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a  b  s  t  r  a  c  t

In this  paper,  a novel  approach  is  reported  for the  electrochemical  measurement  of  chloride  ions  in
aqueous  solution.  This  sensor  is  based  on  the  stimulus/response  principle  of chronopotentiometry.  A
current  pulse  is  applied  at the  Ag/AgCl  working  electrode  and  the  potential  change  is measured  with
respect  to another  identical  Ag/AgCl  electrode  in the  bulk  electrolyte.  The  potential  difference  is related
to  the  Cl- ion concentration  via  the  Nernst  equation  and  follows  an  inverse  logarithmic  trend.  By varying
eywords:
hloride ion detection
hronopotentiometry
timulus/response approach
g/AgCl pseudo-reference electrode

the  applied  current  pulse,  the  sensitivity  of  the  sensor  is  tunable  to  different  concentration  ranges.  The
potential  response  is also influenced  by  the  pH  of  the electrolyte,  this  effect  is  pronounced  at  lower
concentration  of  Cl- ions  (<1 mM  KCl)  and  at high  pH  values  (>12  pH).  The  advantage  of  this  approach  is
the  use  of  a bare  Ag/AgCl  electrode  as  a pseudo-reference  electrode,  which  enables  this  system  for  long
term application  such  as the in  situ measurement  of Cl- ions  in  concrete.
oncrete structures

. Introduction

The major cause of deterioration in reinforcement concrete is
ue to the presence of chloride ions in the concrete itself [1,2].
hen the amount of chloride ions increases beyond a certain

hreshold, pitting corrosion of the steel reinforcements initiates and
ltimately results in localized structural failure [3]. This is particu-

arly a problem in structures near salt water or which are exposed
o de-icing salt. In 2011, the U.S.A. Federal Highway Administration
tated that 11% of the national bridges are structurally defective
4] mainly due to degradation from chloride ions. Delayed mainte-
ance could result in the collapse of these structures and human
asualties, but unnecessary upkeep increases both costs and CO2
missions. To precisely predict the optimal time for maintenance
f these structures, a service-life model of the concrete is required
5] and the chloride ion concentration is an essential parameter.

The well-established method for chloride ion detection in

oncrete requires destructive sampling of structures and time-
ntensive laboratory processing [6,7]. In contrast, a non-destructive
n situ monitoring provides fast measurements, data reliability and

Abbreviations: WE,  working electrode; RE, reference electrode; CE, counter elec-
rode.
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real time ingress profile without destroying the structures [8]. In
recent years many groups have investigated in situ measurement of
chloride in concrete using mainly electrochemical [9–11] and opti-
cal methods [12–14]. However, optical methods have bulky setups,
are difficult to integrate as a standalone system and have other
disadvantages such as the photo bleaching of dyes (optical trans-
ducers) and the leaching of transducer (polymer matrix) due to the
high pH environment inside concrete.

While electrochemical sensing is the preferred and most
researched method, many devices are only suitable for in situ
measurements in a laboratory setting and no solution for long-
term measurements in concrete structures currently exists (with a
required sensing period of 20 years or more). Most of the reported
electrochemical sensors use potentiometry [8,11,15–17] where the
half-cell potential of a silver/silver chloride (Ag/AgCl) electrode is
measured with respect to a reference electrode at equilibrium. This
method requires the reference electrode to be embedded inside
concrete (near the Ag/AgCl working electrode) to reduce errors due
to diffusion potential [18]. The limiting factor of this approach (for
in situ measurement in concrete) is the long term stability of the ref-
erence electrode and the drift in potential [19]. Therefore, to design
an electrochemical sensor capable of measuring a real-time Cl- ion
concentration in concrete over the span of decades, a system that
is not dependent on a stable reference electrode is desired.

