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A B S T R A C T

Rapid and sensitive detection and quantification of trace and ultra-trace analytes is critical to environmental
remediation, analytical chemistry and defense from chemical and biological contaminants. Though affinity
based electrochemical sensors have gained immense popularity, they frequently do not meet the requirements of
desired sensitivity and detection limits. Here, we demonstrate a complementary luminescence mode that can
significantly enhance sensitivity of impedance or voltammetric electrochemical sensors. Our methodology in-
volves using a redox probe, whose luminescence properties change upon changing the oxidation state. By tai-
loring the system such that these luminescence changes can be correlated with the capture of target analytes, we
are able to significantly lower the detection limit and improve the efficiency of detection compared to the
electrochemical modes alone. Our proof-of-concept demonstration, using a model system designed for Ca2+

capture, illustrated that the luminescent mode allowed us to lower the limits of detection by three-orders of
magnitude compared to the impedance or voltammetric modes alone without requiring any modification of
electrode design or cell configuration. Further, the linear ranges of detection are 10−8 to 10−3 M in the vol-
tammetry mode, 10−8 to 10−5 M in the impedance mode and 2.5× 10−11 to 10−7 M in the luminescent mode,
providing a large range of operational flexibility.

1. Introduction

Rapid, sensitive, in-situ detection and quantification of trace and
ultratrace quantities of target analytes lies at the heart of environmental
safety, nuclear forensics, chemical and biological defense and national
security, as well as point-of-care applications [1]. In this regard, affi-
nity-based sensors have gained immense popularity for the detection of
both chemical and biological targets due to their ability to sense diverse
classes of analytes, ranging from small molecules or ionic environ-
mental contaminants to large proteins and biological entities [1–5].
These sensors are based on preferential recognition of the target analyte
(s) of interest by a capture-probe immobilized on a platform, which re-
sults in their selective binding; this binding gives a unique response that
can be measured using a variety of techniques: electrochemical, spec-
troscopic, magnetic and spectrometric.

Among these, electrochemical sensors have emerged as promising
candidates for rapid, economic, highly selective and label-free detection
of a diverse range of analytes ranging from chemical and environmental

analytes to biological targets. These sensors can further be subdivided
based on measurement conditions; the most popular ones being: (a)
amperometric/coulometric, (b) voltammetric and (c) impedance sen-
sors [1,6–8]. The former two involves measuring the current at the
electrode as a function of the voltage applied across the electrolyte
solution matrix and are measured in a direct current (DC) mode. In
contrast, impedance sensors operate in alternating current (AC) mode
and are based on measuring the changes in impedance at the electrode/
solution interface. Their working principle is the selective binding of
the target analyte(s) of interest by a capture-probe immobilized on an
electrode platform; this results in a marked increase in impedance of
the platform-solution interface that is proportional to the target con-
centration. Analyte selectivity is imposed by the probes, which are
tailored for very specific target binding. A key advantage of impedance
sensors is that the sensing is not limited by the analyte class or type and
depends solely on its ability to be uniquely recognized by the capture
probe. This extends the applicability of this sensor to a wide range of
substrates, the only requirement being the availability of an appropriate
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capture probe with tailored selectivity to specifically recognize the
chosen target alone.

There are two modes of impedance measurements: non-Faradaic
and Faradaic measurements. Typically non-Faradaic measurements are
performed in the absence of any redox probe while Faradaic impedance
measurements are performed in the presence of a redox probe [9]. The
redox probe in Faradaic measurements is mostly present in the elec-
trolyte solution in contact with the electrode [9], although instances
have also been reported [10] where the probe has been incorporated in
a thin-film polymer coated on the electrode surface to serve as an ex-
tension of the electrode In non-Faradaic measurements the interfacial
capacitance at the electrode or modified electrode (electrode covered
with thin film) surface is monitored for molecular modifications at the
electrode [11]. In Faradaic measurements the charge transfer resistance
at the electrode surface is monitored for changes in molecular mod-
ifications. An advantage of Faradaic mode lies in its ability to correlate
the impedance changes at the electrode-electrolyte interface with the
accompanying voltammetric response of the redox probe in solution,
which allows tying the impedance mode with the voltammetric mode.
This in fact can expand the applicability of the voltammetric mode of
detection to species that are not themselves electroactive.

A key operative element for sensors in general and more specifically
environmental sensors is sensitivity due to the need to detect trace or
ultratrace quantities of contaminants. For electrochemical sensors, ac-
cepted approaches to enhance sensitivity and lower the limit of detec-
tion include (a) modifying electrode design and/or (b) analyte pre-
treatment (representative example being labeling in case of bio-
molecules).

One way of enhancing the sensitivity through modification of
electrode design is to increase electrode surface area to increase the
number of attached probes [1]. A few representative approaches to
increase the surface area which have been adapted thus far include (a)
self-assembled microcrystalline electrode monolayers with highly en-
hanced surface area [12,13],(b) depositing conducting polymers on the
electrode surface that may also contain conducting elements such as Au
[14] or Pt13] or carbon based materials [10,15] in order to extend the
active electrode surface [16] or (c) using ultra-high surface area in-
terdigitated electrodes [17,18]. Another approach is through reduction
of the electrode size that allows for more sensitive detection [19].

An alternate approach involves modifying the target to enhance
detection sensitivity; this involves prior label of the target before de-
tection and is most relevant to bio-molecules. Labels include but are not
limited to fluorophores [20], magnetic beads [21], enzymes with an
easily detectable product [22,23], or any other options that can allow
for facile target conjugation and convenient detection. However, la-
beling biomolecules can often change their parent properties including
their binding and recognition, which alters their selectivity and there-
fore, effectiveness [24]. Further, this involves significant and compre-
hensive sample pretreatment steps which completely overrides the
advantage of impedance mode as a rapid, in-situ sensing technique.
Notable label-free alternatives include mechanical techniques such as
quartz crystal microbalance (QCM) [25] and microcantilevers [26,27],
surface plasmon resonance (SPR) [28,29], surface acoustic waves
(SAW) [30,31], and field-effect transistors [32]; while these techniques
add significant value to rapid, in-situ detection, their main disadvantage
is the relatively small change in surface properties upon target binding,
requiring sensitive readout methods [33].

