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ABSTRACT: We present a novel approach to measure ionic conductivity with a self-
powered strategy. In particular, we propose the use of a paper-based battery as a sensor.
The battery sensor unit consists of two electrodes placed side-by-side and covered by a
piece of hydrophilic paper strip. The electrodes are externally connected to a resistive
element. The addition of the fluid to be sensed—which acts as the electrolyte—activates
the battery, which generates an output voltage that is dependent on the conductivity of
the liquid sample. The device, which is conceived as a single-use disposable sensor, has
been tested with different synthetic and biological liquid samples. The battery sensor
effectiveness has been assessed by comparing its performance with a commercial
laboratory conductometer. The device opens new avenues for conductivity monitoring in
small portable and wearable devices, as it simplifies the number of electronic components
and the need of additional power sources.
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onductometry is a widely used method to perform the

measurement of the electrolytic conductivity of a sample
and determine its ionic content or to monitor the progress of a
biochemical reaction." The electrochemical technique used to
measure the conductivity of a liquid sample is the electro-
chemical impedance spectroscopy (EIS). EIS is a powerful
electrochemical technique, which has the ability to study the
intrinsic material property or specific processes that could
influence the conductivity or capacity of an electrochemical
system.”” EIS combines the analysis of both real and imaginary
components of impedance, which are the conductivity of the
electrolyte and the value of the impedance at high frequencies
when the imaginary contribution is zero and only the real
component is contributing. Specifically, to sense the
conductivity of fluids, the most reported conductivity sensors
are based on interdigitated electrode pairs, generally made of
noble metal materials, to which a small sinusoidal alternating
potential signal is applied, whereas the current induced
between them is measured. The configuration of the electrode
pairs and the distance between them defines the cell constant
of the probe, impacting directly on the sensitivity of the
device." Conductometry has proven to deliver relevant
information in an extensive range of applications. For water
resources, for example, conductivity is used to indicate whether
the water is too saline to be drinkable or useable for
irrigation.s’6 In the field of biosensing, conductivity sensors
have been broadly applied to the study of enzymatic reactions
that produce changes in the concentration of charged species
as a result of the catalysis of a chemical compound (urea, L-
asparagine, creatinine, etc.).”” They have also been used to
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directly monitor the changes in conductance of an electrode as
a result of the immobilization of complementary antibody—
antigen pairs,g’9 DNA,’ or whole cells."""*

Whereas interdigitated electrodes for conductometry can be
easily miniaturized and mass produced,'” an important
limitation of the applicability of these sensors in portable
and wearable devices is the electronic equipment associated
with the mentioned systems that is needed, as to perform an
impedance measurement the instrumentation required is
complex and bulky in most cases. Moreover, as electrodes
interact with the body fluids to monitor, operational time is
limited and electrode reuse is generally avoided. For this
reason, the biosensors tend to be incorporated in a single-use
disposable platform/cartridge connected to a reusable
electronic module.”™" In recent years, the increase in
personal health monitoring has led to devices where both
single-use sensors and electronics are disposed of (e.g., the
application does not require further monitoring—Clearblue
pregnancy test—or the sensing consumable part is intimately
integrated with the electronics and designed to be discarded at
the same time—FreeStyle Libre glucose monitor from
Abbott). This all-in-one trend is expected to grow significantly
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Figure 1. Basics of the conductivity paper battery sensor. (a) Scheme of the paper battery sensor showing all the resistive contributions governing
the performance of the battery. (b) I—V characteristic polarization curve of the paper battery (solid line). External resistive load Ry ,4 connected to
the battery (dashed line) intersects the I—V curve in the Ohmic region so that the battery operates at V,, and i, values directly related with the
internal resistance of the paper battery sensor. (c) Maximum sensitivity obtainable with the paper battery sensor when Vicp is 1 V.

in the upcoming wave of digital and personalized diagnostics.
In this sense, self-powered galvanic sensors have arisen as a
smart approach to ease and simplify single-use point-of-care
devices, as they merge power sources and sensors into a single
element and eliminate the need of additional power sources.

