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ABSTRACT: Low-cost and portable nitrate and phosphate sensors are needed to
improve farming efficiency and reduce environmental and economic impact arising from
the release of these nutrients into waterways. Ion selective electrodes (ISEs) could provide
a convenient platform for detecting nitrate and phosphate, but existing ionophore-based
nitrate and phosphate selective membrane layers used in ISEs are high cost, and ISEs using
these membrane layers suffer from long equilibration time, reference potential drift, and
poor selectivity. In this work, we demonstrate that constant current operation overcomes
these shortcomings for ionophore-based anion-selective ISEs through a qualitatively
different response mechanism arising from differences in ion mobility rather than differences in ion binding thermodynamics. We
develop a theoretical treatment of phase boundary potential and ion diffusion that allows for quantitative prediction of electrode
response under applied current. We also demonstrate that under pulsed current operation, we can create functional solid-contact
ISEs using lower-cost molecularly imprinted polymers (MIPs). MIP-based nitrate sensors provide comparable selectivity against
chloride to costlier ionophore-based sensors and exhibit >100,000 times higher selectivity against perchlorate. Likewise, MIP-based
solid contact ion-selective electrode phosphate sensors operated under pulsed current provide competitive selectivity against
chloride, nitrate, perchlorate, and carbonate anions. The theoretical treatment and conceptual demonstration of pulsed-current ISE
operation we report will inform the development of new materials for membrane layers in ISEs based on differences in ion mobility
and will allow for improved ISE sensor designs.

1. INTRODUCTION
An excess of bioavailable nutrients in the form of nitrates and
phosphates can pose serious ecological and human health
concerns. Agricultural runoff is a primary source of these
nutrients, leaching soluble nitrate and phosphate ions into
aquatic ecosystems and drinking water resources. Accumu-
lation of these pollutants can cause environmental degradation
such as freshwater eutrophication and terrestrial health hazards
like methemoglobinemia. Nutrient distributions can vary
widely within a small geographical area and over short time
frames.1 Additionally, fertilizers can suffer from supply
shortages and price volatility, making their economic use of
considerable importance.2−4 To inform regulatory action and
improve efficiency, knowledge of local real-time ion concen-
trations is necessary. Ion-selective electrodes (ISEs) are an
attractive tool for the measurement of aqueous ion activities
due to their ease of use, commercial accessibility, and high-
throughput capability compared to more advanced laboratory
techniques like ion chromatography. Solid contact ion-selective
electrodes (SC−ISEs) are particularly interesting, as they are
more easily configured for specialized applications and have
been successfully demonstrated as nutrient sensors in soils,5

drinking water,6 and agricultural wastewater.7

In general, ISEs require an ion selective membrane (ISM)
layer that provides selectivity toward a target ion. To this end,
organic macromolecules known as ionophores have been
developed which selectively bind specific ions and can be

incorporated into ISM polymer layers to provide selectivity.8

This ionophore approach has been especially successful for
developing cation selective sensors due in part to a sound
theoretical understanding of metal−ligand interactions and
metal coordination chemistry, allowing the geometry and type
of ligand interactions in an ionophore to be rationally designed
for a target cation.9−12 In contrast, metal coordination
chemistry does not provide the same degree of benefit for
designing anion-centric ionophores, and correspondingly,
fewer anion selective ionophore molecules are available, and
these can be costly and exhibit variable results. For example, at
the time of writing, nitrate ionophore VI (NIVI) costs around
$10,000 per gram from commercial suppliers, and some
reports question its efficacy.13 These challenges motivate the
(re)consideration of fundamental ISE theory and device design
to identify potential opportunities to improve ISE sensors for
anion detection.

In conventional (also called passive, open-circuit, or zero-
current) SC−ISE measurements, the electrode potential is
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monitored relative to a reference electrode (RE) with no
electrical input signal. Here, the equilibrium between the ions
in the solution and membrane phases results in an interfacial
charge separation and gives rise to a potential difference. This
potential difference can be related to the solution phase ion
activity via the Nernst equation, provided that the membrane
activity is constant. In conventional ISEs, the sensor response
time and sensitivity are governed by the equilibration time for
mass transfer and ion insertion thermodynamics, respectively.
Accordingly, long equilibration times, reference potential drift,
and spontaneous membrane discharge can limit ISE perform-
ance.14−17 Additionally, interpretation of the electrode
response curves is limited to the Nernst equation, and small
deviations from the Nernstian predictions can cast doubt
surrounding the processes dictating the measurement.18,19

Response characteristics are largely dictated by membrane
thickness; that is, sensitivity over larger concentration ranges is
achieved by increasing the amount of membrane material.
Thicker membranes limit the effects of spontaneous membrane
discharge, and thus provide higher sensitivities and detection
ranges compared to thinner membranes,20,21 with typical
membrane thicknesses ranging from 200 to 500 μm.13,20,22,23

However, because membrane components (especially ion-
ophores) can be quite expensive, the use of large quantities of
material to make these thicker membranes is undesirable.
Although thinner membranes would reduce material costs,
these thinner films do not provide Nernstian responses in
conventional ISE measurements.

To enable the use of thinner membrane materials in ISEs, a
number of nonequilibrium measurement techniques have been
suggested as alternatives to open-circuit measurements. In
contrast to conventional ISE measurements, nonequilibrium
(also called active or instrumentally controlled) techniques
influence the phase boundary activities via application of an
external electrical signal. These nonequilibrium ion activity
measurements can take many forms, each offering unique

advantages over zero-current measurement. Voltammetric and
coulometric techniques are such alternatives in which the ISE
is perturbed by the application of a potential cycle or step, and
the resulting current−potential relationships are related to ion-
transfer processes occurring in the system during perturbation.
Analysis by voltammetry is inherently complicated, however, as
artifacts like charging currents, voltage drops, and redox
potential shifts must be accounted for when correlating ion
activity and the acquired signal.23−26 While more tenable than
voltammetry in terms of data analysis, coulometry suffers from
exceptionally long response times (often several minutes per
concentration) and large current drifts, making reliable
measurement difficult to achieve and requiring additional
hardware to correct.18,19,27,28 As such, application of these
techniques to ISEs is somewhat impractical. Galvanostatic
(constant or pulsed current) polarization of the ISE is perhaps
the most attractive of the many nonequilibrium techniques, as
data analysis is similar (or in some cases identical) to that of
zero-current potentiometry. Experimentally, the detection
limits of ISEs can be greatly extended without adjusting the
device design by directly compensating membrane discharge
with the applied current.22,29 Similar studies have shown
improvements in potential stability and response time
compared to zero-current measurements using the same
electrodes.30−32 While these previous studies have demon-
strated the practical benefits of using an input electrical signal
to improve sensor performance, these “active” measurements
have been largely limited to cation sensors (with some notable
exceptions29−31), and the studies employing galvanostatic
measurement have not established quantitative mathematical
models for phase boundary potential under constant current to
reveal design principles to engineer new materials for “active”
ISE measurement.