We propose an alternative way of improving sensitivity by com-
plementing the faradaic impedance mode with luminescence mode
through a luminescent redox probe. Luminescent detection mode has
independently been considered as a highly sensitive detection tech-
nique where, by proper selection of the luminescent probe, matrix in-
terferences and autofluorescence effects can be largely eliminated
[34–37]. In this regard, significant progress has been made in photo-
electrochemical sensing which is based on photoinduced electron
transfer processes at electrode/interfaces utilizing photoactive

electrode materials [38–43]. These sensors have captured significant
interest in the field of analytical sensing due to their remarkable sen-
sitivity, inherent miniaturization and ready integration in a wide
variety of analytical fields [38,44–49]. However, their wide applic-
ability is somewhat affected by the dual requirements of sophisticated
fabrication methods as well as tedious coupling procedures required to
improve reliability and minimize device-to-device variation [38,39].

Our approach here involves a redox probe whose luminescence
properties changes upon changing its oxidation state. As facile electron
transfer takes place at the electrode-solution interface prior to analyte
binding, the redox probe is readily converted from its non-luminescent
to luminescent form. Subsequent binding of the target analyte on the
capture probe impedes the electron transfer, inhibiting the conversion
of the non-luminescent form to the luminescent form. This relative
change in luminescence intensity can be effectively used for analyte
detection and quantification. For ease of utilization of the luminescence
mode, we plan on using optically transparent electrodes. Combining the
impedance mode with a complementary luminescent mode can poten-
tially enhance the limit of detection, without the need for elaborate and
expensive target alteration or extensive device fabrication. However, to
our knowledge this mode has not been adequately explored in the
Faradaic impedance mode taking advantage of the luminescent prop-
erties of the redox probe in solution.

Our cumulative working strategy proposes a new spectro-
electrochemical approach for analyte detection. Over the last several
decades, spectroelectrochemistry has been a key analytical technique
for detection and characterization of diverse analyte classes [50,51]
that range across inorganic [52–56], organic [57,58], biological [59]
and even radiological analytes [34,35,60,61]. However, most of the
adapted spectroelectrochemical techniques are limited by the require-
ment of some characteristic spectroscopic and electrochemical property
of the analyte that can be monitored. An additional advantage of our
approach is that it judiciously makes use of a luminescent redox probe
and therefore does not require the analyte itself to possess any unique
spectroscopic or redox signatures, and therefore expands the applic-
ability of the spectroelectrochemistry technique.

For proof-of-concept demonstration, we chose Ca2+ cations as our
target of interest. We would like to emphasize here that the primary
objective of this work is proof-of-concept demonstration of enhance-
ment of sensitivity through the incorporation of the secondary lumi-
nescence detection mode. Selective target detection is not the goal of
this work, and therefore the sensor capture probe is not expected to be
unique to Ca2+ detection (unlike works on selective Ca2+ detection
that include efforts by Arunkumar et al. [62] or by Singh et al. [63] to
name a few) and will be responsive to other rare-earth cations as well.
However, it is worth mentioning that a practical application of this
sensor can be as a water hardness sensor.

Strategy: Our working strategy is based on selective capture of the
target analyte by a capture-probe immobilized on an electrode plat-
form, which will impede the mass transport of a chosen redox probe to
the electrode. (Scheme 1) This impedance will affect the luminescence
generated by electrochemical activation of the redox probe. For proof-
of-concept demonstration, we chose Ca2+ cations as our target analyte.
The capture probe comprises of an anionic polymer thin film composite
preconcentrated with SO4

2− anions (Scheme 1); this composite is
layered on a working electrode surface. Upon Ca2+ exposure, the
electrostatic attraction between the anionic film and the dicationic
target allows the cations to diffuse into the film. Once inside, Ca2+ can
readily react with the preloaded SO4

2−, resulting in CaSO4 precipita-
tion within the film. The precipitate blocks the approach of a chosen
redox probe to the electrode surface, leading to a reduction in current
intensity of redox probe-voltammograms proportional to the Ca2+

concentration.
To demonstrate the enhancement in sensitivity of the electro-

chemical response due to the incorporation of a secondary luminescent
detection mode, [Ru(bpy)3]Cl2·6H2O is chosen as the redox probe. This

S. Chatterjee et al. Sensors & Actuators: B. Chemical 284 (2019) 663–674

664



choice is largely motivated by the redox properties of the compound,
and in particular its varying luminescent behavior associated with the
changes in its redox state. [Ru(bpy)3]3+/2+ exhibits a chemically and

electrochemically reversible redox couple in aqueous solutions
(Eº' = 1.27 V vs. SCE) [50,64], of which the reduced [Ru(bpy)3]2+ form
shows a strong luminescence at 620 nm (λex= 532 nm) [65] while the
oxidized [Ru(bpy)3]3+ form is non-luminescent under similar excita-
tions [37]. Further, both the oxidized and reduced forms are sufficiently
stable both chemically and electrochemically, unlike some other redox
active luminescent probes such as [Re(dmpe)3]2+/+ that are prone to
air oxidation [66,67].

The [Ru(bpy)3]3+/2+ will be embedded within the polymer film
matrix. When the target Ca2+ analyte is absent in the test solution, the
electroactive platform is conductive and can readily interconvert be-
tween the luminescent and non-luminescent forms. When Ca2+ is
present in the solution, it can readily diffuse in the film and react with
SO4

2− anion to form a precipitate of CaSO4, which will impede the
mass transport of [Ru(bpy)3]3+/2+ to the electrode, suppressing the
interconversion between the luminescent and non-luminescent forms.
Ca2+ detection and quantification can be done through a proportional
change of either the electrochemical signal (voltammetric current or
impedance) or the luminescent signal. Since the luminescence mode is
expected to be more sensitive compared to the electrochemical mode, it
can in principle allow us to attain lower detection limits.