Potentiometry is a static (zero current) approach and the

alternative to this is a dynamic measurement approach (e.g.
chronopotentiometry) which involves measuring the response of
an equilibrated system to an applied stimulus [20,21]. In this tech-
nique, a controlled, chemical stimulus defines the condition at the

dx.doi.org/10.1016/j.snb.2013.07.046
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.07.046&domain=pdf
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Fig. 1. The schematic of the chronopotentiometric approach with Ag/AgCl as pseudo-reference electrode. (a) At zero current condition, the half-cell potential of the WE and
p zero. 
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seudo-reference electrode is the same, therefore the potential difference, �V, is 

ot  included in this figure, the Cl- ions deplete near the WE surface, resulting in a c
hereas the potential at pseudo-reference electrode remains the same.

orking electrode, depending on the analyte concentration (in this
ase, Cl- ions). A chemical stimulus approach provides improved
ensitivity and system robustness by avoiding drift of the poten-
iometric response [19,22]. Moreover, the dynamic measurement
echnique can eliminate the dependence of potential measurement
n the stable reference electrode.

The aim of this work is to develop a Cl- ion sensor based on
hronopotentiometry where the conventional (liquid junction) ref-
rence electrode is replaced by a bare Ag/AgCl “pseudo-reference”
lectrode. A current stimulus is applied at the Ag/AgCl working
lectrode and the corresponding potential difference is mea-
ured simultaneously. This resulting potential difference will vary
epending on the Cl- ion concentration in the bulk electrolyte,
hereby enabling long-term, in situ measurement of Cl- ions in con-
rete structures without the need for stable reference electrodes.
his method can be used for the in situ measurement of Cl- ions in
oncrete structures. The theoretical background of this approach
long with the experimental evaluation in aqueous solution con-
aining chloride ions are presented in detail.

. Theory

A Ag/AgCl electrode is a redox electrode of the second kind.
hen immersed in a solution containing Cl- ions, electrochemical

quilibrium occurs between AgCl salt and Cl- ions at the electrode
urface, which gives rise to the half-cell potential. The concentra-
ion of Cl- ions in the electrolyte determines the half-cell potential,
iven by the Nernst equation, Eq. (1):

Ag/AgCl = V ◦
Ag/AgCl − RT/F ln ˛Cl− (1)

Here, V
◦

Ag/AgCl, R, F, T, ˛Cl
− are the standard electrode poten-

ial of Ag/AgCl, general gas constant, Faraday constant, absolute
emperature (K) and activity of the Cl- ions, respectively. In
hronopotentiometry, a constant current is applied at the working
lectrode (WE) and the potential change is measured with respect
o a reference electrode; the measured potential response is called
hronopotentiogram. In the case of a Ag/AgCl WE,  an anodic cur-
ent pulse initiates the Faradaic reaction, Eq. (2), at the surface of

he WE.  The Cl- ions near the WE  are consumed during this reac-
ion, locally depleting Cl- ions near the electrode surface [23]. This
esults in a concentration gradient that gives rise to a potential dif-
erence (�V) at the WE with respect to the RE. The expression for
(b) During the anodic current pulse at the WE,  applied w.r.t. a counter electrode,
tration profile w.r.t the bulk electrolyte. The half-cell potential at the WE  changes

�V, in the case of high background electrolyte concentration (0.5 M
KNO3) is given in Eq. (3), from the Appendix.

Ag + Cl- → AgCl + e- (2)

�V = −RT/F ln(1 − √
(t/D�)2j/FC∗) (3)

Here, C* is the bulk Cl- ion concentration in the electrolyte, j
the current density, t the pulse time and D the diffusion coefficient.
Since the potential difference, �V, in Eq. (3) does not depend on
the reference potential, a bare Ag/AgCl electrode in the bulk elec-
trolyte can serve as a pseudo-reference electrode. The schematic
of this approach is shown in Fig. 1. Both Ag/AgCl electrodes are in
the same bulk electrolyte. At zero current condition (Fig. 1a), the
potential difference is ideally zero (same half-cell potential). During
the current pulse (Fig. 1b) applied via a counter electrode (CE), the
potential at the WE  changes due to the depletion of Cl- ions whereas
the half-cell potential of the Ag/AgCl pseudo-reference electrode
remains the same. This change in potential, �V,  is a function of Cl-

ion concentration in the bulk electrolyte, as elaborated from Eq. (3).
However, this approach is only valid if the potential difference

is measured within the time it takes for the Cl- ion concentration at
the electrode surface to reach zero, defined as the transition time (�)
[23]. After the transition time, additional Faradaic reactions occur
(e.g. oxide formation) which invalidate Eq. (3). The selection criteria
for the current densities, j, and the current-pulse time, t, to ensure
measurements within the transition time is outlined in Eq. (4).