In this work, we report three advances in this field: (1) we
report a SC sensor construction for nonequilibrium measure-
ment of anions in an ISE geometry that provides benefits over

Figure 1. Schematic of (a) pulsed current ISE design and working principle including (i) working electrode (WE), (ii) transduction layer (TL),
and (iii) ISM in contact with (iv) solution, corresponding to (b) electrode cross-section showing changes at phase boundaries 1−3, and reaction
diagrams for migration of target A and interferent X under (c) zero-current potentiometry in a traditional ISE, where free energy (ΔG) dictates
response, and (d) applied current conditions in an ion conducting film, where overpotential (ϕ) influences the analytical signal.
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traditional passive ISE electrode designs including (a) allowing
for thinner ISM layers and (b) removing the need for a stable
RE by removing potential drift; (2) we modify established
mathematical models describing phase boundary potential in
ISEs to capture the effect of applied current and quantitatively
predict ISE potential response under applied current; and (3)
we describe how together this sensor construction and
theoretical model description inform the design of anion
sensors using ISE membrane layers that operate on differences
in ion mobility through the membrane rather than on
differences in ion binding energy from the solution into the
membrane.

The salient principles of the cell concept described in this
work are outlined in Figure 1. The electrode geometry we
employ is a three-layer construction consisting of a bottom
electrically conductive WE underlayer (Figure 1a.i), a middle
TL that electrochemically converts anionic current to
electronic current (Figure 1a.ii), and a top ISM layer (Figure
1a.iii) that exhibits selective transport of certain anions over
others, controlling the types of anions that flow from the
solution (Figure 1a.iv) through to the TL. The TL is a redox-
active material that undergoes anion-mediated redox chem-
i s t r y , s u c h a s p o l y p y r r o l e ( PP y ) , 3 , 4 - p o l y -
(ethylenedioxythiophene) (PEDOT), or polyaniline (PANI).
In this work, we use a PPy TL due to its ease of synthesis and
rapid anion exchange properties. While the electrode
construction shown in Figure 1a could also be used to
perform measurements under passive conditions, the ability to
force ions across the junctions using nonequilibrium
techniques allows for adjustments of sensitivity and selectivity
based on differences in transport. The physics governing
nonequilibrium electrode charging are more complex than for
conventional (passive) operation. For anion detection, a
positive current is used to oxidize the TL, causing a
counteranion R− to cross the TL|ISM interface (boundary 2
in Figure 1b). To balance the charge, the target anion A−

crosses the ISM|solution interface (boundary 3 in Figure 1b),
leading to the development of a measurable phase boundary
potential. In the case of plastic ionophore-based membranes
used in passive measurement conditions, selectivity to the
target A− over the interferent X− is determined by a
combination of transport kinetics and binding thermodynamics
of the ion−ionophore ([LA−]) complexes (Figure 1c). As
indicated by Figure 1d, the ability to influence the interfacial
ion transport via an electronic input signal enables the use of
ISMs that exhibit differences in ion mobility even if these ions
exhibit equivalent ion binding thermodynamics. In this work,
we demonstrate this mode of sensor operation using plasticized
PVC membrane responses with quantitative prediction of
responses. This mode of operation allows for simplified
electrochemical cell configurations and alternative membrane
formulations for selective anion sensing.

2. EXPERIMENTAL SECTION
2.1. Electrochemical Measurements. Electrochemical

processes were conducted on a Biologic SP-150 potentiostat,
and data acquisition was done using the EC-LAB software
package. A standard three-electrode setup was used, with a 6
mm graphite rod (99.9995%, Alfa Aesar) counter electrode
and Ag/AgCl (SSC) RE (BASi). Polarization curves were
obtained by a minimum of 10 repeat cycles of galvanostatic
charging for 1 s followed by potentiostatic discharge at 0.0 V
versus SSC for 10 s. Nitrate was spiked in increasing

concentration under stirring, and the process was repeated.
Activity coefficients were calculated according to the Debye−
Huckel or Davies formalism, as indicated in the main text.
Selectivity coefficients were determined using the separate
solution method, where coefficients were calculated using the
slopes of the response curves when possible or estimated from
the difference in potential at the highest tested activity when
the slopes differ greatly.

2.2. ISE Fabrication. Three different ISM formulations
were used in this work: (1) conventional ionophore-based
nitrate ISMs, (2) molecularly imprinted nitrate ISMs, and (3)
molecularly imprinted phosphate ISMs.

Polyvinyl chloride (PVC)-based ionophore ISEs were
constructed using gold-coated plastic interdigitated working
electrodes (IDEs, Metrohm, P-IDEAU50) due to the facile
adhesion of PVC onto these plastic IDEs. PPy films were
electrodeposited onto IDEs at a constant potential of 0.8 V for
30 min in an electrolyte of 0.1 M aqueous pyrrole (98%, Alfa
Aesar) with 0.1 M NaNO3 support electrolyte under
continuous UHP argon purge (Airgas). The resulting films
were rinsed with methanol (99.8%, Sigma-Aldrich) to remove
unreacted monomers and dried at 50 °C for 10 min to
evaporate excess methanol. After PPy electrodeposition, the
ISM layer was applied. Conventional ionophore-based nitrate
ISM layers were prepared by dissolving NIVI (NIVI, 5.2 wt %),
dibutyl phthalate plasticizer (47.1 wt %), tetraoctylammonium
chloride (0.6 wt %), and polyvinyl chloride (47.1 wt %) in
excess THF. A 30 μL aliquot of the ISM cocktail was pipetted
onto the electrode surface, making sure to completely cover
the PPy TL. These were then dried in an oven at 50 °C for 10
min to remove THF and weighed on a 5-digit precision
balance. Average ISM weights based on three electrodes was
2.4 mg, corresponding to a ∼2 μm ISM thickness. This
standard NIVI ISM formulation was used unless otherwise
noted as a means to benchmark the measurement concept
outlined in Figure 1.