Optically transparent Indium Tin Oxide (ITO) will be used as the
electrode platform for the ease of utilization of the luminescence mode.
Tetrabutylammonium sulfate is chosen as the SO4

2− anion source due
to its miscibility with organic polymer electrolytes. Nafion is chosen as
our polymer of choice over other anionic polymer polyelectrolytes
(representative examples being SSEBS, PSS) based on the better affinity
for and ease of incorporation of [Ru(bpy)3]3+/2+ within Nafion films,
[37,68,69], coupled within the extensive usage of Nafion on ITO based
modified electrodes, [70,71], as well as the reported chemoluminescent
behavior of [Ru(bpy)3]3+/2+ within Nafion films. [69,70], The im-
proved incorporation of [Ru(bpy)3]3+/2+ within Nafion compared to
SSEBS or PSS is related to the non-cross-linked nature of the former.
This can be explained by the Gibbs–Donnan equation which predicts
the thermodynamic behavior and distribution of charged particles
across a semi-permeable membrane. [68,72], In cross-linked polymers,
the cross-linking introduces a PV term which impedes migration of
large ions (such as [Ru(bpy)3]3+/2+). The absence of cross linkages in
Nafion eliminates such discriminations, allowing their partitioning
without any thermodynamic penalties. [68,73], Additional benefits of
Nafion include its chemical stability to resist degradation under am-
bient environmental conditions and its well behaved electrochemistry
in the common electrolytes and buffer solutions within the ITO po-
tential window of -1.0 to +1.4 V vs Ag/AgCl; this allows us to make
effective use of the electrochemical modulation of optical signal
[37,74].

2. Experimental section

2.1. Reagents and materials

All chemical reagents were used without further purification.
Nafion (average MW 1,100, 5 wt % solution in lower aliphatic alcohols
and water; Fig. 1A), tetrabutylammonium sulfate (TBAS) solution
(50 wt. % in H2O; Fig. 1B), 3-aminopropyltriethoxy silane (APTS;
Fig. 1C) and tris-(2,2′-bipyridyl)ruthenium(II) dichloride hexahydrate
([Ru(bpy)3]Cl2·6H2O) were all purchased from Sigma-Aldrich. Calcium
nitrate (Ca(NO3)2) was obtained from Fisher Scientific. All solutions
were prepared using deionized water (D2798 Nanopure water pur-
ification system, Barnstead, Boston, MA) in a 0.1M KNO3 supporting
electrolyte solution. Indium tin oxide (ITO)-coated 1737 F glass pieces
(∼135 nm thick ITO layer, 11–50 Ω/cm [2]; hereafter termed sub-
strates) were obtained from Thin Film Devices.

Scheme 1. Schematic representation of Ca2+ detection.
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2.2. Electrochemical measurements

For voltammetric experiments, a standard three-electrode config-
uration was used with an Epsilon potentiostat, while electrical im-
pedance spectroscopy (EIS) measurements were performed on a Gamry
600 potentiostat/galvanostat. All voltammetric scans were recorded
employing a 10 x 40mm ITO-glass transparent working electrode, a
platinum auxiliary electrode, and an Ag/AgCl reference electrode (3M
NaCl, BAS). Peak currents (ip) for CV and DPV were estimated with
respect to the extrapolated baseline current as described by Kissinger
and Heineman [60,75]. EIS data fitting was carried out using Z-view®

software.

2.3. Luminescence measurements

Luminescence spectra were acquired using either an Acton
Instruments-based or an Ocean Optics-based system. The Acton
Research InSpectrum 150 with controlling Spectrasense software was
equipped with a back-thinned, cooled charge coupled device (CCD)
camera and fiber-optic input. Excitation was performed using a 532 nm
diode-pumped solid-state (DPSS) laser (Melles Griot, 20mW CW). A
532 nm holographic notch filter (Kaiser) was used to reduce laser light
back scattered into the InSpectrum 150 spectrometer. Signal integration
times were typically 500ms using a 2mm slit width for a 600 g/mm
grating blazed at 500 nm. Step-index silica-on-silica optical fibers were
purchased from Romack, Inc. The Ocean Optics system consisted of a
USB-200FL spectrometer and Ocean Optics 00IBase32 Spectroscopy
Software.

2.4. Luminescence measurements under stationary voltage

All luminescence measurements under stationary voltage were
performed in a custom made cell previously reported in our earlier
work [35], and has been described in detail the supporting information
section S1.

2.5. Ion chromatography measurements

Anions were analyzed quantitatively using either a Dionex Reagent
Free Ion Chromatography System 5000 (RFICS-5000) with an AS-AP
auto-sampler or a Dionex Reagent Free Ion Chromatography System
2000 (RFICS-2000) with an AS-1 auto-sampler. Both instruments were
calibrated using a multi-component anion solution made by Inorganic

Ventures. The calibrated range was 0.01 ppm to 7.5 ppm. The calibra-
tion was verified immediately with an Initial Calibration Verification
(ICV) standard and during sample analysis with a Continuing
Calibration Verification (CCV) standard run every ten samples at a
minimum. A Continuing Calibration Blank (CCB) was analyzed after
each CCV to ensure background signals and potential carryover effects
were not a factor. The CCV standard was prepared from a multi-com-
ponent anion solution made by SPEX CertiPrep. All calibration ver-
ification values were ensured to be within±10% of the target con-
centrations to comply with the QA/QC requirements as defined in the
Hanford Analytical Quality Assurance Requirements Document
(HASQARD*), Volumes 1 and 4. The solutions were measured as re-
ceived without dilution. The detection limit for SO4

2− in this method
was 1.5mM.

