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Over the last 50 years, the explosive adoption of modern agricultural practices has led to an enormous
increase in the emission of non-biodegradable and highly biotoxic ions into the hydrosphere. Excess in-
take of such ions, even essential trace elements such as Cu?* and F-, can have serious consequences
on human health. Therefore, to ensure safe drinking water and regulate wastewater discharge, photo-
electrochemical (PEC) online sensors were developed, with advantages such as low energy consumption,
inherent miniaturization, simple instrumentation, and fast response. However, there is no publicly avail-
able systematic review of the recent advances in PEC ion sensors available in the literature since January
2017. Thus, this review covers the various strategies that have been used to enhance the sensitivity, selec-
tivity, and limit of detection for PEC ion sensors. The photoelectrochemically active materials, conductive
substrates, electronic transfer, and performance of various PEC sensors are discussed in detail and divided
into sections based on the measurement principle and detected ion species. We conclude this review by
highlighting the challenges and potential future avenues of research associated with the development of

novel high-performance PEC sensors.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

lon-sensing technology has expanded in the last 50 years with
increasing demands for water quality detection as numerous ions
and their compounds are being discharged into water sources due
to anthropogenic activities [1-3]. However, ions are commonly
found in the human body and nature, but it is their imbalance or
contamination in nature/human body that can be detrimental [4-
7]. For example, trace elements (Cu?t and F~) are generally benefi-

* Corresponding author at: Intelligent Fiber Sensing Technology of Chongqing
Municipal Engineering Research Center of Institutions of Higher Education,
Chongqing Key Laboratory of Modern Photoelectric Detection Technology and In-
strument, Chongqing Key Laboratory of Fiber Optic Sensor and Photodetector,
Chongqing University of Technology, Chongqing 400054, China.

** Corresponding authors.

E-mail addresses: zhongnianbing@163.com (N. Zhong), changhx@cqut.edu.cn (H.
Chang), lqzx@cqu.edu.cn (Q. Liao).

https://doi.org/10.1016/j.cclet.2022.107904

cial for the human body at low concentrations and will cause poi-
soning and related physiological diseases at higher dodes [8-10].
On the contrary, heavy metal and redox (NO,~) ions are harm-
ful to humans in even small quantities [11,12]. Importantly, their
contamination in environment is irreversible, can get accumulated,
and has an indelible impact on the biosphere [13-15]. Therefore,
to ensure safe drinking water and guide wastewater discharge, it
is necessary to develop advanced sensors for the detection of trace
ion concentrations in water [16-20].

Numerous online sensors such as fiber-optic, electrochemical,
and photoelectrochemical (PEC) sensors have been developed be-
cause of their simple design, low cost, fast response, easy opera-
tion, portability, and the ability to enable selective and in-situ real-
time detection [21-23]. Of the sensors, PEC sensing is a promising
analytical technology because of its high sensitivity, rapid response,
low energy consumption, inherent miniaturization, and simple in-
strumentation [24-27].

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Until now, numerous novel PEC sensors have been proposed for
the detection of ions in wastewater [28-36]. Most previous works
have mainly focused on improving the performance of photoelec-
trochemical materials to extend visible-light absorption, enhance
photoelectric conversion, influence charge recombination kinetics,
and thus increase the magnitude of changes in photocurrent [36-
39]. With the emergence of a variety of ions in wastewater, efforts
should be made to carefully study the mechanism of ion selectiv-
ity measurement as the ion-selective adsorption of photoelectro-
chemically active materials is often unsatisfactory. In addition, the
principles and methods to extend the detection range and improve
the low limit of detection (LOD) of the PEC ion sensors should be
also illustrated. However, these important properties—the prepara-
tion, measurement principle, and performance—of PEC ion sensors
for selective monitoring trace metal and non-metal ions in water
have not yet been systematically reviewed. Furthermore, the last
comprehensive review of PEC metal-ion sensors (eight ions: Cu?*,
Cr6+, Hg2*, Pb2+, Ag*, Kt, Ca2*, and Cd?*) was published in 2016
[40] and a review of PEC biosensors for detection of four heavy
metal ions (HgZt, Pb2*, Ag*, and K* ions) was reported in 2018
(The reported review is based on selecting the papers published in
2009-2016) [41]; a review of PEC sensors for non-metal-ion detec-
tion has not yet been reported yet.

The goal of this review is to address the aforementioned issues
and provide a comprehensive discussion on all PEC ion sensors de-
veloped between January 2017 and June 2022. Section 2 covers the
principles employed for measurement of ions in water. Sections
3 and 4 describe the composition (of the ion-selective sensitive
photoelectrode) and performance (sensitivity, selectivity, detection
range, and LOD) of 9 metal-ion (Cu?t, Cr6+, Hg2*, Pb2*, Ag*, KT,
Co2*, As>+, and TI*) and 3 non-metal-ion (NO,~, F~, and S2~) PEC
sensors. Finally, achievements and outlook of PEC ion sensors are
discussed.

2. Working principle of PEC sensors

In general, a PEC sensing system is composed of a three-
electrode subsystem, a light source (such as Xe lamp, halogen
lamp, and light emitting diode), and an electrochemical worksta-
tion. The electrode subsystem includes a reference electrode (RE),
counter electrode (CE), and working electrode (WE). The RE is usu-
ally an Ag/AgCl electrode or a saturated calomel electrode, the CE
is generally a platinum electrode, and the WE is composed of pho-
toelectrochemical materials and conductive substrates such as in-
dium tin oxide (ITO) glass. The light source was used to irradiate
the working electrode and produce photocurrent readout signal.
The photocurrents are recorded by an electrochemical workstation
(Fig. 1).

In PEC sensors, a series of conversion and transfer processes oc-
cur between light, photoelectrochemical materials, conductive sub-
strates, and the target analyte. First, the electrons of photoelectro-
chemical materials get excited by light and migrate from valence
band (VB) to conduction band (CB) to form electron-hole pairs.
Once this process occurs, there are two choices for the transfer
of CB electrons: recombine or transfer charges outside [42]. The
transport path of CB electrons will affect the polarity of photocur-
rent, mainly cathode photocurrent and anode photocurrent (Fig. 1)
[43]. Second, when the CB electrons are transferred to the elec-
trolyte and react with the electron acceptor in the electrolyte so-
lution, the electrons on the electrode surface are transferred to the
holes generated by the VB and yield a cathodic photocurrent. Third,
when the CB electrons are further transferred to the electrode sur-
face and the electrons in the electrolyte solution are transferred to
the holes in the VB, an anodic photocurrent is generated [44]. The
photocurrent generated via light excitation will be affected by the
ion concentration in analyte, resulting in changes in photocurrent
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Fig. 1. Schematic of PEC sensor: (I) Working principle of PEC detection. (II) The
photocurrent generation mechanism. Copied with permission [43]. Copyright 2020,
the Royal Society of Chemistry.

(such as photocurrent increases, photocurrent decreases, or switch
in photocurrent polarity) that can be utilized for determining an
ion’s concentration [45]. Herein, these three measurement princi-
ples are discussed in detail.