Molecularly imprinted nitrate and phosphate ISEs employed
gold-coated AT-cut quartz crystals (QZ, 5 MHz, Phillip
Technologies) as the working electrodes. Electrochemical
deposition of PPy was carried out at a constant potential of 0.8
V for 2 min in an electrolyte of 0.1 M aqueous pyrrole with 0.1
M NaNO3 support electrolyte, under continuous UHP argon
purge (Airgas) to deposit a layer of PPy onto the gold surface
of the QZ substrates. Here, only 2 min of electrodeposition
was required due to the rapid growth of PPy onto the gold
surface of the QZ substrates. Molecularly imprinted ISMs were
prepared using methods established previously.33,34 Briefly,
100 mmol 1-allyl-2-thiourea (98%, Sigma-Aldrich) was
employed as the functional monomer, with 10.0 mmol isoamyl
nitrate (98%, TCI) employed as the template molecule for
nitrate imprinting and 10.0 mmol diphenyl phosphate (99%,
Sigma-Aldrich) employed as the template molecule for
phosphate imprinting. The imprinting polymerization reaction
was performed by applying 100 mmol ethylene glycol
dimethacrylate (98%, Sigma-Aldrich) as the backbone polymer
to form a network of functional monomers and 1.2 mmol
azobis(isobutyronitrile) (98%, Sigma-Aldrich) as the radical
initiator in 4 mL of acetonitrile (99.9%, Fisher) as the solvent.
To synthesize the polymer, each reaction mixture (containing
either nitrate or phosphate template molecules) was prepared
using the above material quantities and placed in an oven at a
temperature of 55 °C for 16 h. This was followed by a heating
step at 80 °C for an additional 3 h. The resulting polymers
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were then processed by grinding and sieving. Then, to remove
the template molecules, the polymer particles underwent a
series of washing steps. Initially, a solvent mixture of 500 mL of
methanol and triethylamine in a 4:1 ratio (v/v) was used,
followed by subsequent soaking in pure methanol for 24 h.
Finally, to construct the ISEs, a mixture of 25 mg of imprinted
polymer particles and 20 mg of commercial silicone-based
epoxy was adhered to the surface of the PPy layer formed on a
gold QZ electrode. Nonimprinted polymers (i.e., polymers
synthesized without a template) have been previously shown
to have negligible nitrate34 and phosphate33 uptake and were
not considered in this work. Control experiments (not shown)
for the epoxy resin without the molecularly imprinted
polymers (MIPs) did not show selectivity toward any of the
anions tested below, making it a viable support material for the
MIPs. We note, however, that as the epoxy resin cures, all ion
transport through the epoxy slows and prevents ISE function.
As such, these epoxy-resin supported MIP ISE sensors are only
functional for ∼ 3 days, and the data reported for the below
sensors was collected within the first 48 h after sensor
fabrication. The use of support polymers other than epoxy-
resin will be the focus of future work.

3. THEORY
3.1. Potential Response in Current Polarized Plasti-

cized PVC Membranes. Several theoretical treatments of
nonequilibrium potentiometry have been previously pre-
sented22,31,32,35,36 and form the basis of the technique
presented here. A formal relationship between current, time,
and ion activities for polymeric membranes and MIPs is
derived as follows.

In a mixed ion system, the total flux J due to an applied
current i is given by eq 1.

=J i
FA z

1

j j (1)

Here, zj is the valence of ion j, F is the Faraday constant, and
A is the active electrode area. Assuming negligible contribu-
tions from migration and convection terms, the transient flux
of ion j is given by Fick’s second Law, which, expressed in
terms of concentration is

=
c

t
D

c

x
j

j
j

2

2 (2)

where x is the spatial domain in 1D, t is the elapsed time,
and Dj is the diffusion coefficient of species j. The
concentration as a function of position and time can be
obtained by a Laplace transform of eq 2, setting the solution|
membrane phase boundary at x = 0, and inverse transform to
the time domain (see Bard et al. for a complete solution).36

=c c
i
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t
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2
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j j
(0, )

0

(3)

= +c c
i
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j t j
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0
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Here, the accent indicates a membrane phase property, and
variables with no accent represent solution phase properties.
The potential at the phase boundary due to these
concentration distributions is given by22,31,32,35

=E E RT
z F

k a

a
lnj j

j

j j

j

0

(5)

Here, aj and aj̅ are the solution and membrane phase
activites of ion j, respectively, Ej0 is the standard cell potential,
and kj is the partition coefficient related to the free energy of
solvation.

=
i
k
jjjjjj

y
{
zzzzzzk

RT
expj

0 0

(6)

To get eq 5 in terms of i and t, we need an expression for the
membrane activity in terms of the membrane, ionophore, and
ion exchanger concentrations. This is accomplished by a mass
balance for the ionophore, where LT is the total ionophore
concentration in the membrane, cL̅ is the concentration of free
ionophore, and cj̅L is the concentration of the ionophore
complexed with ion j.

= +L c cT L
j

jL
(7)

We also need a charge balance over the membrane, given by
eq 8.

+ + =z R z c z c( ) 0R T
j

j jL j j
(8)

Here, zR and RT are the charge and concentration of the
lipophilic ion exchanger salt. We now introduce the ligand/ion
formation constant βj as

=
c

c cj
jL

j L (9)

And place into eq 8 to get

+ + =z R z c c(1 ) 0R T
j

j j L j
(10)

Now consider the case of a binary system with target analyte
A and interferent ion X, for which eq 10 is

+ + + + =z R z c c z c c(1 ) (1 ) 0R T A A L A X X L X (11)

Equation 11 can be rearranged to give

+
+

+
+
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Here, concentrations were replaced by activities with the
corresponding coefficients γ̅. Rearranging eq 5, we can rewrite
eq 12 in terms of the standard cell potential for species A and
X.
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(13)

Here, we have used the fact that for a monovalent ion/
exchanger pair, zR = −|zj |, and s = RT/F. We can now use the
definition of the Nikolsky selectivity coefficient KA,X to rewrite
eq 13.35,37,38 For the case zA = zX, we have
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Assuming the membrane activity coefficients are unity, the
membrane activity of target A is then

=
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Because the free ionophore concentration is generally not
known, it is convenient to rewrite eq 15 in terms of i and t.
Assuming all the ions in the membrane exist in the complexed
form, we can write eq 7 as

= + +

= + + + +

L c c c

c c
i
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t
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c
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2 2
T L AL XL
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(16)

Here, cA̅L and cX̅L are the concentrations of ion−ionophore
complexes with target A and interferent X, respectively. It
should be noted that if the ionophore is consumed during
polarization such that free ions are being pulled into the
membrane, binding affinity will no longer influence electrode
response, and selectivity will be dictated by ion transport.
Assuming the diffusion coefficients in the membrane are equal
and the initial membrane concentrations are zero, eq 16
reduces to

=c L i
z FA

t
D

4
L T

A (17)

We can define the second term in eq 17 as

N i
z FA

t
D

4

A (18)

Eqns. 17 and 18 can be inserted into eq 5 to give the full
description of the potential at the solution|membrane interface.
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Note here that aA, aX, and KA,X are all functions of i and t
according to Eqns. 3, 13 and 14. The phase boundary potential
at the CP|membrane interface must also be considered and is
given by

=E RT
z F

k a
a

lnCP
CP

CP CP

CP (20)

Here, all values retain their previous meanings, and the CP
subscript denotes the conductive polymer dopant ion. Given
that the dopant concentration in the polymer phase is very
high (6 M), such that aCP≫aC̅P, and we can treat aCP as
constant.22 The charge balance at this interface is

+ + =z R z c c(1 ) 0R T CP CP L CP (21)

for which the membrane activity due to polarization is

=
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For the case where the CP dopant ion and analyte ion A are
the same, eq 22 can be rewritten as
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and inserted into eq 19 to give the full phase boundary
description
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The second term in eq 24 is constant at a given current and
time. Additionally, the measured potential will be influenced by
the voltage drop from uncompensated resistance (ΔV) over
the ISE system and the baseline (open-circuit or stripping)
potential Eb as follows.

