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Abstract— Potentiometry and amperometry are
the two most common electrochemical sensing
methods. They are conventionally performed at dif-
ferent times, although new applications are emerg-
ing that require their simultaneous usage in a sin-
gle electrochemical cell. This paper investigates
the feasibility and potential drawbacks of such a
setup. We use a potentiometric and an amperomet-
ric sensor to compare their output signals when
they are used individually, as well as when they are
combined together with a shared reference elec-
trode. Our results in particular show that potentio-
metric readings with a shared reference electrode
show a high correlation of 0.9981 with conven-
tional potentiometry. In the case of amperometric
sensing, the cross correlation of the simultaneous
versus individual measurement is 0.9959. Further-
more, we also demonstrate concurrent measure-
ment for potentiometry in the presence of cell cur-
rent through the design of innovative test systems.
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This is done through measuring both varying pH

values and varying concentrations of H,O, to showcase the operation of the circuit.
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[. INTRODUCTION

LECTROCHEMICAL biosensors have made enormous

progress in recent years due to their high sensitivity,
specificity and their ability for rapid and inexpensive detection
in small sample volumes [1]. Moreover, they lend themselves
for integration into lab-on-chip platforms and allows for the
monitoring of the concentration of target analytes in real time
[2], qualities that are further highlighted in emerging health
crises such as infectious diseases [3].

The emergence of ion-sensitive electrodes with low detec-
tion limits up to ultra trace levels have given rise to the impor-
tance of potentiometric sensing [4]. With ongoing research on
miniaturising these electrodes further, potentiometry allows for
the possibility of low ion measurement values in tiny sample
sizes for ions such as potassium, sodium, pH values and even
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bacteria or toxicities [5] [6].

On the other hand, amperometry is a measurement technique
usually applied for the detection of biomolecules such as
lactate, ATP, glucose and cholesterol [7]. In addition to this, it
has also been extensively applied for gas sensors, most recently
in the field of low-cost air quality control [8]. Amperometry is
also particularly relevant in the field of glucose sensing, where
numerous amperometric sensors are utilised [9].

The recent advent of electrochemical sensors integrated with
complementary metal-oxide semiconductor (CMOS) technol-
ogy allows for low-cost, portability and scalability at low
noise and power levels. [10]. However, these integrated CMOS
sensors comes at a cost of being sensitive to temperature, as
well as having limited lifespans when used in the field due to
material degradation [11]. Biofludic measurement is helpful
for real-time detection of diseases [12]. In the case of infec-
tious diseases, having the ability to self monitor diagnostics
at home is especially useful [13]. One such biofluid that is
inexpensive and non-invasive is saliva, which is emerging as an
alternative to blood for state of health monitoring [14]. Several
salivary biomolecules correlate with serum [15] - which makes
it helpful for potential research fields in non-invasive health
monitoring [16].
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A key challenge in the measurement of biomolecules in
saliva is the presence of interfering molecules. Additionally,
changes in environmental parameters such as temperature and
pH of saliva affects the electrochemical sensors [17]. Salivary
pH follows a circadian rhythm that changes dependent on the
body’s dietary conditions, gastric acid reflux, diabetes or oral
health situation [18]. Measuring electrochemical biomedical
readings in tandem with pH measurements provides additional
metrics helpful for improving the accuracy of the readings.
Concurrent measurements of potentiometric and amperometric
monitoring of various analytes for co-analysis allows for
sensor calibration at real-time [19].

Moreover, the inherent differences of potentiometry and
amperometry result in advantages and disadvantages for either
technique [20]. In particular, Brunt et al. states that amperome-
try allows a faster measurement of glucose in flow cells, while
the potentiometric technique provides a lower limit of detec-
tion. The input-output characteristics of the potentiometric and
amperometric sensors are also different, with potentiometry
having a logarithmic response while amperometry is linear.
Having the possibility of utilising both techniques allows
the advantages of either technique, and provide for a more
versatile analysis.