2.1. Measurement based on decrease in photocurrent

Numerous PEC ion sensors are available that detect the target
analyte based on the decrease in photocurrent generated by light
excitation; these are named "signal-off" PEC ion sensors. The five
most common conditions that cause a decrease in the generated
photocurrent are as follows: (a) The target analyte reacts with the
photoelectrochemically active material, resulting in the production
of new species on the electrode surface (such as CuyS [46], Cu;S4
[47], Co-CS chelate [36]), which inhibits electron transport and de-
creases photocurrent. (b) The target analyte reacts with the pho-
toelectrochemically active material, thereby disrupting or inhibit-
ing certain reactions (such as the hybridization between aptamer
and DNA) [48] and resulting in a decrease in photocurrent [48].
(c) Energy transfer (such as between CdS quantum dots and Au
nanoparticles) occurs in the presence of target analyte, resulting in
a decrease in photocurrent [49]. (d) The interaction between the
target analyte and the hole scavenger in the electrolyte destroys
the electron transfer between the hole scavenger and the hole, re-
sulting in a decrease in photocurrent [50]. (e) The target analyte
triggers the dissolution or surface state passivation of the photo-
electrochemically active materials, thereby resulting in a decrease
of photocurrent [51].

2.2. Measurement based on increase in photocurrent

Some PEC sensors produce an increase in photocurrent with in-
creasing ion concentration; such devices and are known as "signal-
on" PEC ion sensors. The increase in photocurrent is controlled by
the photosensitive material, the probe ion species, and their in-
teractions; the four cases are described as follows: (a) The tar-
get analyte reacts with photoelectrochemically active materials
(such as ZnO [34], ZnS@Ag,S [52]) and the reaction products are
coated on the electrode surface to form the new heterojunction
(HgS/ZnS@Ag,S) [52] or photosensitizer (CdSe [33], AgBr [34]); the
heterojunction can promote the separation of electron-hole pairs
under light illumination and the photosensitizer can enhance light
absorption to prompt the generation of electron-hole pairs, thereby
resulting in an increase in photocurrent. (b) In the presence of the
target analyte, the analyte can destroy or inhibit the reaction (such
as energy transfer [53], generation of insoluble products [54]) and
restore the decreased photocurrent, that is, the photocurrent in-
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creases. (c) In PEC sensors, the charge carrier reacts directly with
the target analyte to decrease the recombination of electron-hole
pairs, thereby speeding up the transfer rate of photogenerated car-
riers and leading to an increase in photocurrent [55,56]. (d) The
target analyte can change the structure or state of photoelectro-
chemically active materials (such as the formation of folding con-
figuration [57], the restoration of oxidation state [58], the forma-
tion of heterojunction [59]), so as to increase the photocurrent.

2.3. Measurement based on polarity-switchable photocurrent

In recent years, PEC ion sensors with target analyte induced
polarity-switchable effect in photocurrent have been developed
[60-62]. The photocurrent of such sensors changes in two ways:
(a) When the concentration of the target analyte increases, the
photocurrent continuously decreases to zero and finally increases
in reverse; (b) when the target analyte exists, it directly leads to
the switching of photocurrent polarity. The reverse change in pho-
tocurrent is generally caused by competitive reactions (such as the
competition between the photoreactions reactions at the surface of
the photoelectrochemically active materials and the charge carrier
transfer process of the electrode [61,62] or the competitive adsorp-
tion between the target analyte and photoelectrochemically active
materials [60]).

3. PEC sensors for metal ions

Although the change in photocurrent generated in PEC ion sen-
sors shows three patterns, as discussed in Section 2, such changes
are simultaneously affected by the electrode active material, the
target detection ion species, and their interactions. PEC sensors
with same photoelectrochemically active material (such as n-type
and p-type semiconductors and DNA probe) for the detection dif-
ferent ions show different changes in photocurrent; similarly, when
the detection ion is given, PEC sensors with different active ma-
terials also show different changes in photocurrent. Therefore, to
clearly describe the research progress in PEC ion sensors, instead
of classifying them based on the way the photocurrent changes,
they will be classified according to ion species here. Furthermore,
the composition, active materials, the way in which the generated
photocurrent changes with increasing ion concentration, and per-
formance of the PEC sensors are discussed in detail.

3.1. Detection of Cu®*

Cu?* is the third most essential trace element in the human
body and an essential dietary mineral for organisms; it thus plays
a vital role in heme formation, iron absorption, and so on [63].
Although many reactions of copper ions are indispensable, abnor-
mal ingestion of Cu?* leads to protein denaturation and inacti-
vation, leading to Wilson, Alzheimer’s disease, and other diseases
[64]. The recommended intake of Cu?t for adults is approximately
0.8-0.9 mg/day, while the drinking-water quality guidelines of the
World Health Organization (WHO 2008) recommend that the cop-
per content must be limited to 20 pmol/L. Therefore, accurate
monitoring of Cu?* concentration is very important.

3.1.1. CdS-based PEC sensors for detection of Cu?+

CdS is a typical n-type semiconductor and has been widely
used in PEC sensors on account of its suitable band gap and strong
absorption of visible light. In PEC Cu?* sensors, when the CdS-
based Cu?* sensitive materials coated ITO and FTO electrodes come
in contact with the Cu?*-containing solutions, CuxS (x=1.2) is
formed on their surface due to the excellent selective interaction
between CdS and Cu?t ions, which not only blocks the light illu-
mination paths but also promotes the recombination of photogen-
erated carriers, thereby causing photocurrent quenching. Therefore,
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sensors with CdS-based ITO mediated electrodes can be used to
linearly detect Cu?* ion concentration.

PEC Cu?t sensing technology based on CdS was first proposed
by Wang et al. in 2010 [46]; subsequently, CdS (n-type semicon-
ductor) has been widely used in PEC sensors on account of its suit-
able band gap and strong absorption of visible light [29,38,39,65-
67]. However, PEC sensors with pure CdS-coated electrodes show
low sensitivity to Cu?t due to the rapid recombination of electron-
hole pairs in the pure CdS sensitive material before migrating to
the surface. Therefore, to improve sensitivity of PEC sensors to
Cu2* ions, the pure CdS sensitive material was replaced with a
CdS complex to promote the separation of photogenerated carri-
ers. For example, Wang et al. proposed WO3/CdS heterostructure
sensitive films (Fig. 2a) and investigated the sensitivity and anti-
interference ability of a PEC sensor with fluorine-doped tin oxide
(FTO)/WO03/CdS electrode for diverse metal ions [39]. Under illumi-
nation, photogenerated electrons migrate from CB of CdS to WO;
because CB and VB of CdS are more negative than those of WOs.
At the same time, holes migrate from VB of W03 to CdS. When
Cu?* exists, some electron-hole pairs are transferred to CuyS (x=1,
2), promoting the surface charge recombination of WO3/CdS elec-
trode, and the photocurrent density decreases. The LOD and linear
range of this sensor are 0.06 nmol/L and 0.5 pmol/L~1 mmol/L, re-
spectively.

