed to the low diffusion of polymeric sensors for pH monitoring. Nevertheless, the 398 

popularity of polymer based sensors is now increasing, following the development of flexible, printable 399 

organic electronics, and polymers can be the ideal candidates for the fabrication of disposable 400 

devices with short service life. In the most recent researches, conductive polymers are combined with 401 

nanomaterials for enhanced sensitivity, response time and selectivity (Ates, 2013). 402 

5. Nanomaterial-based sensors  403 

The continuous quest for high sensitivity, fast response time, flexibility and cost-effectiveness is the 404 

driving force for the research of new solutions and materials for sensing. The use of nanoscale 405 

materials, both organic and inorganic in the realization of sensing devices, has been recently 406 

proposed leading to very interesting improvements in sensor performances (Salavagione et al., 2014). 407 

The first and more obvious consequence of the structuring at very small length scale, is the large 408 

increase in surface area. As the interactions with probe solutions are usually limited to the surface of 409 

the sensing material, this leads to an immediate increase in sensitivity that allows the design of 410 

miniaturized devices with weight, energy and cost savings. 411 

5.1 Organic and carbon-based nanomaterials 412 

One-dimensional nanomaterials based on conducting polymers can be fabricated using well-413 

established wet chemical techniques and their properties can be easily tuned during synthesis or with 414 

a doping step. Nanotubes and nanowires with enhanced sensitivity toward various chemical/biological 415 

species are then ideal candidates for the design of new sensors (Bangar et al., 2010). 416 

Nanowires fabricated with different methods have been proposed for the realization of pH sensing 417 

devices. Shirale et al. (2010) fabricated a FET sensor based on a single PPy nanowire for real-time 418 

pH monitoring and examined how the diameter of the nanowire affects the sensor performance. The 419 

sensor showed a linear correlation of the drain current with pH in the range 1 – 11 (Table 4). Doped 420 

Ppy nanowires were fabricated by electropolymerization on a gold substrate (Sulka et al., 2013). The 421 

gold/Ppy electrode was then used as a potentiometric sensor in buffer solutions, in the pH range 2 – 422 

12: it was shown that the oxidizing agent used for the polymerization influences the response, with 423 

LiClO4 giving the best sensitivity (49.3 mV/pH). Remarkably, the nanowires showed a ten-fold 424 

increase in sensitivity compared with thin films of Ppy prepared in the same conditions. 425 

Recent developments in polymer based pH sensors are generally directed towards the realization of 426 

flexible devices, as an example, by printing carbon based electrodes onto plastic films and modifying 427 

them with active materials. PANI nanofibers directly polymerized at the surface of carbon electrodes 428 

supported on PET were tested at pH between 4 and 10 (Park et al., 2019). The Nernstian response 429 
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was observed with good repeatability (97.9%) and reasonable stability (drift of 3 mV/h over 15 h). An 430 

interesting flexible pH sensor was fabricated by soft-lithography templating of nanopillars on a 431 

polyurethane/acrylate layer followed by electrodeposition of polyaniline (Figure 4). A solid Ag/AgCl 432 

pseudo-reference electrode was deposited as a reference and the sensor was tested in the 2 – 12 pH 433 

range, showing a remarkably fast ( ≈ 1 s) and accurate response (compared to a reference glass 434 

electrode) even in complex samples like juices and coffee (Yoon et al., 2017).  435 

 436 
Figure 4. Templated nanopillars realized by soft lithography and flexible electrode assembly (Journal of Colloid 437 
and Interface Science 490 (2017) 53–58). Reprinted from Yoon et al. (2017), with permission from Elsevier. 438 

Dodecyl benzene sulfonic acid doped PANI nanoparticles were conveniently incorporated into an 439 

epoxy resin to produce thin films for conductometric measurement of pH in soil (Patil et al., 2019). 440 

The films showed a high conductivity when loaded with 10 wt% of PANI and were tested in 441 

commercial buffers showing a good linearity of relative conductance vs. pH. 442 

Carbon nanotubes (CNTs) and graphene (G) are among the most investigated nanomaterials for 443 

sensing applications, thanks to their unique chemical structure, very high conductivity, chemical 444 

stability and high surface area (Chen et al., 2011; Martin & Escarpa, 2014). 445 

Ideal graphene (G) is a single layer of sp2 carbons arranged in a hexagonal structure extended in 2 446 

dimensions (Li et al., 2009; Novoselov et al., 2012). Carbon nanotubes are tubular structures ideally 447 

formed by rolling up one (single-wall, SWCNT) or more (multi-wall, MWCNT) graphene sheets. The 448 

surface chemistry of carbon nanostructures can be tuned by the introduction of specific chemical 449 

groups, influencing their electronic and chemical behaviour (Ramanathan et al., 2008; Tasis et al., 450 

2006). Graphene derive materials known as graphene oxide (GO) and reduced graphene oxide (rGO) 451 

are interesting alternatives to graphene, showing higher reactivity at the expense of conductivity. 452 

An interesting report on the correlation of CNT conductivity with pH was published in (Lei et al., 2012). 453 

The authors simply deposited a layer of multiwall CNTs onto filter paper and then showed a nice 454 

correlation of the system resistivity with pH of buffer solutions. Similarly, the pH response of graphene 455 

was observed on a simple resistive device, by deposition of exfoliated graphene onto a silicon wafer. 456 