Examples of systems capable of both amperometry and
potentiometry include Sun et al. [21] and Jiang et al. [22],
who describe reconfigurable circuits capable of operating in
different modes for amperometry and potentiometry, however
these are performed at different time periods.

This work investigates concurrent potentiometry and amper-
ometry through the means of a shared reference electrode, and
demonstrates the accuracy of potentiometry in the presence of
a cell current based on tests designed for this purpose. This
new configuration is henceforth referred to as the combined
configuration. This configuration allows for the capture of
instantaneous pH changes for accurate calibration and reliable
analysis [23]. An empirical approach as to how concurrent
sensing affects potentiometry is done through a comparison of
a standard electrode configuration with the combined electrode
configuration.

We will analyse how they affect the accuracy of the mea-
surements. Their sensitivities are compared, and a correlation
between the separate and combined configurations is obtained.
pH and hydrogen peroxide (H2Os) are selected as target
analytes for potentiometric and amperometric measurements
respectively, due to their importance in electrochemistry and
the simplicity of the fabrication of the sensors.

A brief background into the theory behind electrode sensing
for potentiometry and amperometry is provided in the next
section. Section III presents a detailed explanation of the
reference electrode operation as this is the key difference in
this experiment. The materials and methods along with the
experimental setup is presented in Section IV, while Section V
covers the obtained results, followed by a detailed analysis in
Section VI.Lastly, a final conclusion is given as well as future
research directions.

Il. THEORETICAL BACKGROUND

To describe the operation of potentiometry and amperom-
etry, a background into the operation of electrodes and their
equivalent circuits is provided. The sensing operation at the
electrode as well as circuit level is then covered for both
potentiometry and amperometry.

A. Electrodes

Two electrodes are employed in potentiometry, consisting of
a sensing and reference electrode. The sensing electrode in this
work is an ion-sensitive electrode (ISE), and serves to mea-
sure the ion concentration relative to a stable reference. The
amperometric measurement typically includes three electrodes:
Working (WE), Counter (CE) and a Reference electrode (RE).
A potential is induced across the WE and RE, while the
CE provides a steady current supply. Randles cell [24] is an
equivalent circuit model for an electrode in an electrolyte and
is illustrated in Fig. 1.

Electrode O——— Rp Electrolyte

Phase Boundary ;

Fig. 1. Simplified Randles Half-Cell Model that describes the electrode-
electrolyte interface of a single electrode

Cy; describes the double layer capacitance from the electri-
cal alignment of water molecules near the electrode surface
to the electrolyte. R, is the electrolyte resistance, which
is affected by electrode material, electrode construction and
tissue impedance. R p represents the charge transfer resistance
at the phase boundary, which involves the electrode oxidation
and reduction reactions [25].

It is not possible to measure the potential across the elec-
trolyte and electrode, as there is no physical connection point
at the electrolyte. Instead, this model describes the theoretical
reactions across the electrolyte and phase boundary. In order
to determine the potential across a half-cell, another electrode
is required as a reference with a known potential to compare
any measured potential to.

B. Potentiometry

As can be seen from Fig. 2, a junction potential arises due
to the charges at the interface between an electrode and an
electrolyte. Potentiometry is the measurement of this charge
through the use of a high-impedance voltmeter between the
sensing electrode and a RE, ensuring that no current passes
through - leaving the circuit in equilibrium.

ISEs work specifically by allowing only the desired ions to
be adsorbed upon the electrode surface. In particular, for metal
oxide/metal oxide pH sensors such as the iridium oxide (IrOx)
electrodes described in this work [26], this is dependent on
the equilibrium between the oxide layers. This potential at the
sensing electrode is related to the Nernst Equation for ISEs:
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Fig. 2. Potentiometry set-up with a graphical description of the junction
potential of an iridium oxide pH electrode
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where E is the total potential in mV between the
sensing and reference electrodes, E° the constant based
on the ISE/reference pair, R is the gas constant (8.314
Joule/degree/mol), T is the absolute temperature (298.15K @
25°C), n the ion charge sign, F the Faraday Constant (96.5K
Coulombs) and A refers to the reaction quotient, which in this
case would be the concentration of ions in the solution [27].