In CdS-based Cu?t PEC sensors, combinations of CdS and other
materials, such as BiOI [29], CuS [38], ZnO [66]), TisC, [67], TiO,
[65], graphene [68], ZnO-graphene [69], and cellulose acetate (Fig.
2b) [70], have been continuously developed. Moreover, consider-
able research efforts have been made toward assembling Au on the
surface of CdS sensing material to prepare PEC sensors, because the
assembly of noble metals on the surface of semiconductor materi-
als can effectively inhibit the recombination of electron-hole pairs
and improve sensitivity [71]. Furthermore, the rapid recombina-
tion of photogenerated carriers of CdS-based materials can also be
inhibited by improving the surface area of the support materials.
Graphene has become a good choice because of the high surface
area of single-layer graphene. Herein, the introduction of graphene
into CdS can enhance the sensitivity of CdS-based PEC sensors for
detection of Cu?* ions [72].

3.1.2. g-C3N4-based PEC sensors for detection of Cu?*

Graphite carbon nitride (g-C3Ny4) is a type of polymer semicon-
ductor material, PEC sensors with g-C3N4-coated electrodes have
been widely applied for the detection of Cu* concentration due to
the visible-light response, unique electronic band structure, non-
toxic, and low cost of g-C3Ny4. Unfortunately, due to the high re-
combination rate of photogenerated electron-hole pairs and low
specific surface area the photoelectrochemical activity of pristine
g-C3N,4 photoelectrochemical materials is still limited [73]. There-
fore, to increase photocurrent intensity and improve the sensitiv-
ity of such PEC sensors, novel methods, such as coupling g-C3Ny4
with other semiconductor materials (BiMoOg) [74] and changing
the morphology and structure of pristine g-C3N4 [73], have been
adopted. Subsequently, the modified ionothermal method was used
to improve the g-C3N4-based electrode and prepare 3D branched
crystalline carbon nitride with 1D nanoneeds using pristine g-C3N4
material [75]. The PEC sensor showed a good linear detection range
of 1-100 nmol/L, the LOD reached 0.38 nmol/L, and high selective
sensitivity to Cu?+.

3.1.3. Other PEC sensors for detection of Cu?*

In addition to the CdS-based and g-C3N4-based PEC sensors,
many other unique and novel PEC Cu?tsensors that utilize vari-
ous photoelectrochemical active materials have been proposed. For
example, the CdTe quantum dots (QDs) was developed due to the
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Fig. 2. (a) Schematic diagram of the WO3/CdS composite films. Copied with permission [39]. Copyright 2019, American Chemical Society. (b) Adsorption of Cu?* on the

surface of CA/CdS-2/MB beads. Copied with permission [70]. Copyright 2019, Springer.

resistance of the QDs to excellent light absorption properties, pho-
tobleaching, and high efficiency of charge separation [28]. In such
a PEC sensor, when the electrode is exposed to Cu?*-containing
solutions, a CdTe-Cu,Te heterostructure film is formed on the elec-
trode in-situ. The generated Cu,Te particles prevent the photogen-
erated electrons of CdTe QDs from transferring to the electrolyte at
pH 7.0, resulting in photocurrent quenching; the sensor showed a
good linear relationship between photocurrent and Cu?* concen-
tration in the range of 1 nmol/L ~ 10 pmol/L and the LOD reached
0.4nmol/L [28]. Apart from CdTe QDs, graphitic carbon nitride QDs
(g-CNQDs) has also been used to prepare the photoelectrochemical
sensitive materials of PEC sensors for the detection of Cu?t [74].

A PEC Cu?* sensor with Ni/Co304/MnO,/chitosan heterostruc-
ture film-coated electrode was developed [76]. The sensor showed
good selectivity because the energy barrier at the interface of het-
erostructure was formed by p-type Co304 and n-type MnO, (none
of other substances can cause any interference above 30% for de-
tection of Cu?* ions); the sensor also showed a large detection
range of 0-6500nmol/L and a low LOD of 6.9 nmol/L. Similarly,
Hammami et al. also constructed a PEC Cu?* sensor based on the
MnO,-graphene oxide heterojunction photosensitive material [77].

Similarly, various other PEC Cu?* sensors have been reported
for the detection of Cu?* jons. Wang et al. proposed a PEC
Cu2*sensor by using BiOI and gold nanoparticles nanohybrids [78].
Jiang et al. electrodeposited PbSe, PbTe, and PbS films on ITO to
prepare the PEC Cu?t sensors and discovered that the PbSe/ITO
electrode showed the highest stable and repeatable photocurrent,
that is, the PbSe/ITO PEC sensor exhibited the best sensitivity and
stability [79].

3.2. Detection of Cro+

There are two common and stable oxidation states of
chromium: Cr3* and CrS+. Cr3+ is an essential micronutrient ele-
ment and plays an important role in regulating glucose metabolism
in humans [80]. Cr3* is also a basic tanning agent and widely
used in the leather, electroplating, printing, and chemical indus-
tries. However, Cr3*+ can lead to genotoxic effects in humans, es-
pecially DNA damage and oxidative stress [80]. Furthermore, Cré+
and its compounds are commonly applied in chromium smelting,
chromate production, stainless steel welding, and chrome pigment
production. However, CrS* is highly toxic and its compounds have
been classified as Group I human carcinogens by the International
Agency for Research on Cancer since 1990 [81]. Importantly, both
Cr3* and Crb+ are widely used and have contaminated many wa-
ter bodies globally [82]. The drinking-water quality guidelines of
the WHO (1993) recommend that the chromium content must be
limited to 0.96 pmol/L. Therefore, there is an urgent need to mon-
itor the presence of chromium ions in water.

3.2.1. TiO,-based PEC sensors for detection of Cr6+

Numerous TiO,-based PEC sensors have been developed for the
detection of metal ions [23,61,62,83], and the first such PEC sen-
sor for the detection of Cré+ jons was reported by Li et al. in 2013
[30]. TiO, was preferred as it shows good stability, large specific
surface area, and controllable morphology. To improve the sensi-
tivity and detection range, improved TiO, composite coating ma-
terials were investigated. For example, Dashtian et al. fabricated
a PEC Crbt sensor with Ti/TiO,-PbsS,Ig-polydopamine electrodes
based on Ti foil [23]. The PEC sensor showed high sensitivity (1.9
pA L pmol-1), good LOD (3 nmol/L), and wide linear range (0.01-80
pumol/L) to Cr®* concentration in 0.1 mol/L deoxygenated Tris-HCI
(pH 5) buffer containing 0.01 mol/L triethanolamine (TEA). To fur-
ther improve sensitivity, Moakhar et al. proposed a Cré* PEC sen-
sor with Au-TiO,-coated FTO electrodes [83]. The sensor showed
high selectivity, good sensitivity of 13.94 pA L umol~!, low relative
standard deviation of 1.5%, and good LOD of 6 nmol/L in the Cr6+
concentration range of 0.01-50 umol/L.