+ = + +V E iR
it

C
Eb beq

eq (25)

Here, Req and Ceq are the equivalent resistance and
interfacial capacitance, respectively. Given the high capacitance
of the CP layer, small input currents, and short pulse width, the
voltage drop over the capacitor (second term on the right side
of Eqn. 23) should be negligible.22,30 Adding Eqns. 24 and 25
and defining

E Ea i t b( , , )A (26)

we get our final expression for the total measured voltage,
where B(i,t) contains the membrane components and electronic
voltage drop.

= [ + ] +s
z

a K a Blna i t
A

A
Y

A X X i t( , , ) , ( , )A (27)

where E is the reported potential, Eb is the baseline (stripping)
potential, R is the gas constant, F is Faraday’s constant, zA and
aA are the valency of and activity of analyte A, aX is the activity
of interferent X, KA,X is the selectivity coefficient, and B(i,t) is an
offset parameter. A demonstration of the ability of eq 27 to
describe the potential response of a NIVI electrode under
pulsed current at varying ion activities in the presence of
interferents is provided in Supporting Information, Section 1.
Note that eq 27 is analogous to the Nikolsky equation for
open-circuit potential measurements of mixed solutions of
monovalent ions. The measured potential relative to the
baseline is thus expected to have response curves similar to
those obtained by zero-current potentiometry, provided B(i,t) is
constant during measurement conditions. We expect B(i,t) to be
a constant if membrane activity and voltage drop are fixed at a
given current and time. For example, the value of B(i,t) at a fixed
value of current and time across multiple NIVI electrodes and
electrolyte conditions is found to be a constant value of −24 ±
8 mV. In other words, in order to obtain a reversible electrode
response under applied current conditions, spontaneous
discharging of the membrane must be compensated by the
charging process (i.e., the membrane activity must be
approximately constant). In this context, several noteworthy
differences between pulsed current and passive voltage
measurements merit discussion. First, if the magnitude and/
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or duration of the applied current are too short under active
measurement, significant polarization of the membrane may
not occur, leading to negligible changes in response.
Conversely, if the magnitude and duration of the applied
current are large under active measurement, the solution|ISM
junction can be drained of ions, leading to dielectric potential
drop arising from the depletion region and producing a hyper-
Nernstian response. This can be largely addressed by using an
ionic strength adjustor (i.e., adding a background salt to the
measurement solution to ensure the boundary layer is not
depleted); however, hyper-Nernstian behavior can still occur if
significant migration potentials develop in the membrane
during charging.39,40 While common in potentiometric
laboratory measurements, ionic strength adjustment is not
always practical, e.g., for field use. In this situation, the current
and/or time can be adjusted to prevent phase boundary
depletion according to eq 3 by setting cj(0,t) = 0 to estimate the
limiting conditions. We emphasize that this may require
additional experimental optimization and, possibly, longer
acquisition times. Second, the choice of a stripping potential is
somewhat arbitrary, and standard nonpolarizable reference
electrodes can be replaced with polarizable electrodes provided
the RE is overcapacitive compared to the ISE. Finally, the
selectivity of the membrane is strongly influenced by the rate
of transport across the solution|ISM interface,41 and the
selectivity coefficient is expected to fluctuate with current and/
or time. This fact implies that active measurement employs a
fundamentally different approach to ion sensing compared to
traditional ISE measurements in which ion transport
limitations can take precedence over binding affinity of target
analytes to active sites, as outlined in Figure 1d above.

3.2. Potential Response in Current Polarized MIP
Membranes. For ion conducting membranes containing no
ion exchanger and immobilized active sites, ions must traverse
the length of the membrane to complete the circuit during
polarization. This will lead to the development of an internal
diffusion−migration potential, and the flux must be rewritten
to include this effect.35,38,39

= +J D
dc
dx

c
d
dx (28)

Here, μ is the ion mobility (m2 V−1 s−1), φ is the diffusion−
migration potential, and the other terms retain their previous
definitions. Equation 28 can be rearranged to give

= +d
dx

J
c

D
c

dc
dx (29)

Equation 29 can be integrated over the total membrane
thickness d to give the potential difference due to diffusion−
migration process

= +d
J dx

c
D

d cln
d d d

0 0 0 (30)

for which the partial solution is
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Note that eq 31 can be solved by inserting an appropriate
test function for the concentration. Here, we use the
Henderson equation35,38

= +c c
c c

d
xx

d
( ) (0)

( ) (0)

(32)

a commonly used linear equation for determining junction
potentials; however, the diffusion/migration potential is given
by the difference at the end points of the integration, and for
qualitative purposes the exact functional form is arbitrary. We
can multiply eq 32 through by membrane activity coefficients γ̅
and insert it into eq 31 and use the substitution u = a(̅x), and
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for which the solution is just
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Here, we have used eq 1 for J and D/μ = RT/zF. While the
exact functional form of c ̅ is not known, the activity at position
x = d can be estimated from eq 4 by setting a ̅0 = 0 and using
the Einstein diffusion length d Dt2 .

=a
id

zFAD
2

2d( ) (35)

To observe a Nernstian response, the membrane activity at x
= 0 (a(̅0)) must be proportional to the solution phase activity
a(̅0), a(̅d) must be a constant, mobility μ must be sufficiently
large, and the condition a(̅0) > a(̅x) must hold for all x. Given
these criteria, the membrane phase boundary concentration
can be estimated by combining Eqns. 3 and 4 to get
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As for the plasticized PVC membranes, a baseline potential
and voltage drop will be present according to eq 23, and our
final expression is
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Here, as before, B(i) contains the voltage drop and constant
phase boundary terms, and aA̅(0) is a function of current.

4. RESULTS AND DISCUSSION
As a test case to examine the above theoretical treatment and
demonstrate the benefits of pulsed current nonequilibrium ISE
measurement for anion sensors, we employed a thin-film NIVI
membrane for nitrate detection, as described in the
Experimental Section. Here, we employed a PPy TL to absorb
the anions under a positive electrical potential (oxidation), as
depicted in Figure 1a. To obtain reproducible ϕ versus t
curves, the measurement (charge) step must be followed
immediately by regeneration (discharge) step to return the TL
to a reduced state. This process can take several minutes under
zero-current conditions,40,42 and we instead opt for controlled
discharging at a fixed reducing (or stripping) potential of 0.0 V
(approximately 200 mV more reducing than the equilibrium
potential of oxidized Ppy). Figure 2a−d shows sample raw data
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curves and physical schematics of typical charging and
discharging experiment. Here, the active current measurement
consists of two steps: (1) a single pulse of constant current
measurement for 1 s, where the shift in potential versus OCV
is tracked during the duration of the measurement, and the
overpotential (ϕ) is calculated at the end of this constant
current pulse (Figure 2a,b), and (2) a potential hold at 0.0 V
versus SSC for 10 s to return the PPy TL to a reduced state
(Figure 2c,d).