j < 0.5 FC ∗ √
(t/D�) (4)

This boundary condition is evaluated from the logarithmic-
term (1–

√
(t/D�) 2j/FC*) of Eq. (3). The theoretical curve of this

logarithmic-term versus the Cl- ion concentrations of the bulk
electrolyte is shown in Fig. 2 for three different current densities.
The logarithmic-term values between 0 and 1 give the operational
range of this sensor. The sensitivity changes at different values of
the Cl- ion concentration. In this work the concentration range of
the Cl- ions are selected for values between 0.13 and 0.9 of the loga-
rithmic term to achieve relatively high sensitivity. The sensor then
has different sensitivities for specific Cl- ion concentration ranges
depending on the applied current density. The detection ranges
of Cl- ion concentrations and the corresponding optimal current

densities are given in Table 1 for current-pulse time, t = 5 s.

The Ag/AgCl electrode is an ion selective electrode which has
higher selectivity to Cl- ions than other interfering anions (for
instance Br-,  I-, OH- ions) [8]. These interfering ions also contribute
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the pseudo-reference electrode is ca. 2.5 cm in a glass beaker of
5 mL  capacity. All the measurements were performed in a Fara-
day cage and the measurement parameters were controlled via the
user interface of the potentiostat (EC-lab). The pulse time for each
ig. 2. The theoretical curve of the logarithmic term of Eq. (3) for different curre
ensitivity is defined as the concentration range which corresponds to the values b

o the half-cell potential of the Ag/AgCl electrode. The influence of
nterfering ions is quantified by the selectivity coefficient. For ana-
ytical applications the selectivity coefficient of interfering ions is
referably small (ideally zero), but when the interfering ions are
ore abundant than primary ions this effect becomes more pro-

ounced [8]. In concrete pore solution, the most notable interfering
ons are OH- ions (pH of the electrolyte), which are hydration prod-
ct from Ca(OH)2, NaOH and KOH [8]. As long as the ratio of Cl- to
H- ions is much greater than the selectivity coefficient, Eq. (5),

he effect of pH is trivial. For a Ag/AgCl electrode the selectivity
oefficient OH- ions in aqueous solution, k(Cl

−, OH
−

), is reported as
.4 × 10−2 [24].

Cl-]/[OH-] � kCl
−,OH

− (5)

. Experimental

.1. Ag/AgCl electrode fabrication

The Ag/AgCl electrode was fabricated by electro-deposition of
ilver chloride over a silver wire (0.5 mm dia. and ca. 19.5 mm2

rea). Prior to the electro-deposition, the silver wire was  immersed
nto the acetone bath for 20 min, and then immersed into the con-
entrated ammonium hydroxide for 2 h to remove any organic
ontamination and oxide film at the surface, respectively [11,17].
he Ag wire was then chloridized in 0.1 M HCl solution for 20 min
t a current density of 13.3 A m−2, to form a AgCl layer (thickness
a. 5 �m)  on the surface. The non-anodized area of the electrode
as protected through heat shrink tubing. The Ag/AgCl electrode
as then stored in 1 M KCl solution.

.2. Chemicals
The Ag wire (≥99.99% trace metals), potassium chloride (BioX-
ra, ≥99.0%), potassium hydroxide (90% pure reagent grade)
nd potassium nitrate (>99% reagent grade) were ordered from

able 1
he selected current densities, j, for different Cl- ions detection range, at the actua-
ion time of t = 5 s, elaborated from Eq. (4) and Fig. 2.

No. [Cl-]  range (mM)  Current density, j (A m−2)

1 0.1–1 0.15
2  1–10 1.5
3  10–100 15
nsities versus the Cl- ion concentrations. The detection range for relatively high
n 0.13 and 0.9 of the logarithmic term.

Sigma–Aldrich, The Netherlands. The KCl and KNO3 electrolyte
solutions were prepared with Milli-Q water.