Furthermore, flexible substrates have also been utilized as
response electrodes. Liu et al fabricated a PEC Cr+ sen-
sor by using nano-particle TiO,/graphene/gold electrode and
graphene/gold/polyolefin composite flexible film that replaced
FTO/ITO as substrate [61]. In another study, they replaced the poly-
olefin substrate with SiO,/Si substrate and developed another PEC
CrS+ sensor [62]. The PEC sensors showed the sensitivity of 1.27
nA L nmol-! for the detection of Cr®* ions.

3.2.2. Other PEC sensors for detection of Cr6+

Although most PEC sensors for Cré+ are based on TiO, and g-
C3Ny4 sensitive materials and the sensing mechanism is based on
the reduction of Crb+ [83], TiO, and g-C3N,4 belong to n-type semi-
conductors and are more prone to oxidation reaction. Therefore,
PEC sensors based on p-type semiconductor are more suitable for
the detection of Cr8tbecause p-type semiconductors make it easy
to trigger the reduction reaction [84]. Wang et al. constructed a
PEC sensor by using p-type semiconductor PbS-coated ITO elec-
trode [84]. The LOD reached 10 pmol/L and the linear range was
0.02 nmol/L~2 pumol/L. Furthermore, bismuth-system oxides have
also attracted considerable attention for PEC CrS*sensors because
of their abundance, low toxicity, low cost, and good optical and
electrical properties [85]. The bismuth-system oxides used for Cré+
PEC detection mainly include BiOX (X=(l, I, Br) [55,86,87], BiVO4
(Fig. 3a, 1) [56,59], BiPO,4 [87], etc. Among them, p-type BiOI with
strong visible-light absorption ability is a good choice PEC-sensor-
based detection of Crb+ ions [29]. For example, Li et al. fabricated
a Cr* PEC sensor by using Bi-modified BiPO4/BiOl composite film-
coated ITO electrode [87], and the PEC sensor showed a good lin-
ear relationship between photocurrent and Cr®* concentration in
the range of 0.5-180 umol/L with LOD of 0.3 pmol/L.
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3.3. Detection of Hg?*

HgZ+ is considered to be one of the most toxic heavy metal
pollutant in food, water, and biosphere [88]. Excessive Hg?t ac-
cumulation in human body leads to headache, impaired hearing,
and even damage to brain and central nervous system [16,89].
The United States Environmental Protection Agency (EPA 2001)
specifies that the maximum level of Hg?* in drinkable water is
10 nmol/L. Therefore, there is an urgent need for fast and reliable
sensors that can determine even trace Hg2t concentrations in wa-
ter in real-time.

3.3.1. CdS-based PEC sensors for detection of Hg?t

Although CdS is an important sensing material in PEC sensors,
it has high carrier recombination rate and no selective sensitivity
to metal ions. Thus, to selectively detect Hg2* ions in water, CdS-
based composites were developed [90]. For example, Zhang et al.
developed a hollow CoSx@CdS-modified ITO electrode to fabricate
a PEC Hg2*sensor [90]; the sensor showed a high selective sen-
sitivity to Hg?*, a good linear response for Hg?* concentration in
the range of 0.01-1000nmol/L, and a good LOD at 2 pmol/L. Fur-
thermore, Li et al. created a g-C3N4@CdS composite-coated FTO
electrode and prepared a PEC Hg2*sensor [91]. However, when the
electrolyte includes Hg?* ions, they will be selectively absorbed on
the surface of the coating to inhibit exciton formation and photo-
electron transmission, thereby decreasing the photocurrent.

3.3.2. ZnS-based PEC sensors for detection of Hg?+

For PEC Hg2*sensors, ZnS-based photoelectrochemical materi-
als coated ITO electrodes have also been developed [52,92]. When
the ZnS-based PEC sensors come in contact with a Hg2*-containing
solution, p-type semiconductor HgS is produced and coated on the
surface of n-type semiconductor ZnS. The spontaneous heterojunc-
tion promotes carrier transport, resulting in evident enhancement
in sensor photocurrent. Therefore, PEC sensors with ZnS-based ITO
mediated electrodes can be used to quantitatively detect Hg?* con-
centration. For example, the PEC sensors for Hg>* detection were
developed using an ITO electrode based on ZnS QDs capped with

Cysteine and mercaptoacetic acid, respectively [92]. To improve
the photocurrent response and LOD, a PEC sensor with ZnS@Ag,S-
modified electrode was created as the cocatalyst of Ag,S QDs can
effectively promote the separation of carriers in ZnS [52], thereby
increasing the sensitivity of the sensor. The improved ZnS@Ag,S-
based PEC Hg?*+ sensor showed a good LOD at 1 pmol/L.

3.3.3. TiO,-based PEC sensors for detection of Hg?t

Although TiO,-based PEC sensors have been used to detect Cr6+
ions [23], they have also been developed to detect Hg?* ions. To
improve the performance of the PEC Hg2* sensors, FTO/TiO,/3-
aminopropyltriethoxysilane (APTES)/N3 electrode was developed
[93]; the photocurrent response of the sensor was relatively bet-
ter because the N3-Hg2+ complex was formed by the presence
of Hg2t The measurement range and LOD of the sensor were
0.5-50 pmol/L and 0.13 nmol/L, respectively. Furthermore, Wu et
al. designed a PEC sensor with FTO/Ru-1/TiO, electrode [94].
The Ru-1 was composed of two thiocyanate ligands and Ru(Il)
bipyridyl complex; the photocurrent of the sensor decreased lin-
early with increasing of Hg?t concentration over the range of
0.005-500 nmol/L and 500-5 x 10® nmol/L, and LOD of the sensor
reached 5 x 10~3 nmol/L due to the specific interaction between
Hg2t and thiocyanate ligands.

3.3.4. Other PEC sensors for detection of Hg?*

Although most PEC Hg2+ sensors are based on RS, CdS, ZnS,
and TiO, composites, PEC sensors based on other sensitive ma-
terials also show good performance for the detection of HgZ*.
For example, Zhang et al. designed a PEC sensor with Ag@Ag,S-
modified ITO conductive glass [95]. Ag was deposited on the sur-
face of Ag,S QDs with bead-chain-like nanostructures to produce
the surface plasmon resonance effect and accelerate the separa-
tion of photo-induced charges, thereby increasing the sensitivity
of the PEC Hg2t sensor. Importantly, the prepared PEC sensor also
showed good Hg?t selectivity. Furthermore, the localized surface
plasmonic resonance (LSPR) effect has been explored as a means to
increase the sensitivity of PEC Hg?* sensors. For example, WO3/Au
nanocomposite-coated ITO electrodes were developed to increase
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the sensitivity of the PEC Hg2* sensors through the LSPR effect of
Au [96].