Remarkable examples of this are the lactate or the glucose
single-use sweat patches'®™*" that make use of the lactate and
glucose anodic oxidation to build up a fuel cell able to generate
power in proportion to the amount of analyte content.

In this paper, we present a novel approach that allows to
measure jonic conductivity with a self-powered strategy. In
particular, we propose to use a paper-based battery to sense
ionic conductivity by using the liquid to be sensed as a battery
electrolyte. The self-powered conductivity sensor effectivity to
discriminate sweat conductivity when integrated in a single-use
printed patch was recently reported.”

In this paper, we describe the operating principle of the
paper battery as a stand-alone disposable sensor and show its
suitability to measure different biological liquid samples in a
very simple and affordable way.

B EXPERIMENTAL SECTION

Chemicals and Samples. Solutions of NaCl (Sigma-Aldrich, St.
Louis, Missouri, USA) were daily prepared and the conductivity and
temperature of the solutions were measured with the 914 pH/
conductometer (Metrohm AG, Herisau, Switzerland). Artificial
eccrine perspiration and artificial urine (Pickering Laboratories,
Mountain View, CA, USA), phosphate buffer (Sigma-Aldrich, St.
Louis, Missouri, USA), milk samples (Central Lechera Asturiana,
Asturias, Spain), and pineapple juice samples (Conserve Italia Soc
Coop Agricola, Bologna, Italy) were used to perform the final
validation of the device.

Battery Fabrication. The battery was designed with CorelDraw
(Corel, Ottawa, ON, Canada) and fabricated by rapid prototyping
such as laser cutting (Mini 24, Epilog Laser, Golden, CO, USA). The
device was mounted with pressure-sensitive adhesives of medical
grade (Adhesive Research, Glen Rock, PA, USA) by stacking all the
layers. The paper used to absorb the sample was a LF1 glass fiber filter
from GE (General Electric, Boston, MA, USA). For the electrodes,
the Mg anode was obtained from Galliumsource LLC (Scotts Valley,
CA, USA) and the AgCl cathode was obtained by screen-printing with
a manual screen-printer (PAYMSER, Barcelona, Spain). The screen-
printing process of the cathode began with the collector track as the
first layer and then the working electrode area was defined with the
same technique. The track was printed with the Ag ink LOCTITE
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ECI 1011 E&C (Henkel, Diisseldorf, Germany) and cured at 150 °C
for 15 min. The working electrode was screen-printed over the track
with the Ag/AgCl ink C2140310D1 (Gwent Electronic Materials
Ltd., Pontypool, Wales) and cured at 60 °C for 30 min.

Electrochemical Characterization. The electrochemical charac-
terization of the battery was performed with an Autolab potentiostat
PGSTAT204 (Metrohm AG, Herisau, Switzerland).

Transient Measurements. The transient measurements to sense
the output voltage of the battery once the resistor was connected in
series were performed with an HP34401A multimeter (Hewlett-
Packard Palo Alto, CA, USA) and controlled with a custom-made
LabVIEW program (National Instruments, N Mopac Expy, Austin,
TX, USA).

B RESULTS AND DISCUSSION

Sensing Principle of the Paper Battery Sensor. The
battery sensor unit—schematically depicted in Figure la—
consists of two electrodes, the anode and the cathode, placed
side-by-side and covered by a piece of hydrophilic paper strip.
The electrodes are externally connected to a resistive element
(Rigaa)- After the addition of a fluid onto the paper—which
acts as an electrolyte—the battery is ready to function.

Under operation, the electrodes undergo a process of
oxidation and reduction respectively that generates electric
current. As it is well reported in the literature, the battery
operating performance can be described from its polarization
curve.