The reversibility of a given charge/discharge cycle can be
assessed by calculating the total charge Q transferred during
the forward and reverse processes, where Q is directly related
to the moles of charge by the Faraday constant F. For the
sample data in Figure 2a−b, we calculate a ratio Qc/Qd of
0.98(±0.04) based on five repeat cycles, indicating that ions
extracted by a 1 s current pulse are adequately removed by a 10
s discharge at constant voltage. Depending on the choice of
material for the transducing layer, the stripping potential used
during the regeneration step can impact potential drift.30 This
is due to large changes in conductivity associated with different
redox forms of conductive polymers that can lead to large
voltage drops and irreproducible measurements. For the
polypyrrole transducer employed here, the onset potential for
oxidation is roughly −100 mV versus SSC,43 and stripping
potentials around this value (here, we use 0 mV vs SSC) are
appropriate for regenerating the PPy TL between measure-
ments. We note that over-reduction of PPy may lead to a
decrease in the electrical conductivity of PPy that could
impede electronic measurements.

To validate the theoretical treatment presented in eq 27, we
compare model and experimental response curves in Figure 3.
Here, several variables related to the geometry and physical

properties of the electrode must be known to model the
electrode response. The detailed treatment for how these
variables are related to eq 27 is provided in detail in Section
3.1. Values that could not be calculated were either measured
directly or estimated from the literature and are as follows: D =

Figure 2. Potential/time dependence (a) and schematic of membrane loading (b) of a thin-film NIVI ISM during galvanostatic charging, where Qc
is the accumulated charge and ϕ is the potential shift from the stripping potential (0.0 V vs SSC) taken as the analytical signal. The current decay
(c) and membrane discharge process (d) are shown for the stripping step, where Qd is the removed charged.

Figure 3. Comparison of experimental (black) and predicted (red and
blue) nitrate response curves using a thin-film NIVI ISM at an applied
current of 2 μA for 1 s with a 0.01 M Na2SO4 ionic strength adjuster.
Error bars are representative of two repeat measurements (10
charge−discharge cycles each) at each concentration. Sensitivity S is
given by the slope of the experimental curve.
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10−5 cm2/s,44 D̅ = 10−7 cm2/s,44 RT = 3 μmol/cm3, LT = 30
μmol/cm3, βNO3 = 1.4,13 kNO3 = 0.00015,45 kCP = 15,46 ΔV =
20 mV, A = 0.17 cm2, aCP = 6 mmol/cm3,22 and T = 300 K.
Here, D and D̅ are the solution phase and membrane phase
diffusion coefficients, respectively, based on molecular
dynamics simulations of chloride anions in bulk solution and
polymer membranes. RT and LT refer to the ion exchanger and
ionophore concentration, respectively, and are calculated based
on the percent composition of the membrane, average
membrane weight, and estimated membrane density (1.1 g/
cm3).47 The binding constant βNO3 was obtained from the
sandwich membrane method.13 The partition coefficients for
nitrate anions in the membrane (kNO3) and conductive
polymer phase (kCP) were taken from solubility measurements
in plasticizer and polypyrrole media. The voltage drop arising
from uncompensated resistance ΔV was measured from the
polarization curves as indicated in Figure 2a, and the active
area A was determined from the line width and spacing of the
interdigitated electrode current collectors. The conductive
polymer phase activity aCP was estimated from the density and
average doping level of electropolymerized PPy. Activities in
Figure 3 were calculated by using the Debye−Huckel equation.
The model behavior agrees well with experimental data at
intermediate to high activity ranges (10−3.5−10−1), with major
deviation occurring at low ion activity. We note that the model
predictions in Figure 3 assumed a selectivity coefficient of
KNO3,SO4 = 0 for this calculation (i.e., no SO4

2− transport
through the membrane). However, some coextraction of the
sulfate anion likely occurs at low nitrate activity and would
explain the depression of the experimental value below the
predicted value. Setting KNO3,SO4 = 0.0015 provides the exact
agreement of the model with the experimental data at aNO3 =
10−4.

As described in the introduction, the response characteristics
of ISEs under passive conditions are largely influenced by
membrane composition, with thinner membranes showing
lower sensitivity and detection ranges.21 Indeed, the nitrate ISE
sensors used here which employed a thin ∼ 2 μm NIVI ISM
(>100 times thinner than typical NIVI ISM layers) show poor
response and long equilibration times under zero-current
potentiometry. Figure 4a shows changes in the open-circuit
potential with time as the nitrate activity is increased. While
the electrodes do respond to changes in activity as suggested
surrounding the discussion of Figure 1, the sensitivity (−24
mV/decade) is <50% of the Nernstian slope, and measure-
ments can take several minutes to stabilize. These character-
istics are inherent to potentiometric measurements using thin-
membrane SC−ISEs, for which no membrane discharge
compensation mechanism exists, and response metrics are
often poor compared to liquid-contact analogues.48,49

In contrast, the applied current method offers several
significantly improved performance metrics in comparison to
those of open-circuit potentiometry. Figure 4b shows the
results of galvanostatic polarization of the same electrode over
the same activity range shown in Figure 4a, where the lines
plotted for each indicated activity represent 10 consecutive
pulsed current measurement cycles. The data in Figure 4b
indicate that instrumental control of the electrode system
allows for a drastic reduction in equilibration time. Defining
the equilibration time as the time needed for the potential drift
to stabilize within 1 mV/min following each activity increase,
we calculate an average equilibration time of 174 s (2.9 min)
for the passive measurements in Figure 4a compared to 10 s

using the galvanostatic measurement in Figure 4b. This is
especially crucial in long-term studies or continuous
monitoring applications where large fluctuations in potential
could compromise measurements. Moreover, pulsed current
detection facilitates faster response times by driving the ion
flux at the solution|ISM interface, enabling the >10-fold
decrease in equilibration times between Figure 4a,b. This is
particularly advantageous in dynamic systems, where rapid
changes in ion concentrations occur. Here, active pulsed
current control is used to tune the ISE system such that
membrane self-discharge is adequately compensated and the
phase boundary activity is representative of the bulk.