2.6. Thin-Film preparations

ITO-coated glass substrates were thoroughly cleaned with soap,
rinsed with ethanol and deionized water, and argon-plasma cleaned for
about 30min prior to coating. A Harrick Scientific plasma cleaner was
used for final cleaning of substrates and electrodes. Following this, the
glass substrates were functionalized with the bifunctional linker APTS
(vide supra). The APTS polymer was added to prevent the dissolution of
Nafion film in water over time, as it had been observed that the bi-
functional APTS layer significantly improved the life-time and pre-
served the integrity of films in contact with aqueous solutions. For this
procedure, clean substrates were soaked overnight in 2M NaOH in
order to activate the surface. After rinsing with water, the substrates
were soaked in 5% APTS in acetate buffer, pH 5.5, at 90 °C for 5 h. The
substrates were then rinsed with deionized water, spun dry for 30 s, and
immediately used for film coating. A spin-coater (model 1 p.m.101DT-
R485 Photo-Resist Spinner, Headway Research, Inc.) was used for
preparation of films of required thicknesses. The stock solution of
Nafion was diluted to 1% using 2-propanol and blended with 0.5 wt %
tetrabutylammonium sulfate solution also diluted using 2-propanol. A
50 μL aliquot of the blended solution was pipetted onto the substrates,
which were spun at a preoptimized speed (3000 rpm) for 30 s [35]. The
variation of film thickness, at constant concentration of Nafion, had
been optimized previously for spin speed and spin time [76]. Our ob-
tained film thickness (measured with ellipsometry) was 250 ± 10 nm
(1% solution) on ITO substrates, and was desired based on observations
of films with similar thickness resulting in a linear response [37]. The
film-coated substrates were left overnight to further cure at ambient

Fig. 1. Structural formulae of the components of the polymer film: (A) Nafion, (B) tetrabutylammonium sulfate and (C) the bifunctional linker 3-aminopropyl-
triethoxy silane (APTS).
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temperature. For electrochemical experiments, a 1 cm portion of one
end of the ITO substrate was masked with tape before spin coating. The
area free of film was then used for electrical contact with the electrode.

Ellipsometric measurements (film optical constants and thicknesses)
were made using a J.A.Woollam, Inc., variable-angle spectroscopic el-
lipsometer (vertical configuration). This instrument was equipped with
an adjustable retarder (AutoRetarder) that enabled measurements of ψ
and Δ over the full angular range (0–90 and 0–360 degrees, respec-
tively). The instrument also permitted depolarization of the light to be
measured. Woollam WVASE32 software was used for optical modeling.

Subsequently, the coated ITO electrodes were kept immersed in
water for three days for the hydration of the film. This was followed by
immersing the film in a solution of Ru(bpy)3Cl2 in aqueous 0.1 M KNO3

for a given period to preconcentrate the film before its usage. For stu-
dies of voltammetric behavior of [Ru(bpy)3]3+/2+ couple in the com-
posite film, the films were each exposed to a solution of 0.1 mM [Ru
(bpy)3]2+ for 30min. For studies of Ca2+ detection using the composite
films, the films were exposed to a solution of 0.5 mM [Ru(bpy)3]2+ for
1 day. To determine the leaching of SO4

2− from the prepared thin films
into the aqueous solutions, ion chromatography studies were conducted
on the contacted solutions, and no detectable leaching of SO4

2− was
observed suggesting the combination of Nafion, TBAS and APTS helps
in arresting the leaching.

For detection purposes, stock solutions with varying Ca2+ con-
centrations were obtained by dissolving appropriate amounts of Ca
(NO3)3 in DI water. The independent ITO slides coated each with the
Nafion-TBAS composite and preloaded with Ru(bpy)3Cl2 were sepa-
rately exposed to these solutions with varying Ca2+ concentrations for
30min each, and the exposure was monitored using tandem electro-
chemistry and luminescence measurements in a custom-made cell
previously reported elsewhere as shown in supporting information
(Figure S1; section S1).

2.7. Transmission electron microscopy measurements

To characterize the chemical identity of the precipitate formed upon
Ca2+ exposure, transmission electron microscopy (TEM) measurements
were conducted. After prolonged exposure of the Nafion-TBAS com-
posite film loaded on an ITO slide to a solution of Ca2+, the film was
scrapped off, suspended in water to dissolve the Nafion. A specimen
was prepared for transmission electron microscopy by sonicating the
suspended solids in water for three minutes prior to placing a single
drop on a 200 mesh copper TEM grid coated with holey carbon film
(Electron Microscopy Supplies) and allowing to dry. The drop was pi-
petted from the upper portion of the supernatant to maximize the

likelihood of capturing particles that were thin enough for TEM and
electron diffraction, rather than those large enough to settle due to
gravity. The grid was imaged in an FEI Tecnai T20 TEM (Thermo Fisher
Scientific) equipped with a field emission gun and operating at 200 keV
in bright field and diffraction modes. Image capture was performed on
an FEI Eagle charge capture device (CCD) camera using TIA software
(Thermo Fisher Scientific).

Measurements for indexing diffraction patterns were performed in
FIJI (ImageJ) v1.51i. (ImageJ is a public domain image processing and
analysis program written by Wayne S. Rasband at the National
Institutes of Health, Bethesda, MD, U.S.A.) [77,78] Patterns were
compared with crystal structures for gypsum (CaSO4·2H2O), bassanite
(CaSO4·0.5H2O), and anhydrite (CaSO4) retrieved from the American
Mineralogist Crystal Structure Database (gypsum AMCSD ID:
0,011,093; bassanite AMCSD ID: 0,006,909; anhydrite AMCSD ID:
R040061).

3. Results

3.1. Electrochemical and luminescent behavior of [Ru(bpy)3]3+/2+ within
the Nafion/TBAS composite film

The electrochemical behavior of [Ru(bpy)3]3+/2+ have been stu-
died before both in aqueous solutions as well within Nafion films, using
an ITO electrode. However, to our knowledge, the behavior has not
been studied within a Nafion/TBAS composite film. For the preparation
of the Nafion/TBAS composite film loaded with [Ru(bpy)3]2+, the
prepared film was allowed to soak in a 0.1 M NaNO3 solution for 3 days
to hydrate the film. Subsequently, the film was allowed to dry. This was
followed by immersing the film in a solution containing 100 μM Ru
(bpy)32+ aqueous solution for 30min. This immersion resulted in
electrostatic absorption of Ru(bpy)32+ into the film as reflected by
development of an orange-red coloration of the film as well as the clear
redox peaks of [Ru(bpy)3]3+/2+ observed in subsequent voltammetry
experiments on the loaded film. For voltammetry experiments, the [Ru
(bpy)3]2+ loaded film was immersed in an aqueous solution of 0.1M
NaNO3, and the working electrode potential was scanned between 0.0 V
and +1.6 V (vs. Ag/AgCl) of which the region between +0.6 V and
+1.6 V is shown in Fig. 2 (left panel). A range of scan rates varying
from 10mV/s to 1000mV/s were used in this study.

