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,e stability and reproducibility of an Ag/AgCl sensors’ response in an alkaline medium are important for the application of these
sensors in cementitious materials. ,e sensors’ response, or their open circuit potential (OCP), reflects a dynamic equilibrium at
the sensor/environment interface. ,e OCP response in an alkaline medium is affected by the presence of hydroxide ions. ,e
interference of hydroxide ions leads to inaccuracies or a delay in the sensors’ response to a certain chloride content. In this article,
the potentiometric response (or OCP evolution) of the chloride sensors is measured in model solutions, resembling the concrete
pore water. ,e scatter of the sensors’ OCP is discussed with respect to the interference of hydroxide ions at varying chloride
concentration in the medium.,e deviation of the sensor’s response from its ideal performance (determined by the Nernst law) is
attributed to dechlorination of the AgCl layer and the formation of Ag2O on the sensor’s surface. Results from the surface XPS
analysis of the AgCl layer before and after treatment in alkaline medium confirm these observations in view of chemical
transformation of AgCl to Ag2O.

1. Introduction

Ag/AgCl electrodes have been used as “chloride sensors” in
cementitious materials for nondestructive and continuous
monitoring of the free chloride concentration [1–3]. ,e
stability and reproducibility of the sensors’ response in al-
kaline medium, for example, cementitious materials, were
not sufficiently addressed [4–7]. For instance, the observed
difference between the responses of identically prepared
chloride sensors in an environment with a predefined
chloride content is still a subject of discussion.,erefore, the
performance of Ag/AgCl electrodes in alkaline medium
needs further investigation.

,e open-circuit potential (OCP) of the chloride sensor,
similar to the electrode potential of any metal in its adjacent
environment, can be measured versus a known reference
electrode. For an Ag/AgCl sensor, the OCP reflects the
chloride content in the medium following (1) or the Nernst
equation:

EAg/AgCl � E
0
Ag/AgCl − 2.303

RT

nF
lg aCl− , (1)

where EAg/AgCl is the measured OCP of the sensor, E0
Ag/AgCl is

the standard electrode potential for the Ag/AgCl electrode
(V), aCl− is the activity of the chloride ions (mol·dm−3) in the
vicinity of the electrode, R is the gas constant (J·mol−1·K−1), F

is the Faraday constant (C·mol−1), and T is the absolute
temperature (K). ,e above equation shows the linear re-
lationship between the OCP of the sensor (i.e., EAg/AgCl) and
the logarithm of the chloride ions activity (aCl−) in a solution.
In other words, a certain equilibrium potential (or the
measured OCP) at the Ag/AgCl interface reflects the chloride
ions activity and hence the chloride ions concentration in the
medium. ,e chloride concentration is derived from the
chloride ion activity using the activity coefficient (c) [8–10]:

aCl− � CCl− · cCl− . (2)

In an alkaline medium, as the pore water in cementitious
materials, with zero or low chloride content, the measured
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OCP response of a sensor would deviate from the one
according to the Nernst equation for an Ag/AgCl interface.
,e interference of hydroxide ions would determine an OCP
response, not proportional to the activity of chloride ions
only. Hence, the sensor’s OCP is associated with the ratio of
chloride to hydroxide ions at the sensor’s surface [6, 9–14].
In such cases, the measured OCP does not only present the
Ag/AgCl equilibrium (3) but also reflects a mixed potential
described by the Ag/AgCl/Ag2O equilibrium (4).

Ag + Cl−↔AgCl + e− (3)

2AgCl + 2OH−↔Ag2O + 2Cl− + H2O (4)

Consequently, with the gradual transformation of silver
chloride to silver oxide, the OCP response of the sensor is no
longer proportional to the activity of chloride ions in the
medium; hence, the stability and reliability of the sensor’s
measurement are largely affected and/or limited. ,is
subject is not sufficiently addressed in the current state of the
art, although it is of significant importance for the practical
application of a chloride sensor of this type.

Additionally, the physical properties of the AgCl layer
would determine the interaction of sensor/medium and the
OCP response of the sensors, respectively [15–18]. ,e surface
properties (morphology and microstructure) of the AgCl layer
will affect the surface chemistry of the sensors. ,e level of
surface chemistry alterations was found to be directly linked to
the thickness, morphology, and microstructure of the AgCl
layer, which were dependent on the anodization regime used
for the sensor preparation [19–22]. For instance, chemical
recombination and/or the presence of oxygen or carbon-based
impurities on the sensors’ surface would be responsible for
a deviation of the sensors’ response from the one expected for
a purely Ag/AgCl interface [17]. ,erefore, the surface
properties of an AgCl layer would also be important for the
stability of the sensor’s response, when in contact with
a chloride-free or a chloride-containing alkaline medium.