In potentiometry, the circuit is kept at equilibrium and no
current is flowing through the electrodes. When this equilib-
rium is disturbed through a variation in the potential, a current
is produced based on Faraday’s Law [28].

E=E"+ g9(A) (1)

C. Amperometry

Amperometry involves the technique of applying the po-
tentiostat to measure the concentration of a certain ion in
a solution. Once a potential is induced across the RE and
the WE, the detected ions diffuses towards the WE. These
ions are then adsorbed onto the WE, where a redox reaction
occurs. The products of the reaction then desorb away from
the WE. To achieve ion-selectivity, a diffusion membrane can
be introduced to limit the reaction for the desired ions [29].
The CE is utilised in this case to provide a steady current
supply without affecting the potential difference - hence the
term potentiostatic.

The analytical response of the sensor is the magnitude of
the current between the WE and the CE. The potential of the
WE is chosen such that the faradaic current is determined
by diffusion instead of the kinetics of the redox reaction,
which allows for a linear relation between the current and
the concentration of the detection ion.

I1l. REFERENCE ELECTRODE

The reference electrode is an electrode that has a stable and
well defined potential, where all other potentials in the circuit
are referenced to. Standard Hydrogen Electrode (SHE), Satu-
rated Calomel Electrode (SCE) or the Silver/Silver Chloride
Electrode (Ag/AgCl) are the most commonly used reference
electrodes.

Overpotential
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linear WE
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Fig. 3. |-V curves for various materials - Non-polarisable representing a
good RE, with minimal potential change across a large range of current,
as well as linear (Polarisable) or sensitive (Highly Polarisable) WEs. [30]

As mentioned, a current is produced when there is a
variation in the potential. This current and voltage relation-
ship causes electrode polarisation, which is the phenomena
whereby the potential across the electrode-electrolyte inter-
face varies with the current flow. Polarisation differs for
various materials as shown in Fig. 3 - with the degree of
polarisation being key to the type of electrode the material
will be suitable for. Polarisation is affected by 3 factors: (1)
Activation, whereby the potential difference depends upon the
activation energy of the reaction; (2) Concentration, whereby
the change in ion concentration varies the equilibrium potential
of the reaction; (3) Ohmic, where a resistive drop across the
electrolyte occurs due to the volume resistance [31]. Fig. 3 also
displays the I-V curves for ideal REs or WEs. To measure the
degree of polarisation, a potentiostat is utilised to maintain a
fixed potential while measuring the current induced.

The requirements of a reference electrode are as follows
[30]: (1) It must be non-polarisable and reversible with a high
exchange current density. These allow the potential to remain
constant for a large current range. (2) The reaction area should
remain constant throughout the reaction, with the reaction not
affecting the electrode area. (3) Lastly, the inner filling solution
of the electrode should be saturated. This ensures that the
concentration of the inner filling solution remains relatively
stable even when the solvent evaporates - and leaves the
potential constant. It also follows that a high saturation allows
for a higher and stable exchange current density as shown in
Fig. 3. This also allows the test solution to be separate from
the inner filling solution, and hence the potential is as constant
as possible.

Most of the characteristics of the RE such as being non-
polarisable and having a constant potential is shared across
the potentiometric and amperometric techniques. However, a
key difference lies in their electrical control requirements (i.e.
associated circuit topologies). In potentiometry (see Fig. 4B),
the RE is connected to a low-impedance output node of an
op-amp. This is key for the RE to be driven by the op-amp to
a desired reference voltage. In contrast, for amperometry (see
Fig. 4A) the RE is connected to a high-impedance input node
in a positive feedback configuration. This ensures zero-current
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flows into the RE. As current flows from the CE, this topology
ensures that the current goes directly to the WE.