Platinum electrodes were then deposited and the resistivity measured showed a linear correlation with 457 
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pH that was explained by an n- and p-doping effect induced by H+ and OH- ions respectively (Lei et 458 

al., 2011). A number of studies show that the electrical response of graphene and CNTs exposed to 459 

aqueous electrolyte solutions depend on various interfering factors (pH, dissolved ions, substrate 460 

surface, Heller et al., 2010) and that the formation of charges at CNT or graphene surfaces is mainly 461 

driven by the presence of “defects” (Back & Shim, 2006), such as oxidized groups (Tan et al., 2013). 462 

This findings are in line with papers reporting a negligible sensitivity to pH for perfect, defect free 463 

graphene sheets (Fu et al., 2011). Summarizing, a consistent explination of the pH response of 464 

carbon nanomaterials is still lacking. 465 

Recently, ink-jet printing was used to deposit –COOH functionalized SWCNTs on glass and polymeric 466 

substrates, obtaining a potentiometric sensor. A linear response, with slope related to the number of 467 

layers, was recorded in the pH range 3 – 11 (Qin et al., 2016). Carbon nanotubes can also be 468 

integrated into traditional semiconductor-based electronics for the realization of transistor-like devices 469 

with sensing properties. An extended gate FET (EGFET) was realized with a CNT network (Chien et 470 

al., 2012) employed for both the contact electrode and the sensing membrane. The CNTs were first 471 

acid-oxidized and then irradiated with a laser beam to increase the defect concentration on their 472 

surface. This treatment resulted in a greater sensitivity )50.9 mV/pH) of the FET to pH and in a good 473 

linearity (Correlation coefficient R2: 0.998) of the response. 474 

Similarly, most graphene based sensors are, realized as transistors. Ohno et al. (2009) reported on 475 

the fabrication of a solution-gated FET (SGFET) made by a single layer of mechanically exfoliated 476 

graphene onto SiO2/silicon substrate. The charge transport properties of the graphene layer depend 477 

on pH and a nearly linear correlation was found between the gate potential (measured at the Dirac 478 

point) and pH, with a sensitivity of approximately 30 mV/pH. For the same kind of device (Ohno et al., 479 

2010), the authors analyzed the signal/noise parameters in a narrower pH range (5 – 8) and 480 

calculated a promising detection limit of 0.025. Using a different approach, few-layer graphene 481 

(thickness 1-2 or 3-4 layers) was grown epitaxially on silicon to realize a SGFET, tested in the pH 482 

range 2 – 12. Interestingly, a super-Nernstian sensitivity of 99 mV/pH was recorded, irrespective of 483 

the thickness (Ang et al., 2008). The authors performed impedance spectroscopy to rule out any 484 

external influence on the conduction behaviour of the device, demonstrating that only the adsorption 485 

of OH- / H3O+ species determines the properties. 486 

One of the interesting advantages of carbon nanomaterials is the possibility to use conventional 487 

fabrication techniques to realize electronic devices and sensors on flexible substrates (Jung et al., 488 

2014; Sharma & Ahn, 2013). Single wall nanotubes were employed for the fabrication of flexible FETs 489 

supported on polyethylene terephthalate (PET) films, using a layer-by-layer (LbL) approach. The film 490 

was obtained by LbL deposition of carboxylated SWCNT with two polyelectrolites, to work as the gate 491 

electrode. The response of the FET was found to be dependent on pH, although in a non-linear way 492 

(Lee & Cui, 2010). Mailly-Giacchetti et al. (2013) transferred graphene layers, grown by CVD, onto 493 

poly(ethylene 2,6-naphthalenedicarboxylate) (PEN), silicon modified with octadecyltrichlorosilane 494 

(OTS) and SiO2, to evaluate the influence of the substrate on sensing. Although the different devices 495 

showed different conductivities, the sensitivity to pH was around 22 mV/pH for all of them.  496 
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Some refinements in the design of graphene devices have been proposed to improve the sensing 497 

performances. A suspended graphene FET was fabricated with a claimed increase in the signal to 498 

noise ratio by 14 dB with respect to the same unsuspended device (Cheng et al., 2010). The increase 499 

in signal quality allowed measurements to be carried out with very low applied voltage, reducing the 500 

risk of interference from the testing solution (polarization, redox reactions). An interesting approach to 501 

increase the contact surface with the aqueous solution has been recently proposed by Ameri et al. 502 

(2016) with the realization of a high porosity graphene foam covered by a thin layer of HfO2. This 503 

device was tested in Dulbecco phosphate buffer, showing a super Nernstian sensitivity of 71 mV/pH 504 

and a fast response. Finally, a solid gated G-FET designed to avoid the need for an external 505 

reference electrode has been reported. In this device, a layer of HfO2 is deposited between the 506 

graphene layer and a gold gate electrode (Zhu et al., 2015). The response of the FET was linear with 507 

pH in the range 5.3 – 9.1, with a sensitivity of 56.5 mV/pH. 508 

GO and rGO materials can be used for the fabrication of membranes and networks, showing lower 509 

electrical properties compared to graphene but good pH sensitivity, probably due to the high 510 

concentration of oxidized groups (Sohn et al., 2013). A potentiometric GO based sensor has been 511 

realized for medical applications by printing the electrodes on a plastic substrate (Salvo et al., 2017) 512 

and calibrated in a buffer with isotonic salt concentration. The potential response to pH was linear and 513 

the sensors proved to be relatively stable for 1 week in serum. A sensor for seawater pH detection 514 

was derived from this system (Poma et al., 2019) and validated in high ionic strength buffers and real 515 

seawater. GO and rGO electrodes were coated with Nafion to increase stability and tested, with rGO 516 