,is paper presents the OCP evolution of Ag/AgCl
sensors in a model alkaline environment. Sensitivity, sta-
bility, and reproducibility of the chloride sensors in different
solutions were assessed. Calibration of the sensor was
performed and compared to the available literature data.,e
potentiometric response of the sensors was recorded in
conditions when the chloride concentration in the aqueous

medium was either constant or varying. Hence, the re-
versibility of the sensors was also evaluated. ,e paper
concludes with the experimental evidence for the chemical
transformation of the AgCl layer in contact with an alkaline
medium and also defines the chloride ions’ detection limits
in such a medium.

2. Experimental Materials and Methods

2.1. Ag/AgCl Sensors. ,e Ag wires of 99.5% purity, 1mm
diameter, were supplied by the Salomon’s Metalen B.V.,
Netherlands. ,e Ag wires were cleaned for two hours in
concentrated ammonia and then immersed in deionized
water overnight, prior to anodization in 0.1M HCl solution
(pH∼ 1.4). ,e anodization was carried out in a conventional
three-electrode cell arrangement, where the Ag wire (1 cm
length) was the working electrode, a Pt mesh was the
counterelectrode, and a saturated calomel electrode (SCE) was
the reference electrode. ,e Ag wires were anodized for an
equal duration of 1 h but at two different current densities.
,e designed codes for sensors were based on the anodization
regime used for sensor preparation, that is, 0.5mA/cm2

(sensor A) and 4mA/cm2 (sensor D). ,e different anod-
ization regimes resulted in a different thickness of the AgCl
layer, forming on the Ag substrate, that is, ∼10 µm for sensor
A and ∼40µm for sensor D. ,e anodized Ag wires (i.e., the
sensors as produced) were soldered to a copper wire, and
the junction was protected with an epoxy resin (Figure 1).,e
final exposed length of the sensors was 1 cm.,e sensors were
stored out of direct sunlight until the moment of testing.

2.2. Microscopy and X-Ray Analysis. For microscopic ob-
servation of the Ag/AgCl interface, the Ag wires were
narrowed prior to anodization. ,e narrowed section was
stretched from two sides to obtain the cross section re-
sembling a fracture surface. ,e surface morphology and
cross section of the AgCl layers were analyzed using envi-
ronmental scanning electron microscopy, Philips-XL30. ,e
samples were examined under an accelerating voltage of
20 kV in high vacuum mode.

XPS analysis was performed on Ag foil with a surface
area of 2.4 cm2 per sample (1 cm width, 2 cm length, and
0.005 cm thickness).,e Ag foils were anodized for one hour
at 0.5mA/cm2 in 0.1M HCl solution, that is, conditions

Ag/AgCl Epoxy for
sealing

connecion

Copper wire

Figure 1: ,e as-produced Ag/AgCl chloride sensor.
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identical to those used for the production of sensor A. ,e
flat Ag/AgCl sensor was immersed in chloride-free NaOH
solution (pH� 13.7), and the sensor’s OCP was measured
continuously, reaching a stable value around 100mV after 8
days of treatment. ,e surface composition of the “treated”
sensor was determined by XPS, and the results were com-
pared to those of identically produced, nontreated sensor.
,e XPS measurements were carried out in an AXIS Supra
electron spectrometer (Kratos Analytical, Ltd.) using
monochromatic AlKa radiation with photon energy of
1486.6 eV. ,e samples were mounted with metal clips on
the sample holder. ,e samples and the sample holder were
grounded, and a neutralizer was used to compensate the
charge on the surface. ,e high-resolution scans have been
recorded with 20 eV pass energy. ,e energy calibration was
performed by referencing the carbon (C1s) line of adsorbed
adventitious hydrocarbons to 285.0 eV.,e binding energies
(BE) were determined with an accuracy of ±0.1 eV. Pro-
cessing of the measured spectra includes a subtraction of
Shirley-type background [23].

2.3. Model Media. Different model solutions used in this
work were as follows: deionized water (DW) of pH∼ 6;
simulated concrete pore solution (SPS) (0.05M NaOH
+0.63M KOH+ sat. Ca(OH)2) of pH∼ 13.6 and cement
extract (CE). ,e cement extract (CE), of pH ca. 12.8, was
obtained by mixing cement powder (CEM I 42.5 N) and tap
water at the ratio of 1:1. ,e bottled mixture was rotated for
24 hours, followed by filtration for obtaining the extract. ,e
model solutions were chloride free or chloride contami-
nated, using NaCl additions.