The well-defined voltammograms show a chemically reversible Ru
(bpy)33+/2+ redox couple similar to that observed previously for other
Nafion solutions (voltammograms shown in Figure S2 (left panel)) [79].
The voltammetric profiles are comparable to that observed by Berton-
cello, Unwin and coworkers on [Ru(bpy)3]2+ systems loaded into

Fig. 2. (left) Cyclic voltammograms at ν=100mVs−1 of (top blue line) 0.1M aqueous KNO3 using ITO electrode, (second from top black line) 0.1M aqueous KNO3

using Nafion-TBAS composite film on an ITO working electrode, (second from bottom yellow line) 0.1 mM Ru(bpy)33+/2+ in 0.1M aqueous KNO3 using ITO
electrode, (bottom red line) Nafion-TBAS composite film on an ITO working electrode exposed to 0.1mM [Ru(bpy)3]3+/2+ for 30min (right) Differential pulse
voltammograms of (orange line) 0.1 mM [Ru(bpy)3]3+/2+ in 0.1M aqueous KNO3 using ITO electrode, (red line) Nafion-TBAS composite film on an ITO working
electrode exposed to 0.1 mM [Ru(bpy)3]3+/2+ for 30min. The peak currents are normalized for comparison. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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Nafion using graphitic electrodes [80–82]. The difference between the
anodic and cathodic peak potential (ΔEp) was ca. 120mV at
ν=100mVs−1 (Epa= 1.11 V; Epa= 0.99 V). As the scan rates were
increased, Epc values were shifted to more negative potentials while Epa
potentials moved to more positive values, resulting in an increase in the
magnitude of ΔEp to 150mV at ν=500mV s−1 and 180mV at
ν=1000mV s−1. Similarly, lowering the scan rate resulted in de-
creasing ΔEp, with the Epa and Epc moving closer to each other so that
ΔEp= 70mV at ν=10mV s−1. In all cases, the values of (Epa + Epc) /
2 = E1/2 were nearly constant at +1.05 V, and independent of the scan
rate. A plot of the anodic and cathodic peak current vs (scan rate)1/2

within the film shown in Figure S2 (right panel) demonstrates good
adherence to linearity confirms that diffusion is predominantly semi-
infinite, rather than restricted (i.e., thin layer) for this thickness of
polymer film and this range of scan rates. This is in keeping with the
Randles-Sevcik equation which states that the peak current, ip, is pro-
portional to the square root of the scan rate, (ν)1/2 (Eq. (1)) for a semi-
infinite diffusion controlled system [83].

=i x n AD C ν(2.69 10 )p
5 3/2 1/2 0 1/2 (1)

In fact, this behavior illustrates a difference in our electrochemical
behavior in the Nafion-TBAS composite compared to that observed by
Bertoncello, Unwin and coworkers on just Nafion. While our results
indicate semi-infinite diffusion controlled system for the entire range of
scan rates studied, the work by Bertoncello, Unwin and coworkers
suggest a thin-layer behavior at slow scan rates (< 100mV/s) and
diffusion controlled behavior at faster scan rated (100–500mV/s) [84].
The reason for this may be the choice of a significantly thicker film
(∼250 nm) in our work compared to the previous work (∼ 17 nm). It is
also worth noting that the properties of our Nafion-TBAS composite
may be significantly different from pure Nafion, which may also in-
fluence the observed redox behavior. In spite of this, the peak to peak
separation of the [Ru(bpy)3]3+/2+ redox couple when preconcentrated
in Nafion-TBAS films is observed to be lower than that for the couple in
aqueous solution for the same scan rate. This is presumably an effect of
diffusion; for Ru(bpy)32+ species preloaded within the film that is in
vicinity of the electrode surface, heterogeneous electron transfer ki-
netics between the redox probe and electrode is presumably less dif-
fusion limited than compared to another that has to migrate all the way
from somewhere in the bulk solution. This leads to the former being a
more electrochemically reversible process compared to the latter.

The DPV of [Ru(bpy)3]3+/2+ on the ITO electrode in neutral
medium shows a well-defined anodic wave (yellow trace in Fig. 2, right
panel) at 1.03 V vs. Ag/AgCl, assigned to the oxidation of [Ru
(bpy)3]2+. On the other hand, the DPV of [Ru(bpy)3]3+/2+

preconcentrated in Nafion-TBAS film shows a much narrower peak,
albeit shifted to slightly more positive potentials of 1.08 V vs. Ag/AgCl
(red trace in Fig. 2, right panel). The narrowing of the peak is again a
consequence of diffusion.

3.2. Detection of Ca2+

Ca2+ detection and quantification were determined independently
using three different modes: (1) the voltammetric mode, (2) the EIS
mode and (3) the luminescent mode. For studies of Ca2+ detection
using the composite films, the films loaded onto the ITO surface were
exposed to a solution of 0.5mM [Ru(bpy)3]2+ for 1 day prior to de-
tection by voltammetric, EIS or luminescence mode.

3.2.1. Voltammetric mode
The electrochemical response of the probe upon exposure to Ca2+

ions was quantified by measuring the magnitude of the peak current of
the [Ru(bpy)3]2+/[Ru(bpy)3]3+ redox process within the film using
differential pulse voltammetry. The peak current observed in the ab-
sence of Ca2+ gives the maximum peak current intensity. It was ob-
served that upon exposure to higher and higher concentrations of Ca2+,
the voltammograms showed a progressive decrease in the peak current
magnitude during [Ru(bpy)3]2+→[Ru(bpy)3]3+ oxidation
(Fig. 3(left)). A plot of peak current versus the logarithm of Ca2+

concentration shows a linear relation, all other factors remaining con-
stant. However, for low Ca2+ concentrations below 10 nM, the elec-
trochemical mode is not able to effectively discern it for the given
electrochemical configuration. From the plot of peak currents of the
DPV for 0.5mM [Ru(bpy)3]3+/2+ versus the logarithm of the aqueous
Ca2+ concentration (Fig. 3 (right), the non-logarithmic plot is shown in
Figure S3), a preliminary value of the limit of detection (LOD) can be
calculated based on the IUPAC recommended formula [2] as reported
by Long et al. [85].