(functionalized with 4-aminofenilacetic acid) showing the highest sensitivity. Stability was assessed for 517 

up to 8 days in seawater but the accuracy of the sensor was worse than the reference glass 518 

electrode. 519 

Nanomaterials are often combined with polymeric substrates/matrices, for processing reasons and to 520 

enhance sensing performances by exploiting the synergism between the components. Synergistic 521 

effects can be observed in carbon nanomaterials combined with conducting polymers: the polymer 522 

increases the robustness and selectivity of the response; at the same time, the incorporation of 523 

nanoparticles improve the stability and the conductivity of polymers, enhancing the electric properties. 524 

Polyaniline is by far the most studied conducting polymer for the development of composites (Oueiny 525 

et al., 2014). Interesting results have been obtained by Loh et al. (2007), by combining CNTs with a 526 

conducting layer-by-layer thin film of PSS/PANI and employing the assembly in a resistive pH sensor. 527 

The electrical resistance showed a large shift upon pH change (pH 1 to 10), with a sensitivity of 528 

approximately 19.9 kΩ cm-2/pH. Similarly, Boeva et al. (2014) produced few-layer graphene and 529 

exfoliated (30 – 50 layers) graphite coated by PANI. The redox behaviour of these materials was 530 

investigated by cyclic voltammetry, showing that PANI nanocomposite preserve their electroactivity up 531 

to neutral pH due to interactions with the graphene, whereas neat PANI loses its conductivity above 532 

pH 3. A miniaturized pH meter based on amino-functionalized graphene/PANI nanocomposite was 533 

fabricated by electropolymerization on ITO/glass substrate and tested by voltammetric measurements 534 

in PBS buffer, resulting remarkably stable up to pH 11 (Su et al., 2016). Similarly, a good sensing 535 

performance was also recorded on polyaniline functionalized rGO, tested in both potentiometric and 536 
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resistive setup in the range 2 – 9. The PANI-rGO electrodes were coated with a Nafion film to 537 

decrease interference from other ions and tested in a L. Lactis fermentation reactor (Chinnathambi & 538 

Euverink, 2018). Recently, Grozdanov et al. (2018, 2019) have tested screen printed electrodes 539 

(SPE) modified with PANI/carbon nanotubes composites as pH nanosensors, in the frame of FP7 540 

project COMMON SENSE (Cleary et al., 2014; Barton et al., 2016; Ribotti et al., 2015). Nanosensors 541 

were prepared by electropolymerization and exhibited a high value of conductivity, which was 542 

attributed to the synergistic effect of the conductive polymer and carbon nanostructure via π-π 543 

stacking. Conductivity changes were measured at different pH (4 to 10) in commercial buffers, as well 544 

as in seawater samples showing a non linear response to pH. Similar electrodes were produced by 545 

Bao et al. (2019), who produced a PANI/MWCNT ink for screen printing of miniaturized working 546 

electrodes. Here, the response was measured by chronoamperometry, observing a linear relationship 547 

of potential vs. pH in the range 2 – 11; the role of nanotube/PANI interactions in the enhancement of 548 

the electric response was pointed out. Amperometric pH sensors were produced (Sha et al., 2017) by 549 

electropolymerization of well-ordered PANI chains on graphene-modified carbon electrodes, showing 550 

a nearly linear response to pH. The sensitivity was higher in alkaline solutions, which is rarely 551 

observed for PANI due to the dependence of electroactivity on acid doping. 552 

A number of other polymers have been used for nanocomposite sensors fabrication. Gou et al. 553 

(2014). deposited a layer of oxidized SWCNTs between gold electrodes onto a silicon substrate, then 554 

poly(1-amino anthracene, PAA) was electropolymerized onto CNTs. The obtained device was tested 555 

in either liquid gated FET or conductometric configuration in various pH, showing high sensitivity and 556 

stability of the response over long time. The detection limit (resolution) is 0.04 pH. Recently, a 557 

biomimetic polymer, polydopamine (PDA), has also shown redox properties (Amiri et al., 2016) and, 558 

thanks to its excellent adhesion properties, has been used to modify nanostructured carbon 559 

electrodes (Figure 5; Zuaznabar-Gardona & Fragoso, 2018). PDA response was investigated by both 560 

cyclic voltammetry and potentiometry, showing a higher sensitivity when combined with carbon 561 

nanostructures, up to 53 mV/pH. The electrodes were stable for several months in water and only 562 

attacked by strong alkaline solutions. They were also tested in seawater showing a very good 563 

agreement with the reference pH meter. 564 

 565 

Figure 5. General structure of polydopamine (a) and schematic fabrication of nano-onions (CNO) and 566 
polydopamine (PDA) deposition on glassy carbon electrodes (GCE) (b). Reprinted from Zuaznabar-Gardona and 567 
Fragoso (2018), with permission from Elsevier. 568 
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As a further example of polymer/nanoparticle synergism, it is worth mentioning the design proposed 569 

by Crespo et al. (2009). An acrylic ion selective membrane, doped to increase the selectivity towards 570 

H+ ions, was casted on a MWCNT-modified carbon electrode and tested for potentiometric pH 571 

measurements. Nanotubes here are introduced as a solid contact between the polymeric membrane, 572 

exhibiting pH dependent ionic conduction, and the working electrode. The result is a sensor with 573 