Tables 1 and 2 present all model solutions and their
composition. To be noted is that the response of sensors A and
D was recorded in chloride-free and chloride-containing

alkaline medium (CE), while calibration and evaluation for
reproducibility, reliability, and reversibility were tested for
sensor A only.,is was based on the decisionmade for sensor
A as the better choice for sensor’s application in alkaline
medium and after considering various points, including
surface morphology, composition, potential constraints to-
wards ion transport, and electrochemical state in an aqueous
medium for sensor A, compared to sensor D.

2.4. Open-Circuit Potential (OCP) Measurements. ,e re-
cords of OCP versus time were used to evaluate the sensor’s
performance in different solutions (Tables 1 and 2). ,e
motivation behind OCP measurement in each environment
and test series are listed in Table 2, reflecting the evaluation
criteria. ,e setup used to perform these potentiometric
measurements comprised a chloride sensor (working elec-
trode) and a reference electrode (SCE), using a PGSTAT 302N
potentiostat (Metrohm Autolab B.V., the Netherlands). In this
study, the reference electrode was in contact with the solution
only for a few seconds during OCP records. Hence, the use of
a double junction electrode was not found to be necessary.

3. Results and Discussion

3.1. Sensors’ Response (OCP) in Alkaline Solutions. ,e
sensors’ OCP shifts in cathodic direction with increasing
chloride concentration in the medium (in accordance with
(1) and (3)). For instance, the OCP response of a chloride
sensor in 250mM and 500mM chloride contents is 6mV and
23mV versus SCE, respectively [14]. In a chloride-free en-
vironment, the sensors’ OCP reflects a mixed potential de-
scribed by a dynamic exchange equilibrium, similar to (4). In
this condition, the OCP values are expected to bemore anodic
(ca. 100mV to 150mV versus SCE [14, 24, 25]), due to

Table 1: Solutions for calibration of the chloride sensors.

Number Solution pH Chloride concentration (mM)
1 Deionized water 6 1, 2, 4, 8, 16, 31, 64, 125, 250, 500, 1000
2 Cement extract solution∗ 12.8 12, 14, 16, 20, 27, 44, 77, 142, 260, 513, 1008
3 Simulated pore solution 13.6 1, 2, 4, 8, 16, 31, 64, 125, 250, 500, 1000
∗Cement extract solution contains 12mM chloride content due to the mixing water and chloride at levels of <0.03% in the original cement (ENCI, NL
specifications).

Table 2: Model solutions and criteria for sensors’ performance.

Test
series Used medium pH Chloride concentration (mM)

Purpose of OCP measurement in this
environment (criteria for sensors’

performance)

1 Simulated pore solution
(SPS) 13.6 0 Stability: OCP variation in chloride-free

alkaline solution (Figure 2)

2 Cement extract solution
(CE) 12.8 20, 260 Reproducibility: dependent on different

properties of the AgCl layer (Figure 4)

3 Simulated pore solution
(SPS)

7, 9, 12.8,
13.6 1, 2, 4, 16, 62, 250 Reliability: interference of hydroxide ions

and chloride detection limits (Figure 6)

4 Cement extract solution
(CE) 12.8 12, 14, 16, 20, 27, 44, 77, 142, 260, 513,

1008 Reversibility: response to continuous
addition of chloride (Figures 7 and 8)5 Simulated pore solution

(SPS) 13.6 0, 125, 1000
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amixed potential, arising fromOH− ions interference [5].�e
level of OH− ions interference depends on the chloride ion
concentration (i.e., the OH−/Cl− ratio). In this regard,
a chloride detection limit of 10mM chloride content was
reported [5].

�e OCP of sensors A and D in chloride-free simulated
pore solution (SPS) is depicted in Figure 2. �e response of
identical (replicate) sensors in cement extract (CE), con-
taining 20mM and 260mM chloride concentration, is
depicted in Figures 4(a) and 4(b).