Polarization curves provide information about the voltage
generated by the cell depending on the current demand. Figure
1b depicts a scheme of a generic polarization curve. Departing
from its open circuit potential (Vycp) that depends on the
battery chemistry, batteries experience voltage losses that are
attributed to different phenomena: (1) activation losses
because of the activation of the electrodes, (2) Ohmic losses
because of ionic and electronic conduction across the battery,
and (3) concentration losses because of the exhaustion of the
electrodes. In the Ohmic loss region, the performance of the
battery is directly related to the magnitude of its internal
resistance, which is composed by the faradic resistance of the
electrodes (Rg), the ionic resistivity of the electrolyte (R;), and
Ohmic resistance of the electrodes and the electrical contacts
of the battery (Rc). Whereas Ry has a significant effect on
voltage losses at low current ranges and becomes practically
negligible at moderate currents, ionic and electronic
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resistivities are constant along the whole operating range of the
battery. In particular, the ionic resistivity of the electrolyte
depends on the geometrical dimensions of the paper, its
porosity, and the ionic conductivity of the fluid used to activate
its operation. Therefore, if the battery features are kept
unaltered (component materials and geometry), the internal
resistivity of the battery will change upon variations in the
conductivity of the fluid, which will impact the slope of the
Ohmic region of its polarization curve. This feature can be
exploited to develop a simple yet smart, single-use, and self-
powered conductivity sensor.

One simple way to operate the battery sensor is to connect a
resistor (Ry,,q) in series to the battery electrodes. Under this
resistive load, the voltage output of the battery (V) will
correspond to the value set by the intersection of the
polarization curve at a given activation liquid conductivity
and the loading resistor, as shown in Figure 1b. The output
voltage of the battery can be derived from eqs 1 and 2, where
Vocp corresponds to the open circuit voltage of the battery, R,
to the internal resistance of the battery at a given liquid
electrolyte conductivity (¢), and i, and V,, correspond to the
current and voltage output of the battery when connected to
the external resistor.

Va' = VOCP - iaRo' = iGRIOad (1)
- VOCP.Rload
! R(T + Rload (2)

It can be seen that according to (2), the voltage delivered by
the battery depends on the value of its internal resistance,
whereas the value of the external resistance connected to it
modulates the battery response. In order to find out which is
the value of Rj 4 that provides the maximum sensitivity to
internal resistivity changes, we calculated the sensitivity (eq 3).

_ aVo‘ aRa _ _VOCPRload aRn‘
B aR(r Jo B (Ra + Rload)2 do

()

From this expression, it can be seen that the battery
sensitivity to conductivity changes of the electrolyte diminishes
at increasing conductivity values.

Moreover, it is easy to derive that the maximum sensitivity
to internal resistance changes takes place when Ry,,4 equals R,
that is, when the external resistance equals the value of the
internal resistance of the battery. This means that selecting the
loading resistor is a key step in the implementation of the
conductivity battery sensor device, as for a particular
conductivity range of interest, the maximum attainable
sensitivity will be equal to

VOCP aR(r
4R, do

max

(4)

where R is a particular value of the internal resistivity of the
battery previously selected.

In the case where Ohmic losses attributed to electrical
contacts are minimized and the internal resistivity of the
battery is dominated by the paper electrolyte resistivity, the
internal resistance can be expressed as

k

R, =R = —
lectrol
c electrolyte o

©)

where k corresponds to the cell constant and ¢ corresponds to
the effective liquid conductivity, which is the conductivity of
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the liquid embedded in the paper matrix. In this case, the
maximum sensitivity is independent of the cell geometry and
can be directly related to the conductivity of the electrolyte.

_ Vocr

S =
40

As an example, Figure lc shows the maximal sensitivity
values that would be obtained in a battery yielding 1 V of open
circuit potential and neglecting the paper contribution to the
electrolyte conductivity.

Paper Battery Sensor Description, Calibration, and
Validation under Different Conductivity Samples. The
battery sensor explored in this paper consists of a magnesium
anode and a silver/silver chloride cathode of dimensions 2.5 X
S mm?® located side by side on a pressure-sensitive adhesive
layer at a distance of 1.5 mm. The electrodes are covered and
connected with two layers of glass fiber-based paper with a
total thickness of 0.5 mm and an area of 60 mm”. An exploded
view of the device with all the different layers used in its
fabrication is shown in Figure S1 of the Supporting
Information. The glass-fiber paper is a highly hydrophilic
material, which allows holding a liquid volume of 15 uL.
Battery operation starts once the paper is completely filled with
the liquid to be characterized. The basic electrochemistry of
this battery has been used in the past in the so-called seawater-
activated batteries.”””’ The reactions involved in the paper
battery are as follows

anode: Mg(s) = Mg>*(aq) + 2¢~
cathode: AgCl(s) + e~ — Ag(s) + Cl (aq)

total: Mg(s) + 2AgCl(s)
- Mg2+(aq) + 2Cl (aq) + 2Ag(s)