Nernstian response and good selectivity. The design of this kind of sensor has been refined over the 574 

years leading to the fabrication of a complete apparatus for field testing campaigns in freshwater 575 

(Athavale et al., 2017) and, notably, in seawater (Cuartero et al., 2017) showing performances 576 

comparable with commercial sensors. 577 

Sensing material and 
setup 

Testing range 
and media 

Sensitivity Stability Response 
time 

Reference 

Polypyrrole NW 
ISFET 

1 – 11 
Commercial 
buffers 

0.4/pH 
(normalized 
drain 
current) 

n/a Few s Shirale et al., 
2010 

Polypyrrole NW array 
Potentiometric 

2 – 12  Up to 49.3 
mV/pH 

Stable up to 50 d 
of storage 

n/a Sulka et al., 
2013 

PANI nanofibers 
Potentiometric 

3 – 10 
Commercial 
buffers 
Good selectivity 
against 
common 
cations 

62.4 mV/pH Drift of 3 mV/h 
over 15h 

12.8 s Park et al., 
2019 

PANI nanopillars 
Potentiometric 

2 – 12 
Commercial 
buffers 
Negligible 
effects of of 
Na+, K+, NH4+, 
Ca2+, and Mg2+ 
at 10 mM 

60.3 mV/pH Low drift (0.64 
mV/h) during a 
15h test 

5 s Yoon et al., 
2017 

PANI particles in 
epoxy 
Resistive 

2.4 – 10 
Commercial 
buffers 

957 µS/pH Stable within 4% 
for 30 d (tested 
every 5 d) 

5 – 30 s Patil et al., 
2019 

SWCNT-COOH 
Potentiometric 

3 – 11 
Britton-
Robinson buffer 

48.1 ± 0.4 
mV/pH 

Response is 
reduced by 4% 
after 15 d of 
storage 

7 s Qin et al., 
2016 

MWCNT-COOH 
EGFET 

3 – 13 
PBS 

50.9 mV/pH n/a n/a Chien et al., 
2012 

Single graphene layer 
on SiO2 
Solution gated FET 

4 – 8.2 
10 mM 
phthalate, 
phosphate and 
borate buffers 

Approx. 30 
mV/pH 
Resolution is 
0.025 pH 
units 

n/a n/a Ohno et al., 
2009, 2010 

Single graphene layer 
on PEN 
Solution gated FET 

4 – 9 
Phosphate 
buffer adjusted 
with strong 
acids/alkali 

22 mV/pH Response 
decrease after 
exposure to acid 
solutions 

≈ 10 min Mailly-
Giacchetti et 
al., 2013 

Graphene foam 
coated with HfO2 
Solution gated FET 

3 – 9 
Dulbecco buffer 
adjusted with 
strong 
acids/alkali 

71 ± 7 
mV/pH 

n/a ≤ 240 s Ameri et al., 
2016 

Graphene + HfO2 
dielectric layer 
FET 

5.3 – 9.2 
Phosphate 
saline buffer 

56.5 mV/pH n/a < 60 s Zhu et al., 
2015 
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rGO 
Solution gated FET 

6 – 9 
Phosphate 
buffer 

29.2 mV/pH n/a Few s Sohn et al., 
2013 

GO 
Potentiometric 

4 – 10 
Citrate, borate, 
phosphate 
buffers 
(isotonic) 
Tested in 
human serum 

40 ± 4 
mV/pH 

Negligible drift 
over 1 h in buffers. 
Stable for 1 w in 
serum 

n/a Salvo et al., 
2017 

Reduced GO + Nafion 
membrane 
Potentiometric 

4 – 10 
Citrate, borate, 
phosphate 
Tested in 
superficial 
seawater. 

45 mV/pH Fluctuations 
observed in the 
response over 56h 
in buffers. Signal 
stable for 8 d in 
seawater 

n/a Poma et al., 
2019 

Graphene platelets 
Resistive 

1 – 10 
Commercial 
buffers 

19.9 (kΩ/ 
cm2)/pH 
Poor 
linearity 

n/a n/a Loh et al., 
2007 

Amino functionalized 
graphene / PANI 
Voltammetry 

1 – 11 
PBS 

51.1 mV/pH Response 
decrease after 1 w 

n/a Su et al., 2016 

rGO/PANI + Nafion 
membrane  
Potentiometric 
Resistive 
 

2 – 9 
Britton-
Robinson buffer 
Also tested in a 
bacterial 
fermentation 
broth 

55 mV/pH 
1.71 Ω/pH 
 

n/a n/a Chinnathambi 
& Euverink, 
2018 

PANI-MWCNT 
Chronoamperometry 

2 – 11 
Water adjusted 
with HCl/NaOH 

20.6 mV/pH n/a Few s Bao et al., 
2019 

PANI on graphene-
carbon electrode 
Amperometric 

1 – 11 
NaCl solution 
adjusted with 
HCl, H3PO4, 
NaOH 

50.17 μA 
/(pH cm2) for 
pH 1 – 5 
139.2 μA 
/(pH cm2) for 
pH 7 – 11 

n/a ≈ 100 s Sha et al., 
2017 

SWCNT – PAA 
Solution gated FET / 
Conductometric 

2 – 12 
Britton-
Robinson 
buffers 
Response to 
Na+ and Ca+ 
negligible 

0.073 
mS/pH 

Stable for ≈ 2 h 
(no drift). Same 
sensitivity after 
120 d of storage.  