3.1.1. Chloride-Free Alkaline Medium. �e OCP response of
sensors A and D was monitored during 6 days of immersion
in chloride-free simulated pore solution (Figure 2). �e
initial OCP value for sensor A (ca. 150mV) was more anodic
than that for sensor D (ca. 120mV). �e sensors’ OCP
gradually shifted to cathodic potentials, and after 6 days of
immersion, it reached to 112mV for sensor A and 102mV
for sensor D. In other words, the di�erence between the OCP
response of sensors A and D decreased from 30mV in the
�rst hours of immersion to 10mV after 6 days (Figure 2).
�e OCP variation in time and establishment of a stable
OCP value is not only dependent on the sensor type but is
also due to AgCl dechlorination and Ag2O formation at the
sensor’s surface, as previously introduced. �e observed
performance of the sensors is governed by an exchange
equilibrium, where the expected continuous transforma-
tion of AgCl to silver oxide changes the activity of silver ions
(Ag+) near the silver substrate. As a result, a mixed potential
develops at the sensors’ surface [14, 26], shifting the OCP
from around 150mV towards 99mV (versus SCE)
[25, 27, 28].�e di�erence between the initial OCP value and
that established after 6 days is wider for sensor A (40mV)
than for sensor D (20mV). Because the OCP alteration
would be a result of dechlorination of the AgCl layer (AgCl
to Ag2O transformation), the wider OCP range from the
initial to the stabilized OCP value for sensor A (40mV)most
probably re�ects a higher amount of purely AgCl at the
surface of this sensor.

�is observation can be explained by the di�erent mor-
phology and microstructure of the AgCl layer for sensors A
and D.�e AgCl layer on the Ag substrate of sensors A and D
is shown in Figure 3. �e increase in the current density from
0.5mA/cm2 (sensor A) to 4mA/cm2 (sensor D) resulted in
thicker AgCl layer, variation in morphological features, and
appearance of additional inner layer with smaller AgCl grains
close to the Ag substrate (Figure 3(b)). A heterogeneous and
less adherent AgCl layer (as in sensor D) would lead to an
immediate and enhanced oxidation at the Ag/AgCl interface
when it is in contact with external alkaline medium, that is,
dissolution of AgCl [17]. �is explains the smaller di�erence
between the initial, more cathodic OCP response for sensor
D (ca. 120mV) and that established at the end of the test
(ca. 100mV). A high-current density would also increase the
impurities, such as metallic silver (Ag0) together with the
oxygen and carbon-based compounds in the AgCl layer [22].
More details on microscopic and surface analysis of the AgCl
layer of the sensors after anodization at various current
densities can be found in [22, 29].

�e properties of the AgCl layer not only a�ect the
sensor’s response in chloride-free alkaline medium (as above
shown) but also would determine the sensor’s response in
chloride-containing alkaline medium. �is is the subject of
discussion in the next section.

3.1.2. Sensors’ Reliability and Reproducibility versus Structure
of the AgCl Layer. �e reliability and reproducibility of the
sensor’s response in chloride-containing medium can be
a�ected by the AgCl layer properties. Reproducibility of
the sensor’s response is speci�cally important in view of
the sensor’s performance in alkaline medium [30, 31]. In the
following, the reproducibility of the OCP response of rep-
licates of sensors A and D in CE with 20mM and 260mM
chloride content is addressed.

�e OCP response of three replicates of sensor A (A1,
A2, A3) and sensor D (D1, D2, D3) (Figure 4) was monitored
for 2200 s. �e OCP response of sensors D varied signi�-
cantly throughout the test, if compared to the relatively
stable response of sensors A (Figure 4). In less than a 100 s,
sensors A reached to the stable values of 85± 1.5mV and
25± 0.2mV in CE of 20mM and 260mM chloride con-
centrations, respectively. In contrast, a relatively stable OCP
for the D sensors was observed after 1800 s with a value of
78± 3mV for CE with 20mM chloride concentration and
23± 2mV for CE with 260mM chloride concentration. �e
OCP response of sensors A was reproducible. �is is evident
from the lower standard deviation of the OCP response of
sensors A (0.2–1.5mV) in comparison to that of sensors D
(2-3mV). �e lower reproducibility for sensors D can be
attributed to the heterogeneity and multilayered structure of
the AgCl layer for these sensors (discussed in Section 3.1.1).

Additionally, the following observation is important to
be speci�cally addressed: in the initial period, the higher
instability of sensors D, compared to sensors A, was obvious
(Figure 4 records prior to 1200 s). �is means that sensors D
initially “underestimated” or “overestimated” the chloride
content, while sensors A present an almost immediate
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accurate response. �e di�erent microstructural properties
of the Ag/AgCl interface for A versus D sensors (Section
3.1.1) are supposed to be responsible for the di�erences in
the OCP response. Except the already discussed consider-
ations, the limitation of ion transport of any kind at the
sensor/medium interface or limitation of electron transport
along the sensors’ conductive surface will also be re�ected in
variation in the time to establish an equilibrium condition.