Another advantage arises from the pulsed current measure-
ment approach. Because the analytical signal employed here is

Figure 4. Variation in potential with time for (a) a thin-film NIVI
ISM electrode under open-circuit conditions and (b) the same
electrode under 2 μA applied current, where the lines under each
concentration in (b) are representative of 10 charge/discharge cycles
at each concentration. Approximate activities corresponding to the
potential step are indicated at each step. Sensitivity S is shown for
each condition in red.
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the differential potential measured relative to baseline as
opposed to a standardized reference potential, ideal REs can be
replaced with lower-cost alternatives. High capacitance
materials undergo minimal potential shifting at low charging
currents, and the resulting signal is dominated by changes at
the WE.50 This concept is shown in Figure 5, in which the

nitrate response using a graphite rod as a RE is similar to that
observed using an SSC reference. We emphasize the practical
benefit indicated by the data presented in Figure 5, where the
potential drift of the reference is inconsequential. This is
because the measurement under active ISE measurement is of
the overpotential during electrode charging (ϕ) over a short
(∼1 s) time scale, rather than the open circuit potential versus
a reference over a longer time scale. Any drift in the reference
potential is subtracted during the overpotential measurement
using two pulsed current (measurement) and reducing
potential (regeneration) steps (Figure 2). We note that a
shift in calibration offset is expected when comparing
measurements between SSC and graphite REs, as the
uncompensated resistance will be different between these
two reference electrodes with different geometries. Indeed,
Figure 5 shows a 12 ± 4 mV change in offset between REs.
This difference is constant at fixed current and time, however,
and does not reduce the measurement sensitivity. The results
in Figure 5 are interesting for several reasons. The ability to use
overcapacitive REs allows for reduction in ISE complexity,
eliminating associated issues like RE storage, electrolyte
leakage, and potential drift. Additionally, simplified (e.g.,
carbon) RE materials allow for alternative configurations and
geometries if the cumbersome liquid-contact RE can be
eliminated. Lastly, standard reference electrodes (like SSC) are
expensive, and replacement of these electrodes with cheaper
constituents can significantly reduce the cost of ISE systems.

For the system and method employed here to be suitable for
environmental analysis, the ISE should be able to resolve the

target anion in environmental samples. This can often be
difficult, as intrinsic interferents, pH variation, and dissolved
reactive species can cause substantial deviations from measure-
ments in carefully controlled lab conditions.51 To test this, we
measured the nitrate response of the polarized SCISEs in
CERC 100 hardness water, a standardized representative of
natural Missouri river water (water quality: dissolved oxygen =
8.2 mg/L, pH = 8.3, hardness = 109 mg/L CaCO3, alkalinity =
91 mg/L as CaCO3).

52 A more detailed analysis of CERC 100
hardness water chemistry can be found in ref 52. The results of
the galvanostatic nitrate detection are shown in Figure 6.
Similar to nitrate detection in 18 MΩ water (Figure 3), the
curve is depressed at a low nitrate activity of ∼ 10−4, where
interference from background ions is significant.

At nitrate activity >10−1.5 in Figure 6, the response is again
depressed. This is likely due to saturation of the solution−
membrane interface, which is not observed in the case of
laboratory water samples (Figure 3) but is induced by the
additional ions in the mock environmental samples. Regardless,
the sensitive region of the current polarized electrodes
encompasses the EPA maximum contamination level for
nitrate (45 ppm),53 indicated by the dashed red line on Figure
6.

In addition to response characteristics, the selectivity
coefficient KA,X varies with current and time for ions with
different lipophilicity.54 Assuming eq 27 holds for all anion
species X, the selectivity of the SC−ISE can be calculated using
the separate solution method. Figure 7 shows the results of
pulsed polarization in separate solutions, in which the
selectivity improves with an increased current to a limiting
average value of 0.002 on the 10−20 μA range. Unfortunately,
depletion effects occur at these higher currents, and to avoid
depletion, the current should be limited to the 2−4 μA range,
for which we measure KNO3,Cl = 0.02. While the electrode
response is excellent in this range, typical open-circuit KNO3,Cl

Figure 5. Comparison of nitrate calibration curves for a thin-film
NIVI ISM using SSC (black) and graphite (red) RE. Calibration was
done at 2 μA input signal and 1 s pulse width in 0.01 M Na2SO4
background electrolyte. Error bars are representative of two repeat
measurements each.

Figure 6. Nitrate detection using a thin-film NIVI ISM in CERC 100
hardness mock river water obtained at a 2 μA input current with a
0.01 M Na2SO4 ionic strength adjuster. Error bars are representative
of two repeat measurements (10 charge/discharge cycles each) at
each nitrate activity.
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values for NIVI-containing ISM’s range from 0.006 to 0.0113

depending on the methods involved. This indicates that some
selectivity is sacrificed using the thin NIVI membranes with
pulsed current measurement compared to the thick NIVI
membranes with passive measurement. A more detailed
theoretical and experimental description of the dependence
of selectivity on current for solutions of mixed ions is given in
Supporting Information, Section 2. We attribute this reduced
selectivity of these NIVI-based ISEs under pulsed current
operation to the fact that the applied polarization helps drive
interfering ions through the membrane without the assistance
of the ionophore or ion-exchange mechanisms.31 We note that
the ionophore-based NIVI ISM formulation that we employ
has been previously engineered for its ion binding affinity to
nitrate, but this is not the operative property that governs
selectivity in pulsed current operation, as outlined in Figure
1c,d.

In typical passive ISE operation, membrane selectivity is
determined largely by the binding affinity among the target ion,
the interfering ion, and the ionophore or active site. When an
external electric field is employed, differences in ion transport
become significant, allowing for the selective transport of target
ions through the membrane. The use of applied current as a
mechanism for selectivity based on differences in ion transport
opens a new landscape of membrane designs. Materials with

inherently slower ion transport rates, previously deemed
impractical, can now be used as ISE components. By using
applied current to accelerate ion transport, these materials can
potentially offer higher selectivity factors without compromis-
ing sensitivity and response time. This principle is illustrated in
Figure 8, where ions having higher mobility will move through
the membrane with higher flux, and will have higher
concentrations in the membrane during polarization, and
therefore a less drastic voltage shift during galvanostatic
charging. In other words, it is differences in solid state
diffusivity through the membrane that govern ion selectivity
under the active current measurement. Solid state ion
diffusivity through membranes is a kinetically limited process,
arising from energy barriers for ion hopping through the solid,
and is not governed by the thermodynamics of ion solubility in
the membrane, as outlined in Figure 1d above, and repeated in
Figure 8b.