≈ 60 s Gou et al. 
2014 

Polydopamine/carbon 
nano-onions 
Potentiometric 

1.5 – 10.5 
Universal buffer 
Tested in 
seawater (pH 
8.3) 
Low 
interference of 
alkaline cations 

53 mV/pH Stable over 4 w 15 s Zuaznabar-
Gardona & 
Fragoso, 2018 

MWCNT solid contact 
+ acrylic membrane 
Potentiometric 

3 – 10  
Various buffers 
Lake freshwater 
Tested in 
seawater (pH 
7.9 – 8) 
Selective 
against alkali 
cations and 
sulfides 

58.8 ± 0.4 
mV/pH 

Estimated drift 0.1 
mV/h.  

10 s Athavale et al., 
2017;  
Cuartero et al., 
2017 
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Table 4. pH sensors based on nanostructured polymers, carbon nanomaterials and their combination. In bold, 578 
sensors that have been tested in seawater. 579 

Three of the pH sensors listed in Table 4 have been recently tested in seawater, while most of the 580 

published works on sensors based on carbon-based nanomaterials only tested the sensors in 581 

buffered solutions. The first consists of a graphene-based pH sensor, part of an autonomous system 582 

for the remote monitoring of pH and temperature at sea (Poma et al., 2019); the pH measurement is 583 

performed through a potentiometric sensor with a wireless, smartphone-based real time acquisition 584 

system. The pH sensor was initially validated in the laboratory at controlled temperatures and in water 585 

previously collected at sea. Then it was left at sea with a sampling rate of one measurement per hour 586 

for 8 days. In both cases, a commercial glass electrode pH-meter was used as a reference device. 587 

Laboratory and on-field results have shown the great versatility of such a low cost system, providing 588 

pH values comparable with commercial sensors but with a lower energy consumption and a greater 589 

calibration stability. The second pH sensor is again potentiometric like the first one but based on 590 

polydopamine (PDA) films coated on a carbon nano-onion conductive surface. Also in this case, the 591 

new pH sensor was validated through comparison with a commercial combined glass pH electrode 592 

coupled to a pH meter from the same builder in water sampled at sea. They showed an excellent 593 

correspondence between these new PDA pH sensors and commercial ones with the advantages of 594 

an easy fabrication, an excellent reproducibility, a stability of the PDA coating in water over several 595 

months and the possibility of its integration into miniaturized devices. Both the potentiometric pH 596 

sensors described above must be tested in the field for longer times in order to verify stability and the 597 

long term effects e.g. of biofouling on system performances. The last example of a potentiometric 598 

sensor successfully tested in freshwater (Athavale et al., 2017) and in seawater (Cuartero et al., 599 

2017), is based on an acrylic ion selective membrane with a carbon nanotube solid contact layer. For 600 

tests in seawater, the sensor was deployed in different coastal marine environments: Arcachon Bay 601 

on the Atlantic French coast for 14 hours, Genoa harbor on the Italian Mediterranean coast for 58 and 602 

167 hours, and a mix sea-freshwater effluent, the Eyre River, in the Arcachon Bay during high tides 603 

for 14 hours. In all these tests the sensor showed good agreement with a reference glass electrode. 604 

This was particularly evident during the tests inside the harbour of Genoa where the sensor was 605 

compared with that mounted on a commercial multiparametric or Conductivity Temperature Depth 606 

(CTD) probe. 607 

5.2 Semiconductor and metal/metal oxide nanomaterials 608 

The most traditional of semiconductor materials, silicon, has found new interesting applications in 609 

sensing with the development of Si nanowires (NW). Nanostructures with high packing density and 610 

tailored spacing can be fabricated by electron beam lithography on a silicon-on-insulator substrate 611 

with high accuracy and reproducibility (Bedner et al., 2013; Park et al., 2010). Choi et al. (2012) 612 

produced NWs on boron-doped silicon and deposited a protective layer of Si3N4 to ensure better 613 

stability. The resistivity of the NW was measured as a function of pH and both short-time noise and 614 

long-term drift were measured (Choi et al., 2012). The pH sensitivity of this NW based device has 615 

been attributed to charge accumulation at the surface that induces a change in carrier density into the 616 
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high surface area wires, affecting conductivity. Recently Kim et al. (2014) produced As-doped 617 

suspended NWs by a lithographic approach. A linear correlation between normalized conductance 618 

and pH was found in the range 4 – 8, with a slope of 0.3 that is twice the slope of non-suspended 619 

nanowires (Table 5). The sensitivity was found to exceed the theoretical Nernst limit and, depending 620 

on the working current chosen, varied between 87 and 103 mV/pH (Salaün et al., 2014). This 621 

unexpected behaviour was observed also in double-gate NW transistors (Ahn et al., 2013) and 622 

rationalized taking into account the capacitance of the gates themselves (Knopfmacher et al., 2010). 623 

Finally, it is worth reporting a different application of Si NW, grown as a dense array to modify the 624 

gate of a FET device. The wires were sputtered with indium-gallium-zinc oxide (IGZO) resulting in a 625 

sensitivity of 50 mV/pH (Lin et al., 2013) at a working current of 200 µA. 626 

Metal oxide nanostructures can be produced by means of various fabrication techniques, exhibiting 627 

interesting electrochemical properties. An example is nanometric sulfated iron oxide (Alizadeh & 628 