Consequently, when the sensors are in contact with the
chloride-containing alkaline medium, the chloride ions dif-
fusing into the AgCl layer will alter the Ag+ activity so that
a new equilibrium is established on the sensors’ surface (3). A
fast equilibrium is achieved in a short period for sensor A,
re�ected by a stable OCP in the solutions (Figure 4). In the
presence of impurities, such as Ag0, a lower concentration of
Ag+ will be available at the surface of the Ag substrate. A lower
concentration of Ag+ would subsequently shift the sensor’s
OCP towards more negative (cathodic) potentials [32] or
determine an erratic response and instability (Figure 4).
�erefore, a longer time is needed for establishing an equi-
librium condition at the Ag/AgCl interface of the sensors with
a thicker and more heterogeneous AgCl layer, as in sensor D,

compared to sensor A (Figure 4). For all further tests and
investigations in this work, sensor A was chosen to proceed
with. �is is because the OCP response of sensor A is less
a�ected by the surface transformations due to the anodization
regime itself (e.g., heterogeneity of the AgCl layer); hence,
a better performance of the sensor is as expected.

3.2. Sensor’s Calibration. Calibration of an Ag/AgCl sensor is
a necessary step in evaluating its performance, when in contact
with the external medium. �e calibration curve for the
chloride sensor is, essentially, the link of the sensor’s OCP to
the activity of chloride ions in a solution. For this purpose, the
OCP of the Ag/AgCl sensor was recorded in deionized water
(DW), simulated pore solution (SPS), and cement extract (CE)
of varying chloride content, or in the so-called “calibration”
solutions (Table 1). �e chloride activity was calculated from
the chloride concentration by using the activity coe¦cient (2).
�e mean activity coe¦cient for NaCl solution in a standard
condition was derived from the literature [8, 28]. Figure 5
presents the recorded responses, together with values reported
by other researchers for identical or similar conditions.

(a) (b)

Figure 3: Micrographs of an AgCl layer, deposited at di�erent current densities: (a) cross section of sensor A at 0.5mA/cm2; (b) cross
section of sensor D at 4mA/cm2.
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Linear regression was employed to derive the coe¦cient
of determination (R2). In DW, the interference of hydroxide
ions was negligible. �erefore, the sensor in DW responded
accurately to a wide range of chloride concentration (from
2mM to 1000mM with an accuracy of R2� 0.999). In the
same range of chloride concentration, but in the SPS me-
dium, R2 equals to 0.985. For increasing the degree of lin-
earity to R2� 0.999, the chloride detection limit in SPS
should be 8mM.�is value is similar to the reported 10mM
detection limit for an Ag/AgCl sensor in alkaline medium
(pH 13.7) [14, 28]. �erefore, the linear regression for the
results in SPS was performed for chloride concentration
higher than 8 mM. �e following equation was applied for
the regression analysis:

E(mV versus SCE) � m0 +m1 · lgaCl. (5)

Table 3 summarizes the results of linear regression for all
solutions. �e slope of the calibration curves varies from
−50mV to −62mV with an average of −56mV. Although
a good agreement is observed between the results (slope)
recorded in this study and the values reported in the literature
(Table 3), the experimental and theoretical slopes following
the Nernst equation are in fact di�erent, that is, −50mV
versus −59mV, respectively. �is deviation from the theo-
retical value (i.e., from ideal performance) can be related to
the chloride ions’ activity coe¦cient. While the theoretical
Nernst slope is based on thermodynamic equilibrium and
spontaneity of the reactions at the sensor’s surface in standard
conditions, the experimental Nernst slope is derived in the
conditions of the relevant experiments. Changes in the test

medium, such as varying alkalinity or ionic strength, resulted
in calibration curves with di�erent slopes (Table 3). Hence,
the di�erence between theoretically and experimentally de-
rived slopes of the calibration curves is logic and as expected.

What can be also observed in Figure 5 is that irrespective of
the medium and at low chloride concentration, the OCPs of
the sensors vary in a wider range. �is is valid for both the
experimentally derived values and those reported by other
researchers. For example, more than 40mV di�erence in OCP
was observed at 1mM chloride concentration, while the OCP
variation decreased to less than 10mV at chloride concen-
tration of 1000mM. �is is regardless of the alkalinity and
ionic strength of the solution. In this work, the di�erence
amongst the sensor’s OCP in DW, CE, and SPS was 16mV at
16mM chloride concentration, decreasing to 2mV at
1000mM chloride concentration. �e larger scatter at lower
chloride content is due to the interference of hydroxide ions,
resulting in a limited accuracy of the sensor in determination of
the chloride concentration. Because the hydroxide ions in-
terference would be larger in solutions of higher pH, a chloride
content detection limit is determined in view of the practical
application of Ag/AgCl sensors in the alkaline medium as
concrete. �is point is discussed further in the next section.