=DL k S
m
• b

(2)

Here, DL is the detection limit, k is a numerical constant, m is the slope
of the linear region of the plot, and Sb is the standard error for the blank
measurements, respectively. In accord with IUPAC recommendations, a
k value of 3 was applied, which corresponds to a 99.87% confidence
level. A detection limit of 7.5 nM is determined for aqueous Ca2+ using
the above formulae on the voltammetric data.

3.2.2. EIS mode
The electrochemical impedance response of the probe upon ex-

posure to Ca2+ ions was quantified by fitting the resultant EIS responses

Fig. 3. (left) Differential pulse voltammograms on Nafion-TBAS composite film on an ITO working electrode exposed to 0.5 mM [Ru(bpy)3]3+/2+ for 1 day, with
progressively increasing Ca2+ concentrations: ( ) 0M Ca2+, ( ) 1× 10−8 M Ca2+, ( ) 5× 10−8 M Ca2+, ( ) 1× 10-7 M Ca2+, ( ) 5×10-7 M Ca2+, ( )
1×10-6 M Ca2+, ( ) 5×10-6 M Ca2+, ( ) 1×10-5 M Ca2+, ( ) 5×10-5 M Ca2+, ( ) 1×10-4 M Ca2+, ( ) 2.5×10-4 M Ca2+, ( ) 1×10-3 M Ca2+.
(right) Peak currents for the [Ru(bpy)3]3+/2+ redox process obtained from the voltammograms plotted as a function of increasing Ca2+ concentration. The equation
of the line: Peak current (mA) = -(4.40 ± 0.25) log [Ca2+] + (15.67 ± 0.37); R2=0.98.
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to an equivalent circuit. It is worthwhile to note that as the measure-
ments were performed in the presence of the redox probe [Ru
(bpy)3]2+/[Ru(bpy)3]3+, the change in the interfacial resistance at the
electrode surface (Faradaic EIS) was used here to quantify the Ca2+

ions. To interpret EIS into relevant physical processes, it is critical to
describe an equivalent circuit that has an equivalent impedance similar
to that observed from experiments. An equivalent circuit can be com-
posed of a multitude of resistances and capacitances, like a parallel
combination of capacitance and resistance or series combination of
capacitance and resistances [86]. The equivalent circuit that fits the
impedance of the experiments is described in detail below.

It is critical to recognize here that there are two interfaces, the
electrode-electrolyte interface and the modified electrode/Nafion-TBAS
composite film-electrolyte interface. This is clearly shown in Fig. 4
(right). For the bare electrode the simple Randle’s circuit can be used to
fit the impedance date (Figs. 4 and 5 A). It consists of an active solution
resistance RSin series with the parallel combination of the double-layer
capacitance Cdland a faradaic resistance RCT [86]. Here a constant
phase element (CPE) is used in place of the double layer capacity (Cdl)
due to the inherent roughness of the electrode [11]. The solution re-
sistance RS is a representation of the conductivity of the electrolyte and
any resistance in the wires used to measure EIS. At the electrode in-
terface, there are multiple paths for the ions in the solution. The ions
can either collect near the interface as a charge storage mechanism, or

they can react (Faradic Reaction) with the electrolytes. The storing of
charge at the electrode solution interface is called the Electrical Double
Layer or the Debye Layer and is designated as Cdl in the equivalent
circuit [87]. The faradic resistor is represented as the charge-transfer
resistance RCT. The Faradic resistor often leads to a depletion of ions at
the interface. This results in the formation of a diffusive gradient from
the bulk to the interface. This is represented as the Warburg Element,
WD, in the circuit. At higher frequencies, the Warburg impedance tends
to be smaller since reactants are not allowed to have enough time to
diffuse, while at lower frequencies, the reactants get adequate time to
diffuse leading to an increase in the Warburg impedance [88]. As the
diffusive gradients are anisotropic due to the roughness of the elec-
trode, the Warburg impedance is also modeled as a CPE [88].

Post modification of the electrode with the polymer film, the EIS
circuit is modified as shown in Fig. 5B. Here one notices two semicircles
due to the two interfaces that have appeared (Fig. 4). It is worthwhile to
note that as the film is porous, the EIS response should come from both
the electrode and polymer film modified electrode. The polymer film
will increase the resistance of the Faradaic current of the [Ru(bpy)3]2+/

3+ redox species. As the electrolyte does not change, the double layer
capacitance associated with the electrode or the modified electrode
should be similar. Hence the relaxation frequency (∼ 1/RC) time of the
modified electrode will be significantly lower than the electrode. This is
evident from Fig. 4 (right panel) wherein the EIS response from the

Fig. 4. (left) Nyquist plots showing the EIS response of ITO electrode modified with Nafion-TBAS with increasing Ca2+ concentrations in the range of 1.0×10−8 M -
1×10-5 M: (red symbols and trace) Nafion-TBAS modified electrode with no Ca2+, (orange symbols and trace) 10 nM Ca2+, (yellow symbols and trace) 50 nM Ca2+,
(green symbols and trace) 100 nM Ca2+, (aqua blue symbols and trace) 500 nM Ca2+, (royal blue symbols and trace) 1 μM Ca2+, (violet symbols and trace) 5 μM
Ca2+, (Navy blue symbols and trace) 10 μM Ca2+. (black symbols and trace= the bare ITO electrode). (right) Magnified EIS response from the ITO electrode
modified with Nafion-TBAS composite film showing two semi-circles and hence two interfaces, namely the ITO bare electrode and the Nafion-TBAS composite film
modified electrode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 5. (A) Equivalent circuit for bare ITO
electrode. (B) The equivalent circuit for ITO
electrode modified with polymer film. (C) RCT

values from Nafion-TBAS composite film mod-
ified ITO electrode as a function of increasing
Ca2+ concentrations in the concentration
range of 1.0× 10−8 M - 1×10-5 M. The
equation of the line: Charge Transfer
Resistance (RCT, Ω)= 2894 log [Ca2+] +
35,308.
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modified film electrode appears later. Thus, the Warburg response
(diffusion at low frequency) is now associated with the modified film
electrode (circuit in Fig. 5B) rather than with the electrode response (as
in Fig. 5A).