Jamshidi, 2015). The particles produced by sol-gel were supported with a carbon paste and heat 629 

treated at 600°C to produce a regular crystal structure. With an optimized structure, the sensitivity 630 

was 57.5 mV/pH and a stability of 1 week was observed, providing the electrode is stored in water or 631 

immersed for a few hours in water after storage in dry conditions. Many other semiconducting metal 632 

oxides with very interesting properties can be shaped into nanometric wires, ribbons or tubes by 633 

different techniques and, interestingly, they can be easily integrated with well established silicon 634 

technologies. Titanium and zinc oxide nanotubes/wires are probably the most tested nanomaterials 635 

for pH sensing. Both materials show an amphoteric behaviour and can be used in both acidic and 636 

alkaline media; the active sites for sensing are oxygen vacancies found at the surface of the oxide 637 

structures. Titania nanotubes (NT) with lengths ranging from 33 to 800 nm were produced by 638 

anodization of a titanium electrode and embedded in PDMS for testing (Zhao et al., 2010). A nearly 639 

Nernstian behaviour was recorded for the nanotube modified electrodes, with best sensitivity and 640 

linearity obtained with amorphous titania. Materials prepared in different anodization conditions to 641 

produce a dense and thick nanotube layer onto titanium electrodes showed that the production 642 

parameters can affect the potentiometric response vs. pH (Albertin et al., 2013). To increase chemical 643 

stability, titania can be converted to nitride (TiN), producing a dense array of NTs onto platinum 644 

electrodes (Liu et al., 2016). TiN showed a higher pH sensitivity with respect to TiO2, excellent 645 

reproducibility and a good stability over 1 month of storage. 646 

Fulati et al. (2009) produced zinc oxide nanotubes and wires, growing them onto gold substrates from 647 

a zinc nitrate solution. The response at different pH was measured showing a higher sensitivity for the 648 

NTs, explained in terms of higher surface area, and stability of the signal over several days. ZnO 649 

nanostructures are increasingly investigated for miniaturized devices (Kumar et al., 2019) and in 650 

particular for medical applications (Young & Tang, 2019). A linear response was recorded in the pH 651 

range 2 – 12 with aluminium-doped zinc oxide nanosheets (Tsai et al., 2019), tested as the gate layer 652 

of an ISFET. 653 

A large number of nanostructured oxides have been exploited for pH sensing in different 654 

configurations, with a recent trend towards the realization of low cost, flexible devices. High 655 
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crystallinity tin oxide (SnO2) nanorods have been produced by a low temperature process onto 656 

conductive ITO glass (Li et al., 2012), and this layer was employed as a sensitive gate in an EGFET 657 

device. The sensitivity was increased with respect to thin film devices in both the linear and saturation 658 

regions of the transistor. Moreover, this device showed low hysteresis and no signal degradation 659 

during many hours of operation. Ruthenium oxide nanoparticles, deposited on a plastic supported 660 

electrode, have been tested as pH sensitive material in an EGFET configuration (Singh et al., 2019). 661 

The device showed a super-Nernstian behaviour, not usually observed for this oxide and a 662 

stabilization of the observed drift after 8 hours. Nanostructured platinum electrodes were realized by 663 

ink-jet printing onto a plastic substrate by Zea et al. (2019) and modified by electrodeposition of a thin 664 

IrOx amorphous layer. The flexible devices were tested in the pH range 2 – 11 and aged in both dry 665 

and wet conditions over 1 year, showing excellent stability.  666 

Tungsten oxide (WO3) is gaining increasing attention as a pH sensitive material. A WO3 layer was 667 

deposited by Zhang and Xu (2009) on a nanostructured electrode composed by aligned CNTs, 668 

obtaining a sort of nanopillar. Such modified electrodes showed a sensitivity of about 41 mV/pH, a low 669 

drift rate and a good stability after 1 month of storage. Tungsten oxide nanoparticles deposited onto a 670 

flexible, plastic supported electrode, showed a linear potential response to pH in the range 5 – 9 671 

(Santos et al., 2014). A reduction of the sensitivity was however observed with continuous operation 672 

at different pH over ≈ 1h. The same material was deposited onto glassy carbon to realize a sensor for 673 

voltammetric measurement of pH (Jamal et al., 2019), obtaining a high sensitivity (60 mV/pH) and 674 

linearity of the response. Drift was observed during the initial hours of sensor testing, but the signal 675 

stabilized thereafter remaining stable for up to 7 days. Recently, Choi et al. (2019), reported a new 676 

type of potentiometric pH sensor based on 1D tungsten oxide nanofibers with an amplified signal 677 

exceeding the Nernstian limit. Nanofibers with high porosity were synthesized and stabilized in a 678 

chloromethylated triptycene poly (ether sulfone) matrix, allowing a fast proton diffusion into the 679 

composite membrane. A high pH sensitivity of -377.5 mV/pH was obtained with the amplified sensor, 680 

linearity was acceptable in a narrow pH range (6.9 – 8.9). Testing in artificial seawater demonstrated 681 

a negligible effect of dissolved ions. 682 

The advantages of nano-scale dimensions can also be exploited, in combination with organic support 683 

and/or ion-selective layers, for the realization of multicomponent sensing systems. An ISFET was 684 

realized by LbL deposition, using poly(diallyl dimethylammonium) (PDDA) and poly(styrene sulfonate) 685 