3.3. Interference and Detection Limits. As already pointed
out, the performance of chloride sensors in alkaline medium
is a�ected by a chloride detection limit. Below this detection
limit, the sensors respond inaccurately to the chloride
content [9, 10]. �e reason for the existence of such a limit
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and imprecise sensors’ response is the interference of hy-
droxide ions, which are readily available in the solution. A
chloride detection limit of around 10mM was reported in
previous works [12, 14, 28]. To further investigate this, the
OCP of the chloride sensors was measured in simulated pore
solutions of different pH (7.0, 9.0, 12.6, and 13.6) and
varying chloride concentration (1mM, 2mM, 4mM,
16mM, 62mM, and 250mM) (Figure 6 and Table 2—test
series 3).,e pH of the solutions was modified by a dropwise
addition of concentrated nitric acid. ,e OCP in each so-
lution was recorded for 600 s, a sufficient time interval for
achieving a stable response, including reflection on the
contribution of hydroxide ions’ interference.

As can be observed in Figure 6, the sensor’s OCP shifts to
a more cathodic value when the alkalinity of the solution
increases from neutral to pH 9 and pH 13.6. ,is OCP drift
reflects the hydroxide ions interference and is more pro-
nounced at low chloride concentration, that is, 1mM and
2mM (circled region in Figure 6). ,e observation is in line
with the previously discussed results in Figure 5 for the same
chloride content but for varying chemical composition and
ionic strength of the external medium.

,e difference amongst the sensor’s OCP in solutions
containing 1mM and 2mM chloride concentrations is 18mV
and 10mV, respectively.,ese OCP differences narrow down
to 1-2mV upon increasing the chloride content to 4mM. A
difference of 1 to 2mV in OCP values can be considered as

negligible [34]. Consequently, the chloride sensors can be
used for a relatively accurate determination of the chloride
content in alkaline solutions, where the chloride concentra-
tion is higher than 4mM. ,e reasons behind the higher or
lower levels of hydroxide ions interference to the sensors’
response in alkaline medium are linked to the transformation
of silver chloride to silver oxides on the sensor’s surface. ,is
transformation is governed by both the pH and ionic strength
of the medium, in addition to the actual chloride content.,e
transformation of silver chloride to silver oxides and its
subsequent influence on the sensors’ response will be con-
firmed by outcomes from surface XPS analysis of the AgCl
layer, presented in Section 3.5.

3.4. Sensitivity and Reversibility of the Chloride Sensor.
,e sensitivity of the sensor is reflected by its expected OCP
response to a predefined chloride content.,e reversibility is
the ability of the sensor to return the expected nernstian
response upon changing the environment from chloride free
to chloride containing and vice versa. ,e sensitivity was
already discussed with relevance to the sensor’s response in
various solutions (Figure 4). ,e reversibility is discussed in
this section in view of the sensors’ response upon changing
the medium from chloride free to chloride containing.

Both sensitivity and reversibility are illustrated in Figure 7.
,e figure shows the recorded OCP response of a sensor
immersed in alkaline cement extract (CE) in which a contin-
uous change of the chloride content was applied. By increasing
the chloride concentration from 12mM to 1008mM, the OCP
changes from anodic to cathodic values. ,e experimentally
derived values are well in line with those derived from the

Table 3: Slope of the calibration curves and results from the statistical analysis in simulated pore solution (SPS), cement extract solution
(CE), and deionized water (DW).

Solution
,is work Slope from other studies

Slope (m1 in (5)) Axis (m0 in (5)) R2 [28] [5] [2] [4] [33]
CE −49.73 −12.48 0.998 — — — — —
SPS −58.11 −13.31 0.999 −57.8 −54 — — —
DW −55.39 −15.69 0.999 −58.3 −50 — — —
Sat. Ca(OH)2 — — — −57.6 −59 −53.46 −61.72 −56.02
,eoretical value −59.16 −21.4 1
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Nernst equation. For instance, at chloride content in the
medium of 20mM, 77mM and 513mM, the sensor’s response
should be 84mV, 52mV, and 6mV, which are well in line with
the recorded 79mV, 50mV, and 10mV (Figure 7).

In the event of changing the chloride concentration from
1008mM to 12mM (i.e., a sharp decrease in chloride
content), the sensor’s OCP returns in approximately 60 s to
the initial and expected Nernstian response of 87mV. �is
observation demonstrates the good sensitivity and re-
versibility of the sensor, both of importance for the precision
of chloride detection.