This realization that the membrane selectivity under active
measurement is governed by differences in ion transport
kinetics rather than ion binding thermodynamics in the ISM
has a meaningful impact on sensor design. Specifically, this
means that materials need not necessarily be engineered to
have favorable thermodynamics for binding a target anion to
be useful as membrane materials in ISEs. Instead, if different
ions experience different transport behaviors through a given
material, this material can be used as a membrane material in
an ISE sensor under pulsed current measurement. To test this
conclusion, we replaced the NIVI ionophore membranes used
above with a nitrate-templated ethylene glycol dimethacrylate
and allyl thiourea (MIP-N) MIP membrane material. This
MIP-N powder was blended within an epoxy suspension
matrix and constructed into a PPy/MIP-N ISE according to
the methods section. Briefly, allyl thiourea monomers serve as
active sites for templating nitrate-selective sites into the MIP-N
polymer based on hydrogen bonding interactions. These
monomers are coordinated to an organo-nitrate (isoamyl
nitrate, IAN) during synthesis, and cross-linked in place with
polyethyelene glycol dimethacrylate. The IAN is then
removed, leaving nitrate-templated sites in the polymer. The
polymer is suspended in an epoxy matrix and cast onto the
PPy-coated gold surfaces of QZ electrodes. This type of MIP-
N material has been shown to uptake nitrate ions by
impedimetric34 methods where enhanced mobility of the
templated ion through the material was used to measure the
nitrate concentration in test solutions. Based on the previous
demonstrations that nitrate transport is enhanced in this MIP-

Figure 7. Polarization curves obtained in separate 0.01 M solutions of
NaNO3 (gray) and NaCl (blue) for a thin-film NIVI ISM electrode.
The resulting selectivity factors as a function of current are shown in
red and plotted on the right axis.

Figure 8. Electrode cross section showing an ion conducting membrane (a) templated for target anion A− with increased flux for the target over
interfering anions X− during galvanostatic polarization and (b) differences in overpotential due to higher target concentration between phase
boundaries 2 and 3.
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N over other anions, we would expect these MIP-N
membranes to also be functional in active ISE measurements.
The MIP-N membranes have several distinctive differences
from the plastic membranes discussed earlier. First, the cross-
linked active sites are immobilized in an epoxy matrix, in
contrast to the freely moving ionophore sites in a plastic
membrane. Second, the MIP-N membranes do not contain an
anion exchanger salt, and thus, the ion exchange mechanisms
utilized by plastic membranes are not available. This means
that MIP-N sensors operate by a different mechanism from the
mechanism described in Figure 1, where ions must traverse the
membrane during charging in order to maintain current flow,
and the results of eq 27 must be modified to account for
membrane diffusion and migration contributions. The final
voltage response in this case is given by eq 37, where steady-
state conditions were assumed for solving the Nernst−Plank
equation. We note that higher currents are needed to
sufficiently polarize the MIP-N sensors compared to the
plastic membranes, and the concentration of the ionic strength
adjustor was set to 0.1 M Na2SO4 to limit interfacial potential
drops. As such, the Debye−Huckel treatment of activity is no
longer appropriate, and all following activities were calculated
using the Davies equation. It follows that for ions with high
mobility, the second term in the curly brackets of eq 37 will be
small, and a quasi-Nernstian response will be obtained. As the
mobility decreases significantly, the second term in the curly
brackets of eq 37 will become dominant, requiring a higher
potential to sustain a specified current. Treating the transport
of multiple ions across the membrane as a group of parallel
resistors, the highest mobility ion will dominate the potential
drop behavior for a given ISE operated under a pulsed current.

In Figure 9, we compare the model predictions from eq 37
versus the performance of ISMs fabricated using the MIP-N
ISM. Figure 9a shows the qualitative prediction based on eq 37
for ϕ versus log(a) for ions with different mobilities. Here,
qualitative predictions were used because the solubility and
diffusivity of each ion in the composite membrane were
unknown, and these are necessary for quantitative predictions.
The responses using pulsed current measurement for different
anions with a MIP-N ISE sensor in Figure 9b agree with these
q u a l i t a t i v e t r e n d s , i n d i c a t i n g t h a t

> > >NO Cl H PO ClO3 2 4 4
f o r M I P - N , w h e r e

/1000ClO NO4 3
. In Figure 9c, we plot the responses for

nitrate using passive vs active measurements. Similar to the
thin NIVI ISMs in Figure 3a above, the MIP-N membranes
exhibit sub-Nernstian responses under passive voltage
conditions, making it difficult to separate ion insertion
processes from other surface charge contributions to the
measured voltage. This response is greatly improved by
utilizing the pulsed current method, with near-Nernstian
responses to nitrate activity observed at the 3 μA input signal
(Figure 9c). The depressed response curve for passive
measurement in Figure 9c despite ISM thicknesses of more
than hundreds of microns suggests that the nitrate-thiourea
complexation constant for these membranes is low. Despite
this weak complexation interactions, control of interfacial
transport via applied current overcomes these inherent
thermodynamic limitations, providing a near-Nernstian
response under pulsed current measurement conditions.

As expected, the influence of transport phenomena on
sensitivity extends to the selectivity for the MIP-N sensors as

Figure 9. Theoretical (a) and experimental (b) response curves using MIP-N ISM sensors at 3 μA current with a 1 s pulse width in a 0.1 M Na2SO4
ionic strength adjustor, where the model mobilities in (a) are reported relative to the maximum value necessary to reproduce the experimental
curves in (b). Panel (c) shows a comparison between nitrate response under open-circuit (red) and applied current (black) conditions. Selectivity
factors showing preference of MIP-N sensors over chloride (red), phosphate (blue), and perchlorate (green) are shown in panel (d). The
selectivity factor KNO3,H2PO4 was calculated by assuming all phosphate ions are in the −1 charge state. Error bars are representative of sample
standard deviations for three electrodes with two measurements each.
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well. This point is illustrated in Figure 9d, where a comparison
of separate solution calibrations of the MIP-N sensors to
nitrate analyte and chloride, monobasic phosphate, and
perchlorate interferents is shown. These interferents were
examined to test the effects of the ionic radius and geometry
on selectivity. The nitrate and chloride anion have roughly the
same radius (179 pm)55 but planar and spherical geometry,
respectively. Monobasic phosphate and perchlorate both have
pyramid geometry, but significant differences in covalent radii
(200 and 250 pm, respectively).55 The MIP-N sensors show
large overpotentials in the presence of these interferents when
compared to those of nitrate. These overpotentials arise from
the additional energy required to move the interfering ions
through the MIP-N ISM, suggesting that the templating
procedure indeed provides a coordination network that
facilitates the transport of the nitrate ions. The larger
interference effect of the Cl− relative to ClO4

− and H2PO4
−

suggests that the source of ion selectivity in MIP-N may arise
from size-exclusion effects.

The selectivity values in Figure 9d are comparable to
commonly reported values for ionophore-based nitrate ISEs
operated under zero-current potentiometry, except for the
perchlorate response. The perchlorate anion is a major
interferent for most nitrate ISEs due to the high binding
constant of perchlorate to the nitrate ionophore.13,56 In
contrast, the MIP-N sensors are highly discriminate against
perchlorate (KNO3,ClO4 = 0.001 vs KNO3,ClO4 = ∼ 300 for
NIVI).13,56 This suggests a membrane network well templated
for nitrate transport but ill-suited for transport of ions with
different geometries. The advantage of such a transport-
controlled sensor is that it offers a different mode of selectivity
without the need for specialized ionophores, provided
coordination environments and pathways can be introduced
via an appropriate template molecule during membrane
synthesis. Based on the proof-of-concept demonstration for
MIP-N above, we expected that the templating procedure used
to produce the MIP-N membranes could be extended to other
species. To show this, we synthesized membranes using the
same formulation as that in Figure 9, but replaced the isoamyl
nitrate template with diphenyl phosphate to make phosphate
templated sensors (MIP-P). Sensitivity and selectivity curves
using the combined MIP-P sensors and galvanostatic detection
are shown in Figure 10.