Post data fitting (fits shown in Figure S4), Table 1 tabulates the
average response of RS, Cdl (modified and bare electrode) and WD. The
value of the solution resistance or RS does not change between the two
circuits as expected. Further Cdl which is modeled as a constant phase
element has almost the same capacitance value at the electrode for both
the circuit models and nearly the same at the modified film electrode.
The exponent is close to 1, which signifies that the response is mostly
capacitive. As is expected from a Faradaic impedance-based study, the
value of the charge transfer resistance, RCT changes from the bare
electrode to the modified electrode film. However, this increase is more
significant at the modified film electrode rather than at the bare elec-
trode in the circuit in Fig. 5B. It is worthwhile to note that as expected
the magnitude of RCT does not change at the electrode whether it is the
bare ITO, or the modified polymer film coated ITO. As expected, RCT at
the polymer film coated ITO interface is significantly larger than at the
ITO interface due to the increased resistance to the Faradaic current
from [Ru(bpy)3]2+. A plot of charge transfer resistance, RCT, at the
polymer film coated ITO electrode with increasing Ca2+ concentrations
follows a linearly increasing trend for Ca2+ concentration as shown in
Fig. 4 and 5C. RCT progressively increases with increasing Ca2+ addi-
tion as the Ca2+ ions migrate into the film and react with the SO4

2−

ions to form insoluble CaSO4. This precipitation progressively retards
the electron transfer from the electrode, and proportionally blocks
lowering of the [Ru(bpy)3]2+. Using the circuit model in Fig. 5B to the
EIS data of the Nafion-TBAS composite film gives us the background
RCT of 11,662 Ω. The RCT from the plot of the charge transfer resistance
for 0.5 mM [Ru(bpy)3]3+/2+ versus the logarithm of the aqueous Ca2+

concentration (Fig. 5C) must be greater than this value to be measur-
able which gives a LOD of 6.75 nM.

3.2.3. Luminescence mode
An alternate mode involved monitoring the luminescence response

of the [Ru(bpy)3]2+/3+ preloaded in the electrode polymer film, and
how it was impacted by progressive Ca2+ addition. One advantage of
using the complementary luminescent mode for analytical purposes is
to be able to access the comparatively more sensitive changes in lu-
minescent response for effective quantification of the analyte.34, 54 In
this mode, the working electrode potential was fixed at a stationary
voltage of 1.1 V vs. Ag/AgCl where, in the absence of any other per-
turbations of the electrochemical system, the entire Ru population is
expected to exist in the non-luminescent [Ru(bpy)3]3+ form. In the
absence of Ca2+, no luminescence is observed from the electrode film,
suggesting quantitative oxidation of the [Ru(bpy)3]2+ to [Ru(bpy)3]3+

under the highly oxidizing stationary voltage. However, upon pro-
gressive Ca2+ addition, it is observed that the luminescence intensity
progressively increases (Fig. 6 (left panel)). This is because, with the
addition of more and more Ca2+ ions, they migrate into the film and
react with the SO4

2− ions to form insoluble CaSO4. This precipitation
progressively retards the electron transfer from the electrode, and
proportionally blocks lowering of the [Ru(bpy)3]2+ luminescence in-
tensity by preventing its oxidation to [Ru(bpy)3]3+.

As with the electrochemical mode, the limit of detection can also be

obtained from a slight modification of the procedure used elsewhere
using luminescence intensity values.35−36 A plot of the luminescent
intensities of the Ru(bpy)32+ (measured at 620 nm upon excitation with
λex= 532 nm) with increasing Ca2+ concentrations initially follows a
linear trend for Ca2+ concentrations within 2.5× 10-11 M - 10-7 M as
shown in Fig. 6 (right panel). Beyond Ca2+ concentrations greater than
10-7 M, a break in the linearity is observed. This can presumably be a
consequence of the effect of saturation resulting in levelling off of the
luminescence intensity. From the initial linear region, a detection limit
of 7.5 pM is determined for aqueous Ca2+.

A comparison of the above results suggests that the luminescent
mode lowers the limit of detection by 3-orders of magnitude compared
to both the voltammetric and the EIS mode, and therefore can be tai-
lored to enhance sensitivity, all other parameters and conditions re-
maining constant.

3.3. Characterization of the precipitate by TEM

Transmission electron microscopy images show particles ca. 500 nm
to 5 μm in the longest dimension. This represents the size fraction that
was suspended into water when the precipitate was sonicated and was
small enough to image with TEM, and does not exclude the presence of
larger particles. Analysis of electron diffraction patterns show the pre-
sence of the calcium sulfate minerals gypsum and bassanite. Fig. 7
shows transmission electron micrographs and corresponding electron
diffraction patterns of gypsum particles. This confirms the production
of calcium sulfate as gypsum during the experiments. Bassanite may
also be a product, as shown in electron micrographs and diffraction
patterns in Fig. 8. The presence of bassanite may also be the result of
the dehydration of particles (loss of 1.5 H2O per formula unit compared
to gypsum) due to electron beam exposure. Some particle damage was
observed during the imaging process, mostly in the form of 10–30 nm
circular voids, but not all bassanite particles display this damage. None
of the diffraction patterns were found to match the fully dehydrated
calcium sulfate phase anhydrite. These observations prove the forma-
tion of calcium sulfate during the detection process.