Reversibility is important in view of the Ag/AgCl sensor’s
application in cement-based materials. �is has a high
practical signi�cance for chloride sensors embedded in
chloride-free reinforced concrete. In these conditions, the
sensor should remain “active” and accurately respond to
altered chloride ions’ concentration in the medium.

�e reversibility of the sensor was tested in chloride-free
and chloride-containing alkaline solution, SPS (Table 2—test
series 5). In the absence of chloride ions, the transformation of
AgCl to Ag2O is a preferential reaction, in accordance with (4).

�e resulting OCP in chloride-free simulated pore so-
lution (SPS) will be anodic (more positive) and will stabilize
around values, re�ecting the equilibrium at anAg/AgCl/Ag2O
interface. Upon addition and/or increase of chloride ions
concentration, the OCP shifts to cathodic (more negative)
values, re�ecting the equilibrium at an Ag/AgCl interface.�e
rate at which these OCP changes occur, and/or are reversed,
re�ect the altered chloride content in the medium, as well as
the level of the sensor’s reversibility.

�e above considerations are illustrated in Figure 8. �e
sensor (two replicates of sensor A, i.e., A1 and A2) was
immersed in chloride-free SPS for four days, followed
by addition of chloride at the level of 1000mM. Next, the
sensor was transferred to a fresh chloride-free SPS for three

subsequent days, after which the chloride content was
changed to the level of 125mM in the solution.�eOCPwas
recorded during all above steps, and the established values
can be summarized in four main regions (Figure 8). In
regions ① and ③, the OCP values were anodic, while in
regions② and④, a cathodic shift was observed. Region①
presents the point of immersion of the sensors in chloride-
free SPS and subsequent treatment, whereas after four days,
the OCP stabilizes from the initial ca. 137mV to around
110mV. �is change re�ects the gradual transformation of
silver chloride to silver oxide and the establishment of an
equilibrium at the Ag/AgCl/Ag2O interface.

Upon the addition of chlorides in region② (adjusted to
1000mM), the sensors react to the chloride ions content by
an OCP shift to ca. −6mV. �is corresponds to a change of
the Ag/AgCl/Ag2O interface in the region① to an Ag/AgCl
interface, dominant for the region②. �e OCP stabilization
in the region ② was achieved between 30 and 60min.

In the next step, region ③, the chloride sensor was
reimmersed in chloride-free SPS. In region③, the initial OCP
was ca. 120mV, that is, more anodic than the �nal OCP
measured in the region ① (110mV) and in the direction of
approaching the OCP of a sensor at the beginning of treat-
ment (region ①, ca. 137mV). �is means that the sensor’s
surface partially recovers the originally present AgCl layer in
conditions of su¦cient chloride concentration in the medium
(1000mM in this case), by following a transformation of Ag2O
to AgCl. With prolonged treatment in the chloride-free
conditions in the region ③, the established OCP at ca.
110mV is again due to Ag2O formation, similarly to what
takes e�ect at the end of the region ①.

Upon the addition of chlorides in region ④, reaction
mechanisms as in region ② were relevant. However, in
region④, the chloride concentration was adjusted to a lower
level, that is, 125mM. �e OCP reached to values of 46mV
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Figure 8: Sensor’s response in chloride-free and chloride-containing simulated pore solution (SPS).
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and stabilization occurred within 5 h of treatment. If the
time to establishment of a stable OCP in regions② and④ is
to be assessed, clearly higher chloride content (region ②)
triggers a faster stabilization (30min) versus the 5 h, needed
at lower chloride content (region ④). �erefore, the re-
versibility of the sensor is related to the transformation rate
of Ag2O to AgCl, which is dependent on the chloride
concentration in the external medium.

As mentioned above, the transformation of AgCl to Ag2O
is responsible for the deviation of the sensor’s response from

the expected performance. In the following section, the AgCl
to Ag2O transformation is justi�ed by analyzing the sensors’
surface chemistry and surface composition of the AgCl layer
before and after conditioning in alkaline medium.

3.5. Surface Composition of AgCl Layer before and after
Treatment in SPS. �e high-resolution spectra from the
surface XPS analysis of sensor A are presented in Figure 9.
�e XPS analysis does not claim absolute values for chemical
composition of the AgCl layers, but it provides an accurate
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Figure 9: High-resolution surface XPS spectra before and after conditioning in NaOH solution: (a) Ag3d photoelectron lines; (b) AgMNN
Auger lines; (c) O1s photoelectron lines; (d) Cl2p photoelectron lines.
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(quantitative) comparison of equally handled samples before
and after conditioning in alkaline medium. ,e NIST XPS
database was consulted [35] for the binding (BE) and kinetic
energies (KE) for the elements.