In practice, novel Hg2t sensitive electrodes for the preparation
of PEC sensors are being continuously developed. Examples include
PEC Hg?*+ sensors with electrodes based on NiOOH-functionalized
n-silicon [97], Fe3*+/Zn0-Ag [98], BiVO,4/TisC,Tx (Fig. 3a, II) [99],
and Bi;MoOg/CuS [100] coatings. Recently, a novel sensor with
Br-doped poly(3,4-ethylenedioxythiophene) (PEDOT)-modified car-
bon paper was reported (Fig. 3b) [101]. The dopant of Br ions
in PEDOT decreases the band gap of PEDOT; Br ions in PEDOT
layer act as shuttles, promote more electron-hole separation, and
greatly enhance the photocurrent intensity of the sensor. When
the Br/PEDOT-based PEC sensor comes in contact with a HgZt-
containing solution, the photocurrent is significantly enhanced due
to the chelation of Hg2* to S and O functional groups of polythio-
phene. The sensor shows a good linear response in the Hg2* con-
centration over the range of 1-450 nmol/L, LOD of 0.3 nmol/L, and
selectivity to Hg2+.

3.4. Detection of Pb*>*

Lead pollution has been a longstanding global problem as Pb2+
can enter the human body through inhalation, intake, as well as
skin contact [102]. Human exposure to Pb?t can seriously harm
the brain, kidney, and nervous system, and interfere with all as-
pects of fetal development [103]. Due to the significant threat that
Pb%*+ contamination poses to public health, the EPA has determined
that the maximum permissible amount of Pb?* ions in drinking
water is 70 nmol/L. Therefore, it is essential to realize accurate de-
tection of Pb?* in drinking water.

3.4.1. CdS-based PEC sensors for detection of Pb?+

To detect Pb?* ions, a first such PEC Pb%*sensor coupled with
n-type semiconductor (Cds) and G-quadruplex aptamers of Pb2*
was developed in 2013 [54]. To improve the selectivity of PEC PbZ*+
sensors, Pb%*-selective CdS composites were developed. For ex-
ample, electrodes based on MoS,-CdS:Mn nanocomposites [104],
CdS-TiO, nanocomposite [105], and CdSe/CdS/ZnO [48] photoelec-
trochemically active materials have been developed to fabricate
PEC Pb2t sensors. In particular, the CdS-based PEC sensor uti-
lizing an ITO electrode based on MoS,;-CdS:Mn nanocomposites
showed the widest detection range in 5 x 10->-100 nmol/L, a LOD
of 1.67 x 10~> nmol/L, good selectivity to Pb%+, and high repeata-
bility [104].

3.4.2. TiO,-based PEC sensors for detection of Pb?+

Although TiO, photocatalysts has been widely used in PEC sen-
sors for the detection of Cr(VI) ions [23], it has also been de-
signed for Pb%* sensing. In 2022, a Cu,0-CuO-TiO, heterojunction
modified electrode was designed [106]. The PEC sensor based on
this electrode showed a high selectivity for Pb2* among the pres-
ence of other interfering ions (Cd?t, Mg%*, Ca?t and Cu?*t), low
LOD of 6.8 x 10-6 nmol/L, and a linear detection range of 1 x 10~>-
1000 nmol/L.

3.4.3. ZnO-based PEC sensors for detection of Pb**

Zn0O-based photoelectrochemically active materials have at-
tracted considerable attention for application in PEC Pb2* sensors
thanks to their high surface volume ratio, good biocompatibility,
and chemical stability [107]. For example, combinations of ZnO and
CdS [48] is being developed for ZnO-based Pb2+ PEC sensors.

3.4.4. Other PEC sensors for detection of Pb?*

Apart from CdS (TiO,- and ZnO-)-based materials, BiOI [108], g-
C3N4 [109], 3,4,9,10-perylene tetracarboxylic acid [110,111], nickel
hexacyanoferrate [112], and porphyrin-based covalent organic
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framework (TAPP-COF) [113] were developed for use in the de-
sign of PEC sensors for the detection of Pb%+. For example, Zhao
et al. fabricated such a sensor based on a TAPP-COF film-coated
electrode (Fig. 4a) [113]. First, the prepared TAPP-COF thin film
was transferred onto a poly(ethylene terephthalate) (PET)-based
ITO electrode. Subsequently, CdSe QDs coated with a SiO, shell
(CdSe@sSi0O, QDs) were immobilized on TAPP-COF film. In the pres-
ence of Pb2t, the quencher CdSe@SiO, QDs immediately detached
from TAPP-COF film, the quenching effect caused by CdSe@SiO,
QDs disappeared, the photocurrent increased. The sensor showed
a good linear detection range of 1 x 10-°-1000 nmol/L, low LOD of
0.012 nmol/L, and high selectivity to Pb2+.

3.5. Detection of Ag*

Ag* is one of the trace elements found in the human body. It is
widely used in jewelry, skin care products, and other commodities
as trace amounts of silver are generally harmless to human health
[114]. However, silver exists in nature as a heavy metal ion to form
silver salt. Silver salts are toxic to humans because they can be ab-
sorbed into the human circulatory system and become deposited
in various body tissues. This can lead to argyria including inhibi-
tion of the activity of the enzymes, cell apoptosis and decrease in
the expression level of genes [115]. The guideline value of EPA for
silver in public water supplies is 0.93 umol/L. Hence, it is impera-
tive to detect Ag™ economically and reliably.

In 2014, Li et al. developed the first PEC sensor with AgBr-
enhanced ZnO nanorod-based electrode to detect Ag* ions [34].
To improve the sensitivity and LOD of the sensor, Li et al. fur-
ther developed another PEC sensor utilizing an ITO electrode based
on yolk-shell-structured Fe304@void@TiO,-Na* particles (Fig. 4b)
[116]. The prepared Fe3;04@void@TiO,-Na* particles were im-
mersed in a solution containing Ag"; after magnetic separation
and washing process, Fe30,@void@TiO,-Agt particles were ob-
tained through Ag*-Na*t ion exchange. The exothermic electron in-
jection mechanism of the in-situ generated nanosilver particles sig-
nificantly increased the photocurrent; therefore, the proportional
increment in photocurrent can be utilized to detect Ag*™ ions. The
PEC sensor showed high selectivity for Ag* in 0.1 mol/L phosphate-
buffered saline (pH 7.0) due to Ag™-Na' ion exchange and in-situ
formation of plasma Ag nanoparticles. The PEC sensor also showed
a good linear detection range of 1pmol/L~6nmol/L and LOD of
0.88 pmol/L.

3.6. Detection of K+

K* is an important mineral that helps in maintaining the bal-
ance of fluid and electrolyte in biological systems and regulates
body functions [117]. It plays an important role in many physio-
logical functions, including cellular metabolism, glycogen and pro-
tein synthesis, and regulation of electrical action potential across
cell membranes [118]. However, excessive intake of K* can lead to
diseases such as abnormal heart rhythm. The maximum allowable
level for K* ions in drinkable water defined by the WHO (2011)
is 0.31 mmol/L. Hence, it is necessary to develop a reliable method
for the analysis of K* in water.