3.3. Measurement setup

The chronopotentiometric measurements were performed
using a VSP potentiostat from Biologic Instruments, France. The
WE terminal of the potentiostat was  connected to the Ag/AgCl elec-
trode (19.5 mm2), the reference terminal was  connected to another
identical Ag/AgCl electrode (pseudo-reference electrode) and the
CE terminal was  connected to 60 mm2 Pt counter electrode. The
schematic of the measurement setup is shown in Fig. 3. The cur-
rent pulse is applied between the WE  and the CE, and the potential
difference, �V, of the WE  is measured w.r.t to the Ag/AgCl pseudo-
reference electrode. The distance between the Ag/AgCl WE  and
the Pt CE is ca. 1 cm whereas the distance between the WE  and
Fig. 3. Schematic representation of the experimental setup for the chronopotentio-
metric measurements.
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Fig. 4. The potential response of the Ag/AgCl working electrode w.r.t another Ag/AgCl pseudo-reference electrode during the applied current pulse w.r.t a CE, not included
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n  this figure. (a)The experimental and theoretical chronopotentiometric response
lectrolyte. (b) The potential difference, �V, response for different Cl- ion concentr
ncrease in Cl- ion concentration.

pplied current was 5 s and the corresponding values of the applied
urrent pulses were derived from Eq. (4). The analytic solutions
ere composed of various concentrations of KCl in a 0.5 M KNO3

ackground electrolyte, and the pH was adjusted by the addition
f KOH. All the measurements were carried out at regulated room
emperature (22 ◦C).

. Results and discussions

.1. Chronopotentiogram of Ag/AgCl electrode

Fig. 4a shows a typical chronopotentiogram of the Ag/AgCl WE
lectrode w.r.t to another Ag/AgCl electrode in 10 mM KCl solution.
rior to the current pulse, the electrode potential of the Ag/AgCl
lectrode is ca. 5 mV  (ideally zero) due to a nearly identical half-cell
otential of the WE  and the pseudo-reference electrode in the bulk
lectrolyte. A current pulse of 35 A m−2 is applied at t = 0 s which
esults in a rapid ohmic drop of ca.100 mV.  The rate of increase in
he potential then slows due to the Cl- ion depletion near the WE
lectrode surface, indicated as region A (first plateau) in Fig. 4a.
s the Cl- ions deplete completely near the WE,  the slope of �V
eaches its maximum (region B in Fig. 4a), which corresponds to
he transition time. After this point a new plateau (region C in
ig. 4a) is reached (after 2.6 s); this plateau is attributed to the
ther faradaic reaction, i.e. the formation of silver oxide (Ag2O).
f these three regions indicated in Fig. 4a, region A is of prime

nterest as the potential change here is a function of the Cl- ion
oncentration. The theoretical curve, based on Eq. (3), is also plot-
ed in Fig. 4a, offset from the initial ohmic drop (100 mV). The
ransition time measured experimentally is 2.0 s, whereas the the-
retical value from Eq. (3) is 1.2 s. This deviation is attributed to
he uncertainty in the current density, caused by the roughness
f Ag/AgCl electrode surface. The roughness of the Ag/AgCl WE
ncreases the surface area therefore the actual current density is
ower than the applied current density. Consequently the transi-
ion time, in the experimental curve, is higher than the theoretical
ne.

Fig. 4b shows the potential response for different Cl- ion

oncentrations with an applied current pulse of 15 A m−2. For this
urrent density and concentration range, the current pulse can
e applied for 5 s and the potential response still remains within
he transition time (region A of Fig. 4a). The ohmic drop at this
e Ag/AgCl WE  at a current pulse of 35 A m−2 in a 10 mM KCl and 0.5 M KNO3 bulk
 in the bulk electrolyte at 15 A m−2 current pulse of 5 s. The �V decreases with the

current density is in the range of 30–40 mV.  Prior to the current
pulse (t < 0), the potential difference is nearly zero for all Cl- ion
concentrations. After the applied current pulse (t > 0), the potential
changes as a function of locally decreasing Cl- ion concentration;
as the number of Cl- ions in the bulk solution increases, the
potential difference between the Ag/AgCl electrode decreases. The
potentials are measured at the end of the current pulse (t = 5 s).