The open-circuit voltage (Vcp) in neutral media of Mg—
Ag/AgCl batteries is set at around 1.5—1.7 V.** In order to
calibrate the performance of our battery at different ionic
conductivities, we recorded the battery polarization curves
when filled with water-based solutions containing different
ionic conductivities.

Solutions with different NaCl concentrations were prepared
to set liquid conductivities to the ranges typically found in
body fluids and beverages (0.5—10 mS cm™"). Figure 2a shows
the obtained polarization curves of the battery once the
solution was introduced in the paper matrix; then the open
circuit voltage of the batteries was measured for 20 s and
afterward a linear sweep voltammetry at 10 mV s™' was
performed from the open circuit voltage to 0 V.

The effect of the ionic conductivity of the activation liquid in
the Ohmic region of the curves is clear. It can be also noticed
that voltage losses related to the faradaic resistance of the
electrodes in the activation zone of the I-V curve are
significant, in particular at conductivity ranges below 3 mS$
cm™'. An individual electrochemical characterization of both
magnesium and silver/silver chloride electrodes was performed
to analyze the origin of the activation losses observed in Figure
2a. The half-cell measurements with both electrodes were
performed with a commercial Ag/AgCl as the reference
electrode and a Pt electrode as the counter electrode inside a
beaker. The magnesium anode and the silver/silver chloride
cathode were connected as the working electrode in each of
the experiments. A linear sweep voltammetry at 10 mV s™" at
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Figure 2. Characterization of the fabricated conductivity paper
battery sensor. (a) Polarization curves of the paper battery sensor
when tested at conductivities from 1 xS cm™ to 10 mS cm™’. (b)
Partial reactions of the paper battery sensor electrodes when
introducing three different electrolyte conductivities. It shows the
activation losses of the anode and the nonrestrictive performance of
the cathode.

different conductivities with the two electrodes revealed that
the activation losses were dominated by the magnesium anode,
as shown in Figure 2b, probably because of the existence of a
passivating layer of magnesium oxide in the anode. The effect
of this passivating layer becomes less prominent at increasing
conductivities, mainly because the presence of chloride ions
increases the rate of the anodic dissolution kinetics.””

To use this battery as a self-powered sensor that allows
deriving information of the conductivity of a liquid sample, a
resistor is connected in series to the battery electrodes. As it
has been previously mentioned, the value of this resistor has to
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be selected so it places the battery operation within its Ohmic
region for the whole conductivity range to be measured. As it
can be observed in Figure 3a, for this specific battery geometry
and composition, suitable values of R4 range from 1 to 2.5
kQ. In fact, these values correspond to the values of internal
resistance measured in the battery sensor at the lower and
upper limits of the tested conductivity range. Figure 3b shows
the battery sensor output voltage derived from the intersection
of Ry,,q with the battery polarization curves for resistor values
of 1 and 2.5 kQ. They also define the voltage operating
window of the cell. As expected, higher output voltages are
obtained at higher R4 values because the battery operates at
the upper zone of its Ohmic region. The derivative of the
voltage curves allowed us to obtain the sensitivity of the sensor
along the whole tested conductivity range, Figure 3c. It can be
seen that a higher sensitivity is achieved at a higher value of
resistive load and that, as expected, sensitivity decreases
significantly at increasing conductivity values. At the same
time, the impact of Ry,,q on sensitivity becomes less evident at
conductivities above S mS cm™!. Sensitivity values at low
conductivities depart from the ideal 1/0 dependence because
of the effect of the pre-existing passivation layer at the
magnesium electrodes.