Qian et al. proposed a PEC sensor with an ITO electrode based
on potassium-selective polymer dots (K-Pdots) (Fig. 5a) [35]. When
the electrode was immersed in a K solution, the exposure of K*
to K-Pdots initiated the transport of K* ions into the Pdots and
their subsequent binding with the ionophores. The hydrogen ions
in K-Pdots moved toward outside of K-Pdots, resulting in the de-
protonation of —-COOH in the K-Pdots, and thereby reducing the
production of carriers at the surface of K-Pdots, causing a corre-
sponding decrease in photocurrent. The PEC sensor showed a good
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linear detection range of 1~1 x 10° nmol/L, LOD of 0.421nmol/L,
and a good selectivity to K.

3.7. Detection of Co®*+

Cobalt is an essential trace element for both prokaryotes and
eukaryotes, and it occurs naturally in organic and inorganic forms
[9]. Cobalt ions (Co2*) play an important role in various biological
processes involving a multitude of physiological functions, includ-
ing the protection of nervous system, formation of red blood cells,
DNA synthesis, and iron and amino acid metabolism [119]. It has
been demonstrated that deficiency of Co may cause in cardiovas-
cular, anemia, neuropsychiatric, osteomyelitis and glaucoma, and
endocrine deficits [9]. However, excessive intake of cobalt can in-
duce poisoning and has adverse effects on the health of skin, lung,
and thyroid when concentration in the blood exceeds 5.09 mmol/L
[120]. Therefore, it is very important to build a sensitive and reli-
able sensor to detect Co®* in water.

The first PEC sensor to detect Co?*was proposed by Zheng et
al. in 2019 [36], which utilized a FTO/WOs3/Chitosan (CS) electrode.
Modifying FTO/WO3; with CS can significantly improve the visible-
light absorption and the separation efficiency of photogenerated
carriers, and can thus significantly improve the photocurrent due
to the CS is an efficient hole scavenger. In the presence of Co?t,

CS can be used as a chelating agent to effectively extract Co2*
from water. In addition, the formation of Co-CS chelate inhibits the
electron transfer from CS to the photogenerated holes of W03, re-
sulting in low separation efficiency of W03 photogenerated carriers
and subsequently decreasing the photocurrent (Fig. 5b). The afore-
mentioned PEC sensor showed a broad linear response for Co?t
concentration in the range of 1-60 pmol/L, a LOD of 0.3 pmol/L,
and a high selectivity for Co?* in phosphate buffer (pH 6.5).

3.8. Detection of As>*+

Arsenic (As>*) is one of the most widely distributed inorganic
contaminants in the world [121]. If its intake exceeds the excre-
tion rate, arsenic will accumulate in human organs, leading to
chronic poisoning, neuritis, myelitis, etc. The WHO (1993) stipu-
lates that the maximum contamination level of As®* in drinking
water should be limited to 0.133 pmol/L. Therefore, it is important
to accurately detect As®*t in drinking water and food.

Recently, Fu et al. proposed a novel PEC sensor utilizing
a AgInS,/oligonucleotides/FePc based ITO electrode for detecting
As>+ (Fig. 6a) [60]. To develop the PEC As>* sensor, magnetic
Co304-Fe304 cubes were prepared and then functionalized with
oligonucleotides. In the presence of As>*, oligonucleotides can be
released and As>* can be absorbed due to the strong affinity be-
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tween As>* and Co304-Fe;04 cubes. Subsequently, the released
oligonucleotides trigger catalytic hairpin assembly and hybridiza-
tion chain reaction, forming a large number of G-quadruplex struc-
tures on the electrode. Then, phthalocyanine was captured by the
G-quadruplex structures, leading to a switch in the photocurrent
polarity of electrode from anode to the cathode. The PEC sensor
showed a good linear detection range of 10~2 x 10° nmol/L and
selectivity for As®* with LOD at 1nmol/L. However, except As>,
PO43~ can also switch the polarity of photocurrent; therefore, to
accurately monitor As®* in water, the analyte should be pretreated
to eliminate any interference from PO43~.

3.9. Detection of TI*

Thallium is a very rare but widely dispersed trace element.
There are two common and stable oxidation states of thallium:
TI3+ and TI+; compared to the former, monovalent thallium com-
pounds have relatively high solubility and are toxic to organisms
[122]. The toxicity of TI* is higher than other heavy metals such
as Hg, Pb, and Cd [123]. Moreover, it is readily transported to the
environment through aqueous routes and gradually accumulates.
Excessive intake of TI* can easily cause esophageal cancer, liver
cancer, and other diseases. The WHO (1993) has warned that the
concentration of thallium in drinking water must not exceed the
threshold limit of 9.8 nmol/L. Therefore, the detection of TI* is of
great significance for effective monitoring of the hydrosphere and
human health.

Wei et al. reported a PEC TI* sensor using a sulfide-rich In,S;
coated FTO electrode [51]. When the bias potential was scanned
from -0.8V to 0.8V vs. Ag/AgCl, the surface state-rich In,S;
showed significant anodic photocurrent response. The photocur-
rent gradually reached a steady-state (Fig. 6b) with further increase
in bias potential, and the peak value of photocurrent was approxi-
mately —-0.65V. The appearance of the peak value is caused by the
direct oxidation of sulfide surface states by photogenerated holes,
while the latter stable state is regarded as the consequence of wa-
ter oxidation. In the presence of TI*, the surface sulfide will chem-
ically combine with TI*, which will greatly decrease the photoac-
tivity of sulfide and lead to the quenching of photocurrent at -
0.65V. The sensor showed a linear response for TI* concentration
in the range of 0.625-10 pmol/L with LOD of 0.36 pmol/L. However,
when the concentrations of Co?*, La3*, and Cu?* were 30 times
higher than that of TI* and the concentrations of Pb2+, Hg2+, and
Cd2* were 10 times higher than that of TI*, addition of ethylene-
diaminetetraacetic acid was required to carry out the accurate de-
tection of TI*.

4. PEC sensors for non-metal ions
4.1. Detection of NO,~

Nitrite anions (NO,~) are considered a common inorganic en-
vironmental pollutant [124], and NO,~ can react with amines to
form carcinogenic nitrosamines [125]. In high doses, it is toxic and
can lead to food poisoning, methemoglobinemia, and other con-
ditions that are harmful to human health [126]. According to the
regulation by WHO (2003), the maximum contaminant level for
nitrite is 0.065 mmol/L in drinking water. Hence, it is necessary to
develop novel approaches for accurate detection of NO, ™.

