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Abstract

While electrochemically driven, pH control-enabled, dual electrode sensing under quiescent conditions
is emerging as a viable electroanalytical method, application of this approach under hydrodynamic
conditions is less well documented. In this work we report the development of a finite element model
(COMSOL Multiphysics™) to simulate electrochemical pH control under both quiescent and
hydrodynamic conditions. We used these simulations to elucidate the effect of flowrate on our pH
control method. Adjustments to the applied currents were made so as to compensate for the removal of
generated protons by hydrodynamic flow, thereby allowing effective pH control under different flow
conditions. Once optimised, this approach was applied to the detection of hypochlorous acid under
various flow rates. To this end, the sensitivity of the sensors benefitted from both the localized

electrochemical pH control and the signal-boosting effect associated with hydrodynamic forces.

Introduction

Societal adoption of the Internet of Things (IoT) technologies has been both rapid and ubiquitous, with
the number of devices predicted to be in use expected to reach more than 29 billion by 2030." These
technologies have wide-ranging applications, in both industrial and consumer market places. This rapid
growth of the IoT market is driving the need for additional, more functional and reliable sensors that

can operate and communicate on loT networks. Sensor devices typically employ a variety of transducer

1’ 2-4 1’ 5-7

methods such as optica electrica and/or microelectromechanical (MEMS)-based detection

mechanisms. *'° However, optical and MEMS sensor devices require their transduced signals to be
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converted from their original format into an electrical signal that can then be transmitted across a

network. This requires additional circuitry adding cost in terms of components and an energy budget.

In contrast, electrochemical sensors provide a direct electrical read-out and, as such, are compatible and
may be easily integrated into different IoT type networks. Electrochemical sensors possess many other
benefits such as their low power requirements, high sensitivity, ease of use, miniaturisation, cost
effectiveness, and portability making them ideal candidates for use in remote point of use sensing
applications. ''"'* They have been applied to a wide range of target analytes including: heavy metals, '>

18-20

' microorganisms, pesticides, herbicides as well as agricultural nutrient runoff to name but a few.

21-24

One potential application of portable electrochemical systems is for use in water quality analysis.
Typically, sterilisation of drinking water involves the addition of chemical reagents, usually chlorinated
species, to water as an oxidising species. However, if this disinfection dosage step is performed
incorrectly, excess chlorine present in drinking water can lead to health complications such as bladder
cancer and death, while insufficient concentration will not provide sufficient biocidal control.>>*® As
such, there is a need for facile accurate point of use detection ‘in-line’ or ‘at-line’- for chlorine detection
in water networks to ensure sufficient residual chlorine concentration at the distribution networks.
Electrochemical sensors can provide a reliable and portable method for detection particularly when
adapted to chlorine measurement. However, at present this analysis is limited in that it would require
the addition of acids and/or buffer in order to protonate the hypochlorite chlorite ion to its protonated
detectable form; which is pH dependent. **' Recently Seymour, et al. ** demonstrated a new method
for chlorine sensing using electrochemical pH control, whereby a four electrode electrochemical sensor
system comprising two interdigitated electrodes (IDE) employed as working electrodes. In this
approach, one IDE was used as a sensor while the second IDE was utilised as a protonator electrode;
used to control the pH of the test solution in the immediate vicinity of the sensor thereby eliminating
the need to add chemical reagents. Although elegant, this approach has primarily been performed in
static quiescent solutions to date with only few reports on hydrodynamic pH control published in the