After conditioning in NaOH solution, the Ag3d5/2 peak at
368.1 eV (Figure 9(a)) cannot be assigned to a solely one
compound [36–38]. ,e AgMNN peak for the treated sensor
(Figure 9(b)) shows a pattern similar to the untreated sensor
pattern, however, with a kinetic energy of 356.0 eV and
a broader high-energy peak. ,is broadening is characteristic
in situations, where Ag exists in a different state (e.g., Ag0,
AgOH, Ag2O, and AgO). ,e modified Auger parameter (α′)
was also determined. ,e α′ was defined as α′�KE (A)+BE
(P), where KE (A) represents kinetic energy of the Auger
electron (A) and BE (P) represents binding energy of the
photoelectron (P).,e α′with a value of 724.1 for both treated
and untreated sensor can be equally attributed to AgO (724.2),
Ag2O (724.3), and AgCl (723.5) [36]. ,e O1s pattern
(Figure 9(c)) for the treated sensor depicts a shift towards
lower energies and a characteristic broadening, starting at
528 eV. ,is is a strong evidence for the transformation of
AgCl to silver oxides due to conditioning in alkaline medium.
Low-energy peaks or low-energy broadening in the O1s
pattern indicate oxygen in metal oxides. Along with the
significantly different O1s patterns for the sensor before and
after the treatment (Figure 9(c)), the above features clearly
show the presence and strong contribution of silver oxides on
the sensor’s surface after the treatment. ,is observation is
also confirmed by significantly different Cl2p patterns for the
untreated and the treated sensors (Figure 9(d)). ,e intensity
of the Cl2p peak for the untreated sensor is significantly larger
than the one for the treated sensor with a minimum chloride
content (Figure 9(d))

Based on the XPS test results, AgCl must be the main
silver compound that forms during anodization process of
sensor preparation. Conditioning of the sensor in NaOH
solution results in dechlorination of the AgCl layer and
formation of silver oxide compounds (Ag2O and AgO). ,is
process subsequently shifts the sensor’s OCP towards the
cathodic values, for example, 100mV versus SCE.

4. Conclusions

In this paper, the stability and reproducibility of OCP re-
sponse of sensors with different thickness, morphology, and
microstructure of the AgCl layer (sensors A and D) were
monitored in alkaline solution. Based on the outcomes, the
following conclusions can be drawn:

(i) ,e variation in the sensors’ response in highly
alkaline medium depends on the anodization re-
gime used for the sensor’s preparation and the
chloride concentration in the medium. Sensor A
(prepared at a low-current density of 0.5mA/cm2)
was found to be more sensitive, reliable, and re-
producible than sensor D (prepared at high-current
density of 4mA/cm2).

(ii) ,e sensor’s calibration curve in alkaline solu-
tion represents an excellent linear relationship

(R2 � 0.999) between the activity of chloride ions
and the sensor’s OCP at chloride concentration
higher than 8mM.

(iii) ,e results obtained in this work confirm the
previously found alkalinity-dependent character
of the chloride detection limit. In the pH range of
concrete pore solution (12.6–13.6), the detection
limit is 4mM chloride content. Below this limit,
the hydroxide ions interfere with the sensors’
response.

(iv) In chloride-free medium, AgCl gradually trans-
forms to silver oxides. ,e process is reversible,
that is, the AgCl will gradually recover upon the
addition (or in a subsequent presence) of chloride
ions. ,e time needed for gradual transforma-
tion of silver oxides to AgCl and a stable Ag/AgCl
response depends on the chloride concentration in
the medium, impeded at lower chloride concen-
tration (e.g., 125mM) and relatively rapid at high
chloride content (e.g., 1M).

(v) ,e instability of an AgCl layer is a major drawback
for the application of an Ag/AgCl electrode as
chloride sensor in chloride-free alkaline medium. In
this condition, the sensor’s OCP shifts towards more
anodic values. ,is is in line with the transformation
of silver chloride to silver oxide. XPS analysis confirms
that this instability is related to AgCl dechlorination
and transformation of the Ag/AgCl interface to
a more complex, Ag/AgCl/Ag2O interface.

,e experimental evidence in this paper indicates a well-
defined feasibility for the application of Ag/AgCl electrodes
as chloride sensors in alkaline medium, as concrete. In this
regard, the chloride detection limit and reaction constraints
at the sensor’s surface for the sensitivity and reversibility of
the sensors are taken into account.
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