4.1.1. TiOy-based PEC sensors for detection of NOy~

Currently, TiO,-based composites are the most commonly used
photoelectrochemically active materials in PEC sensors for the de-
tection of NO,~. A TiO,-based PEC sensor was fabricated through
the application of disposable screen-printed carbon substrates with
TiO,-P25 nanoparticles to detect NO,~ [127]. To improve the selec-
tivity and detection range of PEC NO,~sensors, Muthuchamy et al.
fabricated a TiO,-based PEC NO,~ sensor: First, the graphene (G)
was modified by using an electroconductive polymer nanosponge
(EPNS) and TiO, nanowires (named TiO, (G) NW@EPNS); second,
cytochrome C (Cyt C) was immobilized into TiO, (G) NW@EPNS
(Fig. 7a) [128]. The PEC sensor showed a high selectivity for NO,~,
a good detection range of 0.5-9000 pmol/L, a LOD of 225 pmol/L,
and a rapid response (~5s). Furthermore, to improve the LOD of
the NO,~ sensors, Gao et al. constructed a PEC NO,~ sensor an
FTO electrode based on CdS/TiO, nanocomposites (NCs) (nitrite is
considered as an active oxidant under acidic conditions) (Fig. 7b)
[129]. In the presence of NO,~, NO,~ will trigger CdS etching re-
action. With the dissolution of CdS, the photocurrent conversion
efficiency of the sensor decreases sharply under visible light, re-
sulting in a significant decrease in photocurrent response. The pho-
tocurrent of the sensor decreases linearly with an increase in the
NO,~ concentration over 1-100 pmol/L and 100-500 pmol/L and
the LOD of the sensor was 0.56 pmol/L. Furthermore, the PEC sen-
sor showed good selectivity to NO, ™.

4.1.2. Other PEC sensors for detection of NO,~

Recently, Luo et al reported a three-dimensional network
nanocomposite composed of SnO, nanofibers and Au nanoparti-
cles (NPs), and evaluated the anti-interference ability of ITO/SnO5-
AuNPs electrode (Fig. 8a) [58]. Photosensitizer Ru(bpy);2~ was
added into the NO,~ sensitive electrode to improve the perfor-
mance of the detection system. Under illumination, Ru?* is excited
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into unstable Ru2** and rapidly transfers electrons to adjacent con-
ductor of AuNPs or SnO, nanofibers, turning itself into Ru3*. Si-
multaneously, the hot electrons in AuNPs are also excited to the
surface plasma state. The electrons flowing into AuNPs are trans-
ferred to the CB of SnO, due to the matched energy level. Subse-
quently, the electrons are guided to the external circuit to generate
a photocurrent response. In the presence of NO,~, Ru3* ions re-
act with NO,~ ions to form NO3;~ and Ru?* ions. This means that
the presence of NO,~ restores the oxidative state of ruthenium and
improves the PEC response, so as to establish the relationship be-
tween photocurrent intensity and NO,~ concentration. The pho-
tocurrent of the PEC sensor increases linearly with NO,~ concen-

trations ranging over 10~2 ~ 10~> mol/L with a LOD of 48 nmol/L.
Furthermore, the PEC sensor showed good anti-interference perfor-
mance.

4.2. Detection of F~

Fluorine is generally beneficial to human health and is com-
monly used for the prevention of dental caries and treatment of
osteoporosis, obesity disorders, and cardiovascular diseases [130].
However, excess fluoride intake can result in numerous health
problems, such as dental fluorosis and skeletal fluorosis in children,
impaired thyroid, chronic kidney disease, and endocrine system



L. Li, J. Chen, C. Xiao et al.

Chinese Chemical Letters 34 (2023) 107904

Table 1

PEC sensors for the detection of ions.
Analyte Electrode/substrate Measurement principle Linear range (nmol/L) LOD (nmol/L) Guideline values (nmol/L) Refs.
Cu?* FTO/CdS/Ti3 C, Decrease 0.1 ~1x10* 0.05 2 x 104 [67]
Cré+ ITO/PbS QDs Increase 0.02 ~2x10° 0.01 960 [84]
Hg?* FTO/Ru-1/TiO, Decrease 0.005 ~ 5 x 108 0.005 10 [94]
Pb%* ITO/Cu, 0-CuO-TiO, Increase 1x107° ~ 1x10° 6.8 x 1076 70 [106]
Ag* ITO/Fe304@void@TiO,-Na* Increase 1x103 ~6 8.8x 104 930 [116]
K+ ITO/K-Pdots Decrease 1~1x10° 0.421 3.1x10° [35]
Co?+ FTO/WO3/CS Decrease 1x10° ~ 6x10* 300 1.7 x 103 [36]
Ast ITO/AgInS,/H1/MEA/H2/H3-H4/FePc Polarity-switchable 10 ~ 2x10° 1 133 [60]
TI+ FTO/In,S;3 Increase 625 ~ 1x10* 360 9.8 [51]
NOy~ ITO/Sn0;-Au-Ru(bpy)s?~ Increase 1~1x10* 0.48 6.5 x 104 [58]
F- FTO/TiO, Increase 0.05 ~ 1000 0.03 7.9 x 104 [131]
S2- Ti/TiO,/Cu, O Decrease 1x10% ~3x10° 600 1.6 x 104 [47]

function or developmental neurotoxicity [130]. Unfortunately, flu-
oride compounds are widely present in the environment because
of natural and anthropogenic activities, resulting in the accumula-
tion of F~ in the soil, air, water, and in humans as well. Partic-
ularly, endemic fluorosis is present in many countries, including
Africa and Asia due to drinking water contaminated with fluoride
[130]. Therefore, keeping the F~ content in drinking water below
the accepted thresholds is very important for human health, and
the WHO (2010) guideline value for F~ concentration in drinking
water is set at 0.079 mmol/L. Thus, to effectively protect the im-
pact of excess F~ on human health, it is necessary to accurately
detect the F~ concentration.

A PEC F~ sensor utilizing TiO, nanorod array (TNRs)-based FTO
electrode was first proposed by Su et al. in 2019 [131]. When the
TNR-based PEC sensor comes in contact with an F~-containing so-
lution, F~ ions trigger an etching reaction on the surface of the
TNRs, resulting in more surface-active sites and smaller electron
transfer resistance, which increases photocurrent density (Fig. 8b).
The PEC F~ sensor shows a good linear response to F~ ion concen-
tration over the range of 0.05-1000 nmol/L along with an ultra-
trace LOD of 0.03 nmol/L and high selectivity for F~ in 0.1 mol/L
Na,S04 among interfering ions.

4.3. Detection of 2~

Sulfide (S2-), as a toxic pollutant in wastewater, is of great con-
cern for the environment [132]. High concentrations of S*~ can
cause multiple serious health problems such as unconsciousness
or even permanent brain damage [133]. In addition, it can get fur-
ther protonated and converted to more toxic gaseous such as HS™
and H,S under acidic conditions. In general, the amount of sulfide
in the solution is expressed as the sum of dissolved H,S, HS~, and
S2-, and it reaches equilibrium relying on the pH of the solution
[134]. To assure safe drinking water, the maximum level of S2- in
drinking water prescribed the WHO (2004) is 0.016 mmol/L. Thus,
there is an imminent need to develop highly selective sensors to
detect S%~ in water.