literature. 3
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Electrochemical sensors and systems have been utilised and simulated theoretically throughout the
years, *> **77 however, the majority of this work has been undertaken using quiescent conditions.
Incorporation of flow has long been understood to boost electrochemical sensor responses by
replenishing oxidised/reduced analyte at a sensor surface.’®*' The addition of convection, as an
additional mode of mass transport, in combination with Fickian diffusion, facilitates more rapid delivery
of an analyte to a sensor surface; leading to more analyte molecules/ions in contact with a sensor surface
over a set timeframe. Furthermore, convection also effectively removes oxidised / reduced analyte from
a sensor surface. Both these traits lead to the diffusion limitations, commonly observed in quiescent
systems, being surmounted. Consequently, the use of fluid flow combined with electrochemical sensors
is an interesting area of research. Most commonly, the incorporation of fluid flow, hydrodynamics, with
electrochemical sensors has been achieved using a rotating ring-disk electrode set-up. **** Incorporating
microfluidic components on a chip surface is a growing area of research. Concerning the latter, the
dominant method employs soft-lithography to define microfluidic elements, typically
polydimethylsiloxane (PDMS), as first reported by Xia and Whitesides. *’ In this approach both the
substrate and microfluidic element are oxygen plasma treated, to create Si-OH bonds on both surfaces,
aligned and brought into conformal contact with each other such that covalent Si-O-Si bonds form
between the two components through a condensation reaction. *** #*>! For example, Ko et al, amongst
others, employed this method for carbon nanotube-based electrode sensors, patterned onto a
polyethylene terephthalate surface. *** In that work, a PDMS microfluidic device was bonded to their
substrate by treating both with O, plasma, bringing them into conformal contact overnight allowing
covalent bonds to form. This approach works well with oxidised surfaces but is problematic when trying
to attach to other dielectric surfaces, such as silicon nitride, due to the lack of oxygen atoms in the Si3Ny
layer. Nitride is the preferred passivation layer for use with silicon chip based electrochemical sensors,
as it is a dense, non-porous layer and, as such, does not allow electrolyte molecules ingress into the

layer thereby preventing unwanted parasitic capacitances. >
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To this end, new microfluidic production methods, such as xurography and 3-D printing,
are being explored by different research groups. 7 With advances in additive production capabilities,
the use of micro-scale channels with electrochemical sensors has now become more facile with less
fabrication expertise required compared to the photolithography driven microfabrication techniques
previously employed. Often, designs require complex multi-step processes that can be time consuming,
Swensen, et al. ®® requiring a multi-step process and the use of hazardous chemicals thereby restricting
the approach to the laboratory settings. Progress has also been made in reducing the time required for
microfluidic production, such as through the use of xurography as shown by Speller, et al. ® however,
these methods still require multi-step processes. Each step presents a potential source of error with
alignment issues, and with human input required for several steps. 3-D printing in particular, addresses

the issues of microfluidic fabrication and integration with sensors, and also has the ability to produce

multiple reproducible components in parallel.

In this work, we employ resin 3-D printing to rapidly create reliable and reusable microfluidic
components and combine these with our silicon chip -based electrochemical sensor platform. **-°%3% We
minimise potential errors by automating the entire microfluidic production process and developed a
single step process for alignment with the on-chip sensors. To understand the effect of flow on solid
state electrodes operating in generator-collector mode (analogous to ring-disc systems) we undertake a
finite element study on the application of electrochemical pH control under hydrodynamic systems. We
then confirm this theoretical study experimentally and demonstrate its feasibility through pH dependent
chlorine detection under these hydrodynamic conditions. An iterative feedback approach allowed the
microfluidic elements to be tweaked and optimised. An additional advantage of the 3D-printed modular
approach is reusability, i.e., it allows the system to be disassembled, cleaned and a new chip inserted as
required. This is possible as the elements are not irreversibly covalently bonded to a chip surface (such
as in soft-lithography) thereby increasing the sustainability of this approach. A commercial colorimetric

free-chlorine detector was used to confirm results.