3.4. Effects of other cations

As mentioned earlier, the capture probe in our sensor configuration
is expected to respond to all metal ions that get entrapped in the film
and form a precipitate with SO4

2− ions, that can block the mass
transport of Ru(bpy)33+/2+ to the electrode. To test the effects of ex-
posure to other divalent cations, the probe was separately exposed to
10 nM solution of Sr2+, Ba2+ and Pb2+. It was observed that Ba2+

generated the most significant increase in impedance, followed by
Pb2+, which was followed by Sr2+ and Ca2+, as shown in Fig. 9 (left
panel). This may presumably be a consequence of the respective solu-
bility products of these cations (Ksp: Ca2+, 2.4×10-4; Sr2+, 3.5× 10-7;
Pb2+, 1.6× 10-8; Ba2+, 1.1× 10-10). In fact, the respective RCT values
are observed to follow an inverse linear relationship with the logarithm
of the respective solubility products of the M(II)SO4 salts (M(II) =
Ca2+, Sr2+, Pb2+, Ba2+)

Table 1
The fitted data values are shown from fitting the EIS response from Fig. 4 to the appropriate circuits in Fig. 5A and B. (NA=not applicable).

ITO Electrode Circuit Parameters Nafion-TBAS composite film modified electrode Circuit Parameters

RS (Ω) Cdl (Capacitance) (F) Cdl (Phase) Cdl (Capacitance) (F) Cdl (Phase)

Bare Electrode 95.79 ± 0.24 3.45 ± 0.16 *10−6 0.838 ± 0.005 NA NA
Nafion-TBAS film electrode 96.07 ± 0.90 5.7 ± 1.44 *10−7 0.877 ± 0.049 1.19 ± 0.14 *10−6 0.817 ± 0.015
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4. Discussion and conclusions

The strategic design of the capture probe involved tetra-
butylammonium sulfate (TBAS) as the SO4

2− source embedded within
the Nafion film. The lipophilicity of TBAS and its miscibility with
Nafion prevented its loss into the aqueous layer. Ru(bpy)32+ was pre-
loaded into the film taking advantage of the dicationic nature of Ru
(bpy)32+ and the non-cross linking within Nafion. In the absence of
Ca2+, [Ru(bpy)3]3+/2+ interconversion occurred readily within the

film which was monitored electrochemically as well as by luminescence
spectroscopy.

Upon exposure to aqueous Ca2+, the Ca2+ ions were observed to
readily diffuse into the film due to electrostatic attraction between the
anionic film and the dications, presumably substituting the Na+ ions
rather than the more lipophilic Bu4N+ ions. Once inside the film, the
Ca2+ ions reacted with the preloaded SO4

2−, resulting in the pre-
cipitation of CaSO4 within the film, as verified using electron diffrac-
tion. The CaSO4 precipitate blocked the heterogeneous electron transfer

Fig. 6. (left) Emission profiles of 0.5mM [Ru(bpy)3]3+/2+ loaded Nafion-TBAS composite film on an ITO working electrode under a stationary potential of 1 V, upon
exposure to progressively increasing Ca2+ concentrations. Select profiles are shown with Ca2+ concentrations of ( ) 0M Ca2+, ( ) 1× 10−8 M Ca2+, ( )
5×10−8 M Ca2+, ( ) 1× 10-7 M Ca2+, ( ) 5×10-7 M Ca2+, ( ) 1×10-6 M Ca2+, ( ) 5× 10-6 M Ca2+, ) 1×10-5 M Ca2+, ( ) 5× 10-5 M Ca2+, ( )
1×10-4 M Ca2+, ( ) 5× 10-4 M Ca2+, ( ) 2× 10-3 M Ca2+. (right) Emission intensity for the luminescence modulation of Ru(bpy)33+/2+ loaded on the Nafion-
TBAS composite film measured at 620 nm (λex= 532 nm), as a function of increasing Ca2+ concentrations in the concentration range of 2.5×10-11 M - 2×10-3 M.
The equation of the linear region: log (emission intensity) = (1.03 ± 0.02) log [Ca2+] + (13.31 ± 0.11); R2=0.99.

Fig. 7. Transmission electron micrographs of gypsum microparticles and their corresponding electron diffraction patterns. A) Polycrystalline microparticle with
crystal domains oriented along [001] and [1̄00] and B) electron diffraction pattern. C) Polycrystalline microparticle with one component oriented along [001] and D)
electron diffraction pattern. Diffraction spots with spacing corresponding to (110) were also identified and do not match the appropriate interplanar angles to be part
of the domain with the [001] zone axis.

S. Chatterjee et al. Sensors & Actuators: B. Chemical 284 (2019) 663–674

671



from the ITO electrode to the film, impeding [Ru(bpy)3]3+/2+ inter-
conversion. The total amount of Ca2+ could be quantified directly from
the proportional decrease in the peak current for the [Ru(bpy)3]3+/2+

voltammetric process in the DPV experiments, or from the progressive
build-up of the RCT values with increasing Ca2+ concentrations in the
EIS experiments. Alternatively, quantification using the differential
luminescence of [Ru(bpy)3]3+/2+ lowered the limit of detection by
three orders of magnitude compared to the two electrochemical
modes. This demonstrates that our approach can serve the dual objec-
tive of (a) combining impedance mode with a complementary lumi-
nescent mode that improves the accuracy of quantification, and (b)
enhances the limit of detection without requiring elaborate and ex-
pensive target alteration or extensive device fabrication. Further, the
linear ranges of detection are 10-8-10-3 M in the voltammetry mode, 10-
8-10-5 M in the impedance mode and 2.5×10-11-10-7 M in the lumi-
nescent mode, providing a large range of operational flexibility.

We would like to reiterate here that this work serves merely as a
proof-of-concept demonstration of the technique alone where a sec-
ondary luminescence mode can be used to lower the detection limit.
While this validates the ability of the luminescence mode, it is not
meant to serve as a real sensor for selective Ca2+ detection as it will not
differentiate between alkaline earth metals or other metals that form a
precipitate with SO4

2− (as observed with Ba2+, Sr2+ and Pb2+).
However, the sensor can be tailored for monitoring the hardness of
water. Future work will involve using judiciously tailored nanoporous
probes (representative examples being metal organic frameworks
[89,90]) to enhance target selectivity.
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