(PSS) embedding alternate layers of silica and In2O3 nanoparticles (Liu & Cui, 2007). The 686 

semiconducting indium oxide granted a sufficient conductivity to the device while the protonation/ 687 

deprotonation of SiO2 is responsible for pH sensing. A parabolic dependence of current vs. pH was 688 

recorded, with higher sensitivity in acid solutions. A development of this concept led to the realization 689 

of reliable and sensitive pH sensors based on the LbL assembly of iridium oxide nanoparticles and 690 

PDDA. The sensors produced showed a fast response and excellent reproducibility, by using a very 691 

low amount of iridium, paving the way for low cost, robust disposable sensors (Jović et al., 2018). 692 

Another example of synergistic combination of conducting polymer and nanoparticles was proposed 693 

by Kim et al. (2016), who developed a poly(terthiophene benzoic acid) (pTBA) / nanostructured 694 

AuZnOx composite for disposable, solid state pH sensors. These devices were calibrated in the range 695 
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2 – 12 and showed fast response and stability when tested in biological samples. Lenar et al. (2019) 696 

recently proposed RuO2 nanoparticles showing low resistivity, high stability and redox behaviour, as a 697 

solid contact layer between a carbon electrode and a modified PVC-based H+ selective membrane. 698 

The assembly showed a fast, Nernstian response, largely due to the performance of oxide 699 

nanoparticles in synergy with the selectivity provided by the polymeric membrane. 700 

Sensing material 
and setup 

Testing range and 
media 

Sensitivity Stability Response 
time 

Ref. 

Si nanowire + 
Si3N4 passivation 
layer 
ISFET 

4 – 9 
HCl and KOH 
solutions 

5.4%/pH Maximum drift of 
1.68% at pH = 9 

n/a Choi et 
al., 2012 

Si suspended 
nanowire 
ISFET 

4 – 8 
PBS buffer 
adjusted with HCl 
and NaOH 

0.3/pH 
(expressed as 
relative 
conductance 
ΔG/G0) 

n/a n/a Kim et al., 
2014 

Polycrystalline Si 
nanowire 
ISFET 

4 – 9.2 Up to 103 
mV/pH 

n/a n/a Salaün et 
al., 2014 

Si NW 
Double gated 
FET 

4 – 10 
PBS buffer  

69 mV/pH Drift of 27 mV/h n/a Ahn et al., 
2013 

Si NW sputtered 
with IGZO 
ISFET 

2 – 10 50 mV/pH n/a Few 
seconds 

Lin et al., 
2013 

Si QD 
EGFET 

2 – 12 
Commercial 
buffers 

108.3 mV/pH 
(linearity 
98.97%) 
2.65 μA1/2/pH 
(linearity 
99.81%) 

Hysteresis of 14 mV 
cycling pH from 4 to 
10. 

≈ 100 s Slewa et 
al., 2019 

Fe2O3 
nanoparticles 
Potentiometric 

1.5 – 12.5 
Negligible 
influence of 
common cations 

57.5 mV/pH 
Hysteresis 
effects ≤ 6% 

Stable for > 1 w of 
storage. Surface can 
be renewed by 
rubbing with paper. 
Reconditioning at 
pH=7 for few h is 
needed.  

≈ 10 s Alizadeh 
& 
Jamshidi, 
2015 

TiO2 nanotubes 
Potentiometric 

2 – 12 
Britton-Robinson 
buffer Negligible 
interference of 
common ions 
(Na+, K+, Cl−, 
NO3

−, SO4
2−, F−, 

I−, Fe(CN)6
4−) 

Up to 59 mV/pH 
(54 mV/pH 
before UV 
irradiation) 

n/a  Zhao et 
al., 2010 

TiN nanotubes 
Potentiometric 

2 – 11 
Britton-Robinson 
buffer 
Low effect of 
monovalent 
cations and F- 

55.3 mV/pH Negligible drift over 
200s. Stable after 1 
month storage. 

4.4 s Liu et al., 
2016 

ZnO nanotubes 
Potentiometric 

4 – 12 
Commercial 
buffers 
Response 
influenced by 
CaCl2 

45.9 mV/pH Up to 5 d (tested at 
day 0, 2 ad 5).  

 Fulati et 
al., 2009 

Al-doped ZnO 
ISFET 

2 – 12 
Commercial 
buffers 

≈ 50 mV/pH Stable for 12 w at pH 
2 

0.3 s Tsai et al., 
2019 
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SnO2 nanorods 
EGFET 

1 – 13 
Commercial 
buffers 

55.2 mV/pH 
(linear regime) 
0.86 µA/pH 
(saturation 
regime) 

Up to 6h continuous 
operation 

n/a Li et al., 
2012 

RuO2 
nanomembrane 
EGFET 

2 – 12 
Commercial 
buffers 
Low interference 
of mono and 
divalent cations 

65.1 mV/pH 
(linear regime) 
1.05 µA/pH 
(saturation 
regime) 

Drift of 2 mV/h, 
stabilizes after 8 h of 
immersion 

n/a Singh et 
al., 2019 

IrOx onto 
nanostructured Pt 
Potentiometric 

2 – 11 
KCl solution 
adjusted with 
strong acid/base 

70.9 mV/pH 
Standard 
deviation < 1%. 

Stable for 1 year, dry 
or immersed in PBS. 
Sensitivity stabilizes 
after 1 month. 