In 2001, Shchukin et al. first proposed a PEC sensor with CdO
electrode to detect S*~ ions [135]. Subsequently, Su et al. devel-
oped another PEC S2- sensor by utilizing a Cu,0/TiO, nanotube
(TiNTs) based Ti foil [47]. When the Cu,O/TiNT electrode is sus-
pended in the sulfide solution, Cu;S,4 is formed on the surface of
electrode, and the photogenerated carriers from Cu,O nanoparti-
cles are transferred to Cu;S4 and rapidly combine with Cu;Sy, re-
sulting in a decrease in photocurrent (Fig. 8c). The photocurrent
of the sensor decreased linearly over an S2~ concentration range
of 1-300 pumol/L with a LOD of 0.6 umol/L. Particularly, the sensor
showed a high selectivity for sulfide in 0.1 mol/L Na,SO4 solution
containing interference ions.
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5. Conclusion and future prospects

In this review, we have systematically outlined the latest im-
portant developments regarding PEC ion sensors in the literature
since January 2017. Importantly, the composition (photoelectro-
chemically active materials and conductive substrates), measure-
ment principle (electronic transfer, chemical reaction, and pho-
tocurrent variation characteristics), and performance of the sensors
for detecting trace metal and non-metal ions are summarized ac-
cording to ion species.

Although these extensive studies have significantly advanced
the development of PEC ion sensors, detectable ion species may
have to be expanded and the performance of some sensors needs
to be further improved, because our purpose is to ensure that the
tested drinking water is safe for humans and we must be able to
accurately detect trace ions in water. Clearly, the performance of
the PEC sensors for K*, Co%*, As>+, TI*, NO,~, F~, and S2~ should
be further enhanced. Particularly, the LOD values of PEC sensors for
Co2t, TI* and S need to be further improved (Table 1). Besides,
the stability, repeatability, portability, multiple detection and anti-
interference ability (temperature, pH value, microorganism, etc.) of
PEC ion sensors still need to be improved, which are the main
obstacles that hinder their development into commercial products
for practical applications. We understand that the LOD, detection
range, and sensitivity of PEC sensors are controlled by the inten-
sity of the generated photocurrent. Although the photocurrent of
the PEC sensors is controlled by many factors (photoreactor struc-
ture, conductive substrate, electrolyte, photoelectrochemically ac-
tive materials, and so on), the ion sensing material is the most
important factor affecting the photocurrent because it determines
the light absorption, photoelectric conversion, electron and hole
recombination, electron transfer, and reaction between the active
material with the detection target ions. Furthermore, the perfor-
mance of these materials is controlled by their band structure,
work function, molecular and morphology structures, and specific
surface area. Therefore, to improve the LOD, detection range, and
sensitivity of PEC sensors, more advanced photoelectrochemical ac-
tive materials should be developed or imported from other PEC re-
search applications such as water splitting, wastewater treatment,
and reduction of carbon dioxide.

The selectivity of PEC ion sensors has been investigated in the
presence of a series of interference ions. The results highlight that
most of the developed PEC ion sensors have good selectivity for
target ions, which means that these sensors have a certain anti-
interference ability. In particular, PEC DNAzyme biosensors show
high selectivity and specificity for metal ions because DNAzyme
molecules can strongly and selectively bind metal ions. However,
when PEC ion sensors are applied to monitor ions in surface and
groundwater sources, especially polluted water, it is not enough
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to only consider the influence of other interfering ions. Other in-
terfering factors such as temperature, pH, and common pollutants
(such as microorganisms and suspended particles) may affect the
response of the PEC ion sensors. Therefore, to improve the anti-
interference ability of these sensors and make them more flexible
in practice, it is necessary to further enhance the anti-interference
ability of the PEC ion sensors to avoid the influence of tempera-
ture, pH, microorganisms, suspended particles, etc.

In addition to the importance of sensitivity, LOD, detection
range, and anti-interference ability of the PEC ion sensors, their re-
peatability and lifetime are also key factors that determine their
applicability in the real world. The relative standard deviations
can judge the stability of the PEC ion sensor. Although the rela-
tive standard deviations of some PEC ion sensors have been tested
and showed a good result, they still face certain critical issues that
need to be addressed. Moreover, the photo-corrosion of photoelec-
trochemically active materials and their separation from the con-
ductive substrate surface can lead to poor charge-transfer proper-
ties and rapid electron-hole recombination, thereby decreasing the
photoelectric conversion efficiency and dropping the stability and
repeatability of the PEC ion sensors. Furthermore, in the process of
reuse and continuous detection of PEC ion sensors, the accumula-
tion of products or non-target ions on the electrode surface will
hinder the absorption of light by the photoelectrochemically ac-
tive materials and block the active sites on the electrode surface as
well as hinder the reaction between the target analyte and active
material, thereby leading to material deactivation and reduced ser-
vice life. The performance degradation gets worse when the photo-
corrosion and accumulation of reaction products and non-target
ions occur simultaneously on the electrode surface. For example, in
the PEC Cu2* sensor, which comprises a CdS-coated ITO electrode,
Cd2+ will be produced when CdS is subjected to photo-corrosion
or CdS undergoes displacement reaction with target ions to pro-
duce other substances (such as CuxS). On the contrary, wastewa-
ter, even domestic water, contains a large amount of ions; thus, at-
tempts to detect trace amounts of Cu?t or Zn?* ions (10-6 mol/L)
in such water will lead to marked decline in the photocatalytic
activity due to the presence of metal ions that will continuously
quench the photogenerated electrons and holes. To overcome the
above problems, first, a protective layer (such as AgzPO,4) should
be deposited on the surface of the photoelectrochemically active
material to prevent photo-corrosion and detachment of the active
material, inhibit the recombination of carriers, and enhance the
charge transmission. Second, the addition of sacrificial agents in
the electrolyte can also inhibit photo-corrosion; for example, when
CdS is used as a photoelectrochemically active material, adding
Na,S03 and Na,S as sacrificial agent in the solution can effectively
inhibit the photo-corrosion. Third, to form a strong interphase be-
tween the photoelectrochemically active material and conductive
substrate, an appropriate crosslinking agent should be developed
and adopted to produce a strong bond between the active material
and substrate, thereby enhancing the sustainability and repeatabil-
ity of PEC sensors. Fourth, the strategy of self-sensitization effect,
in which the heavy metal ions convert into the metal sulfides or
even form a heterojunction structure with the prepared photoelec-
trochemically active materials, could be positively utilized to en-
hance the stability and photocurrent of the PEC ion sensors.

Although extensive research has been carried out to produce
PEC sensors with high sensitivity, wide detection range, good LOD,
and high repeatability, there are still some inherent challenges for
multi-parameter online ion detection in real time. More suitable
synthetic strategies for the design of PEC ion sensors are needed to
address these challenges. In particular, coupling of PEC system, mi-
crofluidics, and lab-on-a-chip may be an effective method to elim-
inate the water sample collection process and directly realize real-
time online detection of surface- and groundwater sources. Fur-
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thermore, the distribution of a variety of different sensitive ma-
terials on a conductive substrate may build different photocurrent
generated to response of different ions, which may be a new re-
search path that can allow PEC sensors to achieve simultaneous
detection of multiple ions.
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