For the combined configuration, the RE is connected simi-
larly to the amperometric RE - a high-impedance connection.
Although the change of RE configuration does not affect the
ISE enlivenment (because RE simply provides a reference
point for the measurements), the voltage between the electrode
and the electrolyte at the ISE may become affected due
to the current flow induced by the amperometry. Ion flow
across the solution might affect the concentration across the
junction potential - leading to erratic readings. We expect
this to be negligible for steady state measurements. We will
explore the scale of this effect in this work through carefully
designed experiments. Another potential issue is the possibility
of the reference electrode voltage drifting due to the open-loop
topology employed.

The effects of a controlled external current applied to
potentiometric readings has been explored in [32] [33] [34].
The utilisation of external current has led to an improvement
in the lower limit of detection for potentiometry [32] and [33].
A theoretical model described in [34] further expands upon the
potential response of the ISE demonstrating that a controlled-
current allowed for improved lower limits of detections for
ISE.

The amperometric measurements should be similar across
both the combined and separated topologies because the
addition of a passive ISE will not impact the amperometric
cell.

V. EXPERIMENTAL DESIGN AND MATERIALS

To compare the efficacy of using a shared reference elec-
trode, the results for the classical measurement techniques will
be compared to the results obtained for the combined reference
electrode configuration.

The combined circuit consists of the amperometric circuit
along with the ISE sensing op-amp of the potentiometric
circuit. This combined configuration contains the ISE utilising
the reference of the open loop circuit.

A. Materials

Buffer salts of pH 3, 5, 7 and 9 were obtained from Sigma-
Aldrich to provide the calibration and tests for potentiometric
measurements. 30% H;O, (1.11g/cm3) from Fisher Biore-
agents is used for amperometry.

An Ag/AgCl glass reference electrode with a porous teflon
tip purchased from CH Instruments (CHI111) [35] is used
as the reference electrode for the separate and the combined
topologies. The 550 from Dropsens with a platinum CE and
WE were used for amperometry [36].

Iridium Oxide electrodes have been chosen as the poten-
tiometric sensing electrode for pH. It has been shown to
have a life span of up to 2.5 years [37] - which makes it
particularly useful for ensuring sensitivity across the span
of the experiment. These electrodes are fabricated for the
experiments. Iridium wire (178 pum diameter, 99.9% purity)
is obtained from ADVENT RM, along with sulphuric acid
(5%V/V) from Sigma Aldrich.

B. Equipment

A Sentron SI400 pH meter [38] with an accuracy of
0.01 pH was used as a gold standard for pH measurement.
A CH700E Potentistat from CH Instruments [39] is used for
the fabrication of the IrOx pH sensor. A Saleae logic analyzer
with 8 inputs is used in tandem with multimeters to monitor
the voltages from the various outputs of the circuit.

C. IrOx Electrode Fabrication

The IrOx based pH sensor is used due to their high
sensitivity, stability and life time. We fabricated the IrOx
electrode in house with the following recipe: Iridium wire (178
um diameter, 99.9% purity) is oxidised through immersion
in a sulfuric acid solution (5%V/V). During the oxidation
phase, the Ag/AgCl glass reference electrode along with a
platinum counter electrode are immersed inside the sulfuric
acid solution. Repetitive cyclic voltammetries between -0.2'V
and 1.2V at a 1.4V/s scan rate is performed on the three
electrodes for 3 hours, with the iridium wire serving as the
WE.

The oxidised wire is next calibrated in order to obtain the
pH sensitivity. This is done through the use of pH buffers.
The final fabricated wire is then soldered to a 28 AWG wire
as a connection to the sensing circuitry. This connection is
covered in Araldite epoxy and the entire surface sealed with
a heat shrink to reduce the effect of any contamination of the
electrode surface.