Once the paper battery performance was calibrated within
the conductivity range of interest, a battery sensor consumable
was fabricated by incorporating a resistor in the paper-based
device (see Figure 4a). In order to obtain the highest
sensitivity response, a value of 2.5 k€ was selected. The
assembly was then thoroughly calibrated under continuous
operation with different NaCl solutions. The battery was
activated with 15 pL of the liquid samples and left to stabilize
for 5 s. After that, the battery output voltage was recorded for 1
min. Figure 4b shows the voltages generated by the battery
over time at different conductivity values. It can be seen that
battery voltages showed a significant stability for conductivities
over 1.0 mS cm™" along the measurement period, whereas for
lower conductivity values (0.5 and 1.0 mS cm™"), the battery
voltage showed a slight increase over time. This small voltage
variation is due to the progressive removal of the passivation
layer. During the calibration, the voltage output of the battery
presented a repetitive behavior, providing voltages with a
coefficient of variation of less than 10% in all cases. A
calibration curve was obtained by depicting the battery voltage
output at a particular time (30 s) as shown in Figure 4c. The
resulting values were fitted to expression (2) to which an
additional term (V,) had been added to account for the
experimental offset value provided by the battery when
activated with deionized water (1 xS cm™), obtaining eq 7.
Substituting the constant parameters in (7), the experimental
results were fitted to the nonlinear final expression (8), where k
corresponds to the cell constant and V§¢p to an effective value
of the open circuit potential of the battery (to which activation
losses have been subtracted).

A V, value of 0.33 V was extracted from the intersection of
the corresponding polarization curve shown in Figure 2a with a
Ry.q of 2.5 k€. Fitting of the experimental values yielded an
adjusted R-square of 0.9943 and k and V§cp coefficients that
are presented in Table 1.

*
_ VOCP'Rload

Vou = k
- + Rload

out

+ %
)
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Figure 3. Analysis of the conductivity paper battery sensor performance. (a) Polarization curves of the paper battery sensor at the lower and upper
values of the tested conductivity range (0.5 and 10 mS cm™"). Ryy,q from 1 to 2.5 kQ (green and black solid lines) set the battery into the Ohmic
region operation. (b) Output voltages obtained from the intersection of the battery polarization curves with Ry,q set to 1 kQ (green dots) and 2.5
kQ (black squares). (c) Sensitivity values of the battery obtained from the experimental polarization curves vs the theoretical maximum sensitivity

(dashed red line).
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Figure 4. (a) Picture of a ready-to-use conductivity battery sensor. (b) Battery output voltages under continuous operation at conductivities from

0.5 to 20 mS cm™. (c) Calibration curve of the battery sensor.

(8)

Table 1. Battery Voltage Output Fitting Parameters

parameter value standard error
k 7.8 0.3
Vicp 1.15 0.02

After the battery sensor calibration, the device performance
as a single-use self-powered conductometer was validated by
measuring conductivities of real liquid samples such as milk,
juice, artificial eccrine perspiration, urine, lake water, and
phosphate butter. Figure 5a shows the battery output voltages
recorded for the different samples versus time with the same
methodology used for the calibration. As it can be seen, the
battery sensor delivered output voltages with a coeflicient of
variations of less than 10% in all cases regardless of the origin,
synthetic or natural. Again, the voltage output of the battery
recorded at 30 s was used in expression (8) to derive the
conductivity of the samples.

It is worth noticing that as the sensor is a primary battery, its
operational time depends on its charge capacity and the
current intensity at which this charge is being released. In the
present case, the Ag/AgCl electrode was significantly thinner
than the Mg anode and therefore, the total charge capacity of
the sensor battery was limited by the total quantity of AgCl
molecules available for reduction. Measurements of the current
delivered by our sensor batteries under three different
electrolyte conductivities until electrode exhaustion yielded
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an average charge capacity of 45 mC, which set to 80 s the
maximum operational time at the highest conductivity tested
value (20 mS cm™). Details of experiments and calculations
are provided in Figure S2.