4.2. Calibration curve for chloride ions measurement

Fig. 5 shows the calibration curves for different Cl- ion con-
centrations at two  current densities: 1.57 and 5.2 A m−2. The
theoretical curves from Eq. (3) are also plotted with their respective
experimental curves. The experimental curves follow the trend of
the theoretical curves, as the potential difference decreases with
increasing Cl- ion concentration. Comparison of the experimen-
tal curve with the theoretical one is only relevant for the part of
the experimental curve that is on the right hand side of the ver-
tical asymptotic part of the theoretical curve, according to Eq. (4).
Only then is the data from region A of Fig. 4a. On the left hand side
from this asymptote, silver oxide formation start to occurs (region
C in Fig. 4a). As the applied current density increases, the detection
window shifts to higher concentrations of Cl- ions as is evident by
the location of the vertical asymptotes in Fig. 5. In the theoretical
expression we  neglected the ohmic drop due to the high back-
ground electrolyte concentration (0.5 M KNO3). However, there is
some ohmic drop which increases with the increase in the applied
current pulse.

The Cl- ion detection range of the sensor is tunable and is a
function of the applied current pulse. Fig. 6 shows the calibration
curve, measured experimentally, for the particular concentration
ranges at the corresponding current densities, given in Table 1.
These detection ranges have relatively higher sensitivity at specific
current densities as shown in Fig. 2. The corresponding theoretical
curves are also plotted in Fig. 6a–c from Eq. (3), at the respective
current densities, specified on each curve. The experimental curves
in each follow the trend of the theoretical curves, as the potential
difference shows an inverse logarithmic response for different Cl-
ion concentrations in the bulk electrolyte. The deviation from the
theoretical curve is due to the ohmic drop at high current densi-
ties, e.g. in case of Fig. 6b and c the ohmic drop is ca. 30 mV  and ca.
55 mV,  respectively.
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ig. 5. The theoretical and the experimental calibration curve for different Cl- io
ifferent KCl concentration in a 0.5 M KNO3 solution. For the theoretical curves, D =

.3. Effect of the pH

Fig. 7 shows the effect of pH on the measured potential differ-
nce at four different Cl- ion concentrations. In this experiment
Fig. 7), the change in �V,  for the change in pH of the electrolyte, is

nvestigated and the absolute value of �V  (at different concentra-
ions) is trivial. The applied current densities are selected according
o the condition stated in Eq. (4). Consequently, for the lower con-
entrations, e.g. 0.1 M KCl, relatively low current density is chosen

ig. 6. The calibration curve of the potential difference, �V, at different Cl- ion concentr
ptimal sensitivity, were calculated from Eq. (4) and given in Table 1.
centrations at different applied current densities. The electrolyte is composed of
−9 m2 s−1 and T = 22 ◦C.

(0.1 A m−2), resulting in relatively low �V  as well as low ohmic
drop. Although a decrease in the Cl- ion concentration increases the
potential difference (see Eq. (3)), a decrease in current density along
with a lower ohmic drop decreases the potential difference, signif-
icantly. The effect of pH is evident at low Cl- ion concentrations

-
([Cl ] < 1 mM)  for a high pH (pH > 12), see Fig. 7. This is due to the
fact that the condition stated in Eq. (5) no longer holds true, e.g. at
0.1 mM [Cl-] and pH 12, [Cl-]/[OH-]  = 1 × 10−4/1 × 10−2 = 1 × 10−2

is being smaller than k(Cl
−, OH

−
) (ca.2.4 × 10−2, [24]). For this setup,

ation range. For each concentration range the corresponding current densities, for
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ig. 7. Effect of pH on the potential difference, �V, of the Ag/AgCl electrode. Differ-
nt current densities were used for different Cl- ion concentrations of the electrolyte,
o  satisfy Eq. (4).

he lower detection limit for Cl- ion concentrations in aqueous solu-
ion at pH > 12 is 1 mM.  For in situ measurement in concrete this
ower detection limit moves to even lower value due to relatively
maller value of k(Cl

−
,OH

−
) inside concrete (ca. 4 × 10−3, [8]). The

hange in potential at high pH, for low Cl- ion concentration, is also
ttributed to damage of the AgCl membrane from the formation of
xides [8].