D. Sensing Circuitry

The configuration of electrodes and connection with the
readout electronics for the separate and combined experiments
is shown in Fig. 4. This is the overall experimental setup.

A custom-designed external circuit has been used in this
work because the electronic instrumentation that is required
to drive an electrochemical cell for concurrent potentiometric
and amperometric measurements (including a shared reference
electrode) is not available in current commercial potentiostats,
and the reference electrode is unique. Moreover, the commer-
cial electrochemical sensing equipment such as the CHI 700E
provides access to the output nodes, but unfortunately does not
provide access to node Vg, in the potentiostat. This made
it less convenient to test the unique sensing topologies.

The op-amp utilised for all circuits is the LMC6042 [40]
from Texas Instruments. This op-amp is chosen for its ultra-
low input leakage current, which helps prevent any possible
drift from the reference electrodes.

For the potentiometric circuit, a VZ D voltage is applied to
the reference electrode to allow for a maximum input swing
for the ISE detection range.

In the separate amperometric circuit (see Fig. 4A), a tran-
simpedance amplifier is used to detect the current flowing
into the WE. The WE is biased at 0.65V higher than Y22
to activate the redox reaction of H,O5 [41], with the CE
connected to the output of the op-amp to provide the current

necessary for the RE to be held at the @ value.

1530-437X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University College London. Downloaded on December 09,2020 at 14:01:36 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2020.3039567, IEEE Sensors

Journal
MA et al.. CONCURRENT POTENTIOMETRIC AND AMPEROMETRIC SENSING WITH SHARED REFERENCE ELECTRODES (AUGUST 2020) 5
Amperometry Potentiometry Combined
(Separate) (Separate) Sensing
WE
Vamp
WE
Vamp 156 RE RE. WE CE RE ISE
L VDD/2 + T T T T VDD/2
0.65V VDD/2
CE
IrOx  Ag/AgCI ISE
RE.
— VpoTt

Fig. 4. Experiment Circuitry employed for this experiment with the separate potentiometric and amperometric modes along with the combined
setup. The chosen electrodes along with their materials are also displayed. This is the overall experimental setup applied in this work, with the

details on the chemical aspect of the experiments explained in Section IV.

V. EXPERIMENTAL RESULTS

A. Combined vs separate measurement: sensor
sensitivity and correlation

1) Potentiometric: The aim of this experiment is to deter-
mine if there is any difference in the sensitivity of the pH
sensor between zero and non-zero cell current scenarios. The
protocol is as follows:

1) 20ml of pH buffer solutions prepared for pH 3, 5, 7 and
9. All solutions are 0 mM concentration of HyOs.
2) Vpot and RE were measured at all four pH buffer
solutions with the setup of Fig. 4B.
3) The voltages at V,,; and RE were measured again this
time using the setup shown in Fig. 4C.
4) Experiment repeated thrice to determine error ratio.
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Fig. 5. Separate vs Combined potentiometric readings (error bars

represent max and min values from three trials). Combined ampero-
metric reading is shown on the plot, with the axis on the right. Cross
correlation of 0.9981 observed. The entirety of this experiment is with no
added H2O2, which means the cell current is entirely due to background
current.

The measured potentiometric voltages together with the
measured amperometric current in the combined setup are
presented in Fig. 5. The error bars represent the max and min
of the measured data points. The results for the combined
potentiometry display a larger error ratio. A cross correlation
of 0.9981 between both sets of results indicate a clear simi-
larity between the separate and combined configurations. The
amperometric current generated is purely from the pH buffer
(i.e not due to Hy0O3), and shows an increment for higher pH
buffers.

2) Amperometric: The purpose of this set of experiments
is to determine the sensitivity of the amperometric sensor, as
well as to determine the correlation between the separate and
combined settings of the amperometric outputs. The protocols
are:

1) 20ml of pH 3 solution prepared on a magnetic stirrer
(rpm 200)

Increasing concentrations of 0.01M of H2O- is added to
the solution.