Finally, the conductivity values measured by the paper
battery sensor were compared with those provided with a
commercial lab conductometer, 914 pH/conductometer
(Metrohm). Figure Sb shows the Passing—Bablok linear
regression comparing the results provided by the paper battery
sensor device against the lab conductometer results. It can be
seen that the conductivity values obtained with the paper
battery sensor show a good correlation with the values
obtained with the reference method except in the case of
phosphate buffer. A table containing the conductivity values
recorded with the reference method and the ones obtained
with the battery sensor can be found in Table S1. The
discrepancy is probably due to the interaction of phosphate
salts with the magnesium ions released from the anode. Mg**
has a high affinity for many anionic salts. Although most of the
magnesjum salts have a relatively high solubility constant (Kps)
in aqueous media, there are a few that precipitate at very low
concentrations. In particular, when mixed with carbonates,
fluorides, hydroxides, sulfates, or phosphates, the resulting
magnesium salts form precipitates. In this case, the solubility of
Mg** and PO, corresponds to a K, of 4 X 107, which
reinforces the idea of electrode passivation by magnesium
phosphate precipitates that is responsible for the observed
deviation in the conductivity measurement of the buffer. The
interaction of Mg** ions released by the anode with some
specific anionic components restricts the applicability of the
sensor to selected environments. In this sense, our sensor is
particularly suited to measure conductivity biological samples
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Figure S. (a) Battery output voltages under continuous operation
when measuring real samples. (b) Passing—Bablok linear regression
that compares the conductivity values obtained with the paper battery
sensor device against the lab reference method.

where these interfering salts are seldom present and, generally,
at submillimolar concentrations.”*>” However, the interaction
of the electrodes with ionic species present in the liquid sample
can be further prevented by introducing ion-selective
membranes as effective separators.

Bl CONCLUSIONS

This paper presents a novel method to measure fluid
conductivity that does not require complex instrumentation
or costly setups. In particular, the use of a paper-based battery
connected to a single resistor allows to obtain a dc output that
is not only easy to interpret with a simple handheld multimeter
but is also self-powered, as the battery acts as a sensor and a
power source at the same time.

1748

The availability of a battery whose output voltage becomes
informative of the conductivity of a sample opens new avenues
for self-powered sensing strategies and their application to
portable and wearable devices. The connection of a resistor
allows obtaining both power (voltage and current) and
information about the sample, which is coded in the output
voltage of the battery. There are many ways of translating
output voltage to meaningful information about the con-
ductivity of the sample by solely using the power generated by
the battery sensor. We recently showed that a simple circuit
consisting of a single transistor and a pair of resistors acting as
a tunable voltage divider could enable a clinically relevant
discrimination of cystic fibrosis occurrence in a single-use
sweat patch. The sensor output information was delivered by
two electrochromic displays that were powered by the battery
sensor itself.”” Departing from this simple but effective
realization, the possibilities for development of smart circuits
to quantify the battery voltage and develop other formats and
applications that involve conductivity measurements are
unlimited.

The self-powered strategy followed in this paper—
connection of a resistor in parallel to the battery—limits the
dynamic range of the sensor. As sensitivity decreases at a pace
of 1/0, there is an unavoidable sensor saturation at increasing
conductivities. However, there is room to explore new
engineering strategies (i.e., operating the cell at a fixed voltage
in a self-powered mode or connecting a battery stack to obtain
multiples of open circuit potential (Vocp)) that will allow
expanding the sensor dynamic range beyond the values
presented in this paper.

Furthermore, the device presented here requires a very small
volume to perform the measurement (15 pL), which is
significantly smaller than the milliliter range volumes required
by common conductivity probes. This turns out to be
especially suitable for conductivity measurements of biological
samples such as blood, tears, or sweat, in which availability of
sample volume is very limited. Although theoretically possible,
the device cannot be reused in practice. The electrodes
undergo irreversible redox reactions that modify their surface
and the cell characteristics may be altered from one
measurement to the next. Because of its nature, the device
has been considered to be single-use. However, the simplicity
of both materials used and fabrication processes required to
develop the sensor allow to envisage its rapid adoption by the
booming generation of single-use and paper-based analytical
devices whenever conductivity measurements are needed.
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