6 – 8 s Zea et al., 
2019 

WO3 layer on 
CNTs 
Potentiometric 

2 – 12 
Britton-Robinson 
buffer 
 

40.73 mV/pH 
 

Standard error <1% 
Stable after 1 month 
of storage 

30 s (pH 
4) 
90 s (pH 
12 

Zhang & 
Xu, 2009 

WO3 
nanoparticles 
Potentiometric 

5 – 9 
Commercial 
buffers 

56.7 ± 1.3 
mV/pH 

Sensitivity reduction 
over time 

28 s Santos et 
al., 2014 

WO3 
nanoparticles 
Voltammetry 

3 – 11 
Phosphate buffer 
Tested in vinegar 

60.0 ± 0.01 
mV/pH 

Average drift of 33 mV 
over 3 h. 95% 
sensitivity retained 
after 7 d of use. 

n/a Jamal et 
al., 2019 

WO3 nanofibers 
Potentiometric, 
amplified 

3 – 11 
Commercial 
buffers 
Tested in 
artificial 
seawater (pH 8.0 
– 7.6) 

38.9 mV/pH 
(amplified to 
377.5 mV/pH) 

n/a n/a Choi et 
al., 2019 

IrOx / PDDA 
Potentiometric 

3 – 10 
Commercial 
buffers 

59 mV/pH n/a 3 s Jović et 
al., 2018 

pTBA / AuZnOx 
Potentiometric 

2 – 13 
Commercial 
buffers 
Also tested in 
saliva and urine 
samples 

59.2 ± 0.5 
mV/pH 

Stable for cyclic 
measurements (200 
s). Good stability upon 
storage for 15 d 

1 s Kim et al., 
2016 

RuO2 np solid 
contact + PVC 
based membrane 
Potentiometric 

2 – 12 
Tris buffer 
Good selectivity 
against 
monovalent 
cations  

59 mV/pH Stable for 1 w of daily 
calibrations 

n/a Lenar et 
al., 2019 

Table 5. pH sensors based on semiconductor and metal/metal oxide nanomaterials. In bold, sensors that have 701 
been tested in seawater. 702 

None of the potentiometric pH sensors listed in Table 5 was tested in seawater apart from the WO3 703 

nanofibers potentiometric amplified sensor realized by Choi et al. (2019). They tested such sensors in 704 

artificial seawater and calibrated the reading against a commercial pH meter, Due to the high 705 

sensitivity obtained through the amplification, the authors concluded that their new pH sensor is 706 

promising for portable and low-cost applications for the monitoring of seawater; however, stability and 707 

long term performances were not assessed. 708 

 709 

6. Conclusions 710 
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 711 

pH is a key parameter in many chemical, biological and biogeochemical phenomena and is of 712 

particular interest in environmental monitoring. Ion sensitive glass electrodes are the most used 713 

sensors for pH measurements, but new solutions for the realization of robust, precise and affordable 714 

pH sensors are actively investigated. 715 

In this review, we have presented the most recent developments in pH sensing materials, reporting 716 

sensor performances and main parameters. Solid state sensors based on inorganic materials, (metals 717 

of semiconductors), and carbon based materials (polymers and carbon particles) have been 718 

reviewed, revealing a general trend towards the realization of miniaturized, low cost/disposable 719 

sensors.  720 

The development of nano-engineered materials and composites as active sensing elements has 721 

emerged as a promising strategy to improve sensitivity, response time, flexibility and ease of 722 

fabrication. Thin films and nanomaterials based on metal oxides provide good sensing performances 723 

and relatively good stability and can be easily integrated in potentiometric sensors or silicon-based 724 

FET devices. Examples of application of metal oxide pH sensors in different environments, including 725 

seawater, have been reported pointing out their robustness and flexibility. 726 

Carbon nanoparticles, despite having attracted a large research effort, are not so stable in their 727 

response (sensitive to surface defects, functional groups and morphology), nor easy to produce and 728 

handle. Polymer-based sensors, finally, seems to be non-competitive in terms of precision and 729 

stability. However, the limitations shown by this class of materials can be overcome by properly 730 

combining them. In this respect, the synergy observed between polymeric components, and inorganic 731 

nanomaterials seems to be a key factor for the realization of robust and affordable sensors. Polymers 732 

can be used as efficient ion-selective or protective elements, to enhance the response of inorganic 733 

sensing elements and decrease the interference of dissolved ions. On the other hand, the response 734 

and the stability of pH sensitive polymers can be greatly improved by combining them with conductive 735 

and semiconductive nanomaterials, as shown for the most common electroactive polymer, PANI, and 736 

for polydopamine.  737 

For each sensor class, results of testing in seawater, when available, have been reported and 738 

discussed. Only few new sensors have been designed for seawater, however, the examples reported 739 

show promising results, in terms of sensitivity, selectivity vs. interfering ions and stability. While some 740 

inorganic material (metal oxides) has shown good sensing performances at sea, among the devices 741 

based on polymers or carbon nanomaterials the only ones successfully tested in seawater are based 742 

on composite or multilayer structures. Design refinement and extensive field testing and validation are 743 

needed to assess the suitability of the sensors presented for seawater monitoring. Even if the 744 

possibility to replace well-established measurement technologies like glass electrodes and 745 

spectrophotometry looks, as yet, unrealistic, in the near future, robust, miniaturized, integrated arrays 746 

of solid state electrochemical pH sensors can represent a valuable alternative for specific 747 

applications. 748 
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