Measurements of the cell current is taken for the separate
configuration as shown in Fig. 4A for V4, CE and RE
up to the full range of concentration of 0.1M.
Measurements of the cell current is taken for the com-
bined configuration (Fig. 4C) for V,;, CE and RE up
to 0.1M.

5) Experiment repeated thrice to determine error ratio.

2)

3)

4)

The amperometric measurements for both the separate and
combined are presented in Fig. 6. A logarithmic fit is applied,
with the max and min of the three experiments shown. The
results show a high correlation of 0.9959, which demonstrate
that the amperometric measurement is unaffected by the addi-
tion of the ISE.

B. Combined Configuration: Concurrent measurements
for varying pH and H, O, concentrations

To determine whether potentiometric measurement shows
a difference in the presence of a variable cell current, we
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Fig. 6. Separate vs Combined amperometric readings averaged across
three trials with a cross correlation of 0.9959 observed and background
current removed. The maximum and minimum of the three measured
samples are shown in the plot with a logarithmic fit. The tests are
performed at a fixed pH 3 buffer.

configure the analyte in the setup shown in Fig. 4C such
that the amperometric current varies (by changing HsOo
concentration) for fixed pH buffers. To this aim we designed
and conducted two experiments described in this section.

1) Amperometric Measurements: This experiment serves to
showcase the varying cell current for varying HyO2 concen-
trations in different pH buffers. The protocol is as follows:

1) 20ml of pH 3, 5, 7 and 9 solution prepared on a magnetic

stirrer (rpm 200)

2) Increasing concentrations of 0.01M of H>O is added to

the solution.

3) Sentron pH meter is used as the gold standard pH meter.

4) Measurements of amperometry taken for the combined

configuration (see Fig. 4C) for V,,,,, CE and RE for
the full range of concentration as shown in Fig. 7A.

The measured results for amperometry are shown in
Fig. 7A. All measurements were performed on the same day.
The results show that the cell current variation differs for
different pH buffers. This affirms that the cell current varies for
increasing peroxide levels, although for lower pH levels (3,5)
the variation in the cell current is much higher as compared
to the high pH levels (7,9). With it being clear that there is
a cell current generated from increasing peroxide levels, the
next experiment would aim to determine if there is a variation
in the potentiometric results after this cell current is added.

2) Potentiometric Measurements: This experiment seeks to
observe the difference of the potentiometric readings in the
event the the cell current is varied. This is done by varying the
concentration of HyOs in various pH buffers, and comparing
them with pH measurements utilising a gold standard. The
protocol is as follows:

1) 20ml of pH 3, 5, 7 and 9 solution prepared on a magnetic

stirrer (rpm 200)

2) Increasing concentrations of 0.01M of HO5 is added to

the solution.

3) Sentron pH meter is used to serve as the gold standard

pH value with readings taken for each concentration
value.

4) Measurements of potentiometry taken for the combined
configuration (Fig. 4C) for V,,; and RE for the full
range of concentration as shown in Fig. 7B.

The results are shown in Fig. 7B. The measurements with
the gold standard shows that the pH remains constant, and
only changes slightly (up to 10%) for higher concentrations
of HQOQ.

The difference between the gold standard and the IrOx
electrode observed is shown in Table I and can be characterised
as varying between a negative value for both pH 5 and 7 and
a positive value for pH 3 and 9. This value for pH 5, 7 and 9
remain relative constant with variation around +0.4 pH.