Unlike the plastic membrane and MIP-N sensors, the MIP-P
sensors exhibit deviations from the Nernstian response
described in eq 37 for both monobasic and dibasic forms of
phosphate. Qualitatively, the response of the MIP-P sensors to
monobasic phosphate is similar to that of the MIP-N sensors
for nitrate; however, the slope of the linear region indicated in
Figure 10 is hyper-Nernstian. As the background electrolyte
activity is quite high, the hyper-Nernstian response is not likely
the result of phase boundary depletion, and there are other
more plausible explanations. Simultaneous coextraction of
background electrolyte and analyte can lead to hyper-
Nernstian behavior under passive conditions, and it is possible
that this phenomenon is occurring during membrane
charging.37 For dibasic phosphate, there is a nonlinear region
at low activity coupled with a hyper-Nernstian region at higher
activity (note that for an ion of −2 charge, eq 27 predicts a
response of −30 mV per decade). Interestingly, the potential
response to dibasic phosphate is lower than that of monobasic
phosphate by ∼ 100 mV, indicating the preference of the MIP-
P electrode for this ion form. The nonlinear trend for dibasic

phosphate in Figure 10 can be explained in terms of pH
changes occurring in the test solution during analyte addition
(see Supporting Information Section 2 for more detail). At low
activity (∼10−5), 80% of phosphate is in the monobasic form.
As the activity of dibasic phosphate (black curve) is increased
to 10−3, the pH increases rapidly, dibasic phosphate becomes
the dominant form, and a linear response is obtained beyond
this point. The slope of the dibasic phosphate curve is
approximately half that of monobasic phosphate, indicating
transport of a −2 charged ion. In contrast, the monobasic form
is dominant for all data points on the blue curve in Figure 10.

Similar to MIP-N sensors, the selectivity of MIP-P sensors
was determined by separate solution calibration with nitrate,
chloride, perchlorate, and carbonate (Figure 10b). Selectivity
factors were calculated by eq 38.

Figure 10. Response curve (a) of MIP-P ISM sensors to monobasic
(blue) and dibasic (black) phosphate as well as other interferents
using 3 μA applied current with a 1 s pulse width in a 0.1 M Na2SO4
ionic strength adjustor. Panel (b) shows selectivity factors estimated
from panel (a). Error bars are representative of samples standard
deviations from two electrodes with two measurements each.
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Here, i refers to dibasic phosphate (HPO4
2−), j is the

interferent, S is the slope indicated in Figure 10a, activities ai
and aj were taken from the highest dibasic phosphate activity
(10−1.6), and potential ϕj was calculated at log aj = −1.6 by
linear fits to each interferent curve. The MIP-P sensors show
no selectivity to monobasic phosphate over the interfering
ions, meaning that the templating procedure produced a highly
nonspecific coordination environment for the monovalent
form. The sensors do, however, show high selectivity for
divalent phosphate, which suggests that the valency is
influencing phosphate transport through the polymer matrix.
We note that the diphenyl phosphate template molecule we
employed during phosphate templating is expected to produce
tetrahedral coordination of three R−P−O···H−N−R hydrogen
bonding interactions (with isoamylnitrate) and one R−P−O−
H···O−R hydrogen bonding interaction (with ethylene glycol
dimethacrylate) in the MIP formulation. The dibasic form of
phosphate [P(OH)O3

2−] reflects the same quantity and type
of hydrogen bonding interactions as expected for diphenyl
phosphate, whereas the monobasic form [P(OH)2O2

−] has a
mismatch in the hydrogen bonding interaction types and
quantities. The rejection of carbonate, another divalent anion,
by the MIP-P electrodes may be explained by the different
geometry (trigonal planar) and different quantity and type of
intermolecular hydrogen bonding interactions relative to the
template molecule. While further work is needed to confirm
these theories regarding the molecular origins of these
transport differences, the diphenyl phosphate template
molecule has indeed imparted selectivity for transport of
dibasic phosphate and, when coupled with pulsed current
measurement, produces a functional ISE to detect phosphate.

5. CONCLUSIONS
In this work we demonstrate a predictive theoretical
description and practical examples of pulsed current operation
of ISEs for anion detection. Using PVC-based ISMs containing
a nitrate ionophore (NIVI), we demonstrate that pulsed
current provides the benefits of (1) > 100 times thinner ISE
membrane layers, (2) > 10 times faster measurement, and (3)
simpler construction without the need for a chemical RE. In
addition to the demonstration of these practical benefits, we
identify that the fundamental sensing mechanism during
pulsed current measurement arises from differences in ion
mobility in the ISM, rather than differences in thermodynamic
binding affinity. The ability to use differences in mobility as the
sensing mechanism under pulsed current operation allows for
simpler materials to be used as ISM layers in ISEs. This
motivated us to use established MIP membrane materials as
ISM layers in pulsed-current ISE devices. We report successful
ISE sensors for nitrate and phosphate using this approach. The
MIP-based nitrate sensor design we report operated under
pulsed current provides near-equivalent selectivity against
chloride to ionophore-based sensors (KNO3,Cl = 0.01) and
exhibits substantially higher selectivity against perchlorate
compared to NIVI (KNO3,ClO4 = 0.001 vs KNO3,ClO4 = ∼ 300 for
NIVI). The MIP-based phosphate sensor design we report
operated under pulsed current provides exceptional selectivity
against Cl−, NO3

−, ClO4
−, and CO3

2−.

To develop improved pulsed-current anion ISE sensors, new
materials are needed as ISM layers that exhibit differences in
anion mobility, with the highest mobility for the target analyte.
While MIPs are demonstrated in this work as one viable option
to provide selective anion mobility, and represent a broader
trend in sensors in general,57−59 one of the challenges with the
MIP platform is the uniform delivery of a MIP membrane
layer.60 In this work, we overcome this challenge using a
support polymer, but this support polymer poses practical
issues for device design, requiring no ion interactions, high
chemical stability, and strong electrode surface adhesion. One
potential opportunity to overcome this design limitation is to
form uniform, continuous MIP ISM layers directly onto the
ISE sensor surface via, e.g., vapor-phase polymer deposition
and/or cross-linking.43,61−63 Beyond the MIP platform, recent
studies have provided new fundamental insights into differ-
ences in ion mobility in crystalline solids,64 nanopores,65−67

and lead halide perovskites.68 Leveraging this improved
understanding of different anion mobilities in other material
classes may allow new materials to be incorporated into
pulsed-current ISE sensor designs to create new anion sensors.
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