. Conclusion

A chronopotentiometric approach, without a conventional
iquid-junction reference-electrode, can be successfully used for
he detection of Cl- ions in aqueous solution. When a current pulse
stimulus) is applied at the Ag/AgCl WE  electrode, the change in
he electrode potential (response), due to the depletion of Cl- ions,
s a function of Cl- ion concentration in the bulk electrolyte. In
uch an approach, a bare Ag/AgCl can serve as a pseudo-reference
lectrode, enabling this sensor for long term applications. The the-
retical expression for the potential difference was  derived from
he Nernst equation, and the expected inverse logarithmic behav-
or was observed in experimental measurements. Deviation from
he theoretical curve is attributed to the ohmic drop during the
pplied current pulse. The potential difference for different con-
entrations of Cl- ions showed an inverse logarithmic behavior; i.e.
he potential decreases with the increase in Cl- ion concentration.
he sensitivity of the response is tunable with the applied current
ulse at the corresponding detection range of Cl- ion concentration.
he pH of the electrolyte has an influence on the sensor response.
he potential response is not stable at high pH values (pH > 12) for
ow Cl- ion concentrations (<1 mM).  Thus, the lower limit of detec-
ion of the Cl- ion sensor is defined by the pH of the electrolyte
nd is expected to be even lower when measured inside concrete.
e  conclude that this measurement approach is very promising to
onitor chloride concentrations inside concrete structures.
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ppendix A.
Potential response of a Ag/AgCl electrode during an applied current
ulse: During the anodic current at the Ag/AgCl WE,  the Cl- ions
ear the WE  are consumed (Faradaic reaction), resulting in a local
epletion of Cl- ions near the electrode surface. The temporal and
ors B 188 (2013) 433– 439

spatial gradient of Cl- ions near the Ag/AgCl electrode, during an
applied current pulse, is expressed in Eq. (A.1) [23].

C(x, t) = C∗ + j(1 − te
Cl)/FD{2√

(Dt/�) exp(−x2/4Dt)

− x erfc[x/2
√

(Dt)]} (A.1)

Here, C* is the bulk Cl- ion concentration in the electrolyte, j
the current density, te

Cl the transport number of Cl- ion in the elec-
trolyte, x the distance from the electrode surface and D the diffusion
coefficient. The expression for the concentration of Cl- ions at the
surface of Ag/AgCl WE  (x = 0) is given in Eq. (A.2), as follows from
Eq. (A.1).

C(0, t) = C∗(1 − √
(t/D�)2j(1 − te

Cl)/FC∗) (A.2)

The applied current pulse and the corresponding concentration
gradients give rise to a potential difference (�V) at the WE  with
respect to the reference electrode (RE). This potential difference is
the sum of: the ohmic drop due to the impedance of electrolyte
(V�,e); the growing layer of AgCl salt on the WE  (V�,a); and, the
half-cell electrode potential (VAg/AgCl) due to the change in Cl- ion
concentration. Therefore:

�V  = V˝,e + VAg/AgCl + V˝,a (A.3)

The ohmic drop, V�,e, is contributed by the bulk electrolyte and
the diffusion layer near the electrode surface. The half-cell poten-
tial, VAg/AgCl, is given by the Nernst equation. The expression for the
overall potential drop, �V, at the surface of the Ag/AgCl is expressed
by Eq. (A.4) [20].

�V  = j(d − √
(�Dt)/�C∗ − (� te

Cl + 1)RT/F ln(1 − √
(t/D�)

× 2j(1 − te
Cl)/FC∗) + V˝,a (A.4)

Here, � is the conductivity of the electrolyte [�−1 m2 mol−1]
and d is the distance between WE  and RE. For high background-
electrolyte concentration (0.5 M KNO3), the ohmic drop (V�,e) can
be neglected, also resulting in a Cl- ion transport number of te

Cl ≈ 0.
The ohmic drop due to the AgCl deposition, V�,a, depends on the
initial thickness of the AgCl layer. The additional increase in this
potential during the current actuation is very small (ca. 1 mV s−1) at
a current density of 25 A m−2) [20], therefore this potential change
can also be neglected. The remaining expression for �V is given in
Eq. (A.5).

�V  = −RT/F ln(1 − √
(t/D�)2j/FC∗) (A.5)
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