TABLE |
THE MEAN AND STANDARD DEVIATION OF THE PH DIFFERENCE
BETWEEN MEASURED ISE RESULTS AND CONTROL FOR VARIOUS PH
VALUES (ISE-CONTROL)

pH pHNfﬁ?; r(e)eflce Standard Dev.
3 0.099 0.103
5 -0.129 0.0587
7 -0.175 0.0134
9 0.398 0.0724

VI. ANALYSIS AND DISCUSSION
A. Comparison of Separate vs Combined

The sensitivity of the separate and combined potentiometric
readings are -0.0557V/pH and -0.0661V/pH respectively as
seen in Fig. 5. This indicates that the ISE sensor behaves
similarly, and also demonstrates the feasibility of the use
of potentiometric readings with a shared reference electrode.
More importantly, the varying cell current (as measured by
the amperometric sensor) showcases that even for increasing
cell current for higher pH values, the combined potentiometric
sensor is still capable of behaving ideally, albeit with an error
ratio up to 26% higher. This can be seen at the pH 7 readings,
with the combined configuration having a slightly higher
error ratio compared to the separate configuration. A cross
correlation of 0.9981 particularly indicates the high statistical
similarity in their trends.

As the separate and combined amperometric readings differ
only through the addition of the ISE electrode, the results in
Fig. 6 are as expected with both configurations following a
similar trend with a slight offset in the current readings. The
high cross correlation of 0.9959 between both the combined
and separate amperometric readings leads to the conclusion
that the amperometric sensors in both configurations have very
similar trends.

B. Potentiometry with Cell Current

A particular challenge faced is to demonstrate the accuracy
of the potentiometric readings in the presence of various levels
of cell current. This is highly unconventional, and prior work
in [32] and [33] has shown the possible effects of this cell
current on enhancing potentiometry. In comparison, we are
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Fig. 7. Graph A: Combined amperometric readings for cell current measurements across a range of concentrations for various pH buffers with
background current removed. Graph B: Combined potentiometric measurements of pH values of buffers for varying concentration of hydrogen

peroxide compared against a measured control.

looking at how much this cell current would cause the actual
readings to differentiate or deviate from the gold standard.

Fig. 7A demonstrates that additional H,O2 concentrations
increase the cell current. The large increment in cell current at
lower pH values (3, 5) compared to the higher pH values (7,9)
is likely due to all HT ions introduced by the HoO5 reacting
with the OH™ ions in the pH 9 solution to form water - which
is neutral.

Another important observation that can be made is that the
largest variations in cell current occurs for the lower H2Oo
concentrations at pH 5 and 7. This is reflected in Fig. 7B,
where the offset for the pH 3 and pH 5 potentiometric readings
are largest for the first 2 samples. However, as additional
H505 concentrations are added, the combined potentiometric
readings follow the gold standard.

Table I shows that the difference in pH between the control
and experiment for pH 9 is the highest, although it remains
relatively stable throughout. In comparison, the difference for
pH 3 is the lowest, although its variation is the highest among
the compared buffers (as seen from its standard deviation of
0.103). The variation in this difference could be attributed to
the varying cell current, and serves to relate the theory that the
cell current would affect potentiometric readings. However, for
values of cell current in the magnitude of 107*A, it is clear
from the results that the variation is minuscule. This leads
to the conclusion that potentiometric readings are capable of
accurately reading values in the presence of cell currents, and
is demonstrated for cell currents up to 10~ *A.

VIl. CONCLUSION

This work shows that concurrent measurements of poten-
tiometry and amperometry is possible with a shared reference
electrode. It demonstrates clear similarities in their trends, for
amperometry and in particular for potentiometry even with
a cell current applied. The high correlation values, as well as

similar sensitivities of the sensors showcase that the combined
configuration is equivalent to their conventional counterparts.

The efficacy of concurrent sensing is also showcased
through the novel design of a test that varies pH and H2O>
concentrations concurrently. The presence of cell current is
acknowledged, and shown that at levels such as 10~ %A, the
potentiometric readings are relatively unaffected.

For future work, a CMOS IC based on the above topology
has been designed and will be tested with 4 on-chip electrodes
[42]. This IC will be used to further analyse the concepts of
concurrent sensing and prove its viability in extremely small
packages.
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