EXPERIMENTAL SECTION
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Electrode Fabrication

70
1,

Silicon chip based devices were fabricated as described by Dawson et al, “with the subsequent

17" also included. Each sensor consisted of two combs of gold

modifications proposed by Seymour et a
interdigitated ultramicroelectrodes, as working electrodes, as well as platinum pseudo reference and
gold counter electrodes. Chips were designed with a peripheral microSD pinout to permit interfacing
with external electronics via a microSD port. All devices were fabricated on 4-inch silicon wafers
bearing a thermally grown 300 nm silicon dioxide layer. Blanket metal evaporation of Titanium (10 nm)
and Gold (100 nm) (Temescal FC-2000 E-beam evaporator) and lift off technique to yield interdigitated
microband comb structures. The first comb (WE1) had 33 tines, while the second comb two (WE2)
had 34 tines. Each comb was 1 um wide, 178 um long, 100 nm high and had an inter-electrode gap of
2 um. A second metal evaporation and subsequent lift-off step was undertaken to pattern the
interconnection tracks, contact pads and the gold counter electrode (90 um x 7mm). A third and final
metal evaporation was performed to pattern the platinum pseudo reference electrode (90 um x 7mm).
Silicon nitride was then blanket deposited using plasma enhanced chemical vapour deposition across
the whole wafer to act as an insulating layer. This insulating layer was used to prevent unwanted
electrochemical interactions along the connection tracks. To allow electrolyte access to the
ultramicroband electrodes, vias (windows) were opened in the insulating Si3N4 layer (above the sensor
electrodes using photolithography and dry etching. Additional vias were opened over the counter and
pseudo-reference electrodes as well as the periphery microSD contact pads. Each device contained three
separate interdigitated electrode sensors which are separated by 1.88 mm. This separation was
maintained to prevent cross talk, i.e., electrochemical reactions occurring at one sensor from interfering
with a neighbouring sensor (when operating without the microfluidic component) and also to provide
sufficient surface area between the electrodes to facilitate correct integration of the microfluidic
channels to prevent leaking and cross talk. Following fabrication, the wafer was diced to produce 28

separate chip dice.

Microfluidic System
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A 3D-printed modular microfluidics platform was designed to enable solutions to be flowed over
electrode surfaces. This system, shown in greater detail in Figure 1, consisted of three components: a
clear tough resin (Formlabs Inc clear resin) for both the top and bottom layers and a soft flexible resin
(Formlabs Inc flexible 80a resin) for the middle ‘gasket’ layer. The microfluidics channels were defined
in this flexible middle layer. All components were designed using Solidworks™ software. The designs
were 3D-printed using a Formlabs Inc 3+ printer. Polytetrafluoroethylene (PTFE) tubing (Merck Life
Science Ltd) with an outer diameter of 1.5 mm was connected to a stainless steel dispensing tip 20G
(Merck Life Science Ltd) to and connected to the microfluidic channel. A 10 mL syringe (Sigma
Aldrich) was filled with the solution being analysed and a digital programmable pump (NE-1000)
allowed for liquid to be dispensed at controlled volumes and flowrates. The accuracy of this digital
pump was confirmed by flowing a known volume of water into a pre-weighed beaker for a set amount
of time and then measuring the mass increase and comparing against expected mass using a calibrated

four-point balance (OHaus Pioneer PA213)

Electrode characterisation

Following fabrication, each chip was inspected using optical microscopy to identify any visible defects
or faults and any defective chips discarded. Prior to electrochemical characterisation, chips were first
cleaned by rinsing with acetone followed by de-ionized water. The chips were subsequently dried using
nitrogen and inserted into a microfluidic holder. Electrochemical analysis was performed using an
Autolab Bipotentiostat (MAC80150 with BA Module, Metrohm), within a Faraday cage. Cyclic
voltammograms (CV) were performed in the voltage range of -0.15 V to 0.45 V at 50 mV/s at the first
interdigitated comb (WE1) in 1 mM/L ferrocene carboxylic acid (FCA, Sigma Aldrich, 97%) while the
second interdigitated comb of electrodes, (WE2) was biased at -0.15 V; for the duration of the scans.
All electrochemical measurements were recorded versus the on-chip gold counter and platinum pseudo-

reference electrodes in solutions at room temperature (~ 21 °C).

pH calibration of buffers in static and flow conditions
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To accurately calibrate the pH control, an external Ag/AgCl reference was used. A beaker was placed
downstream containing the external reference and filled with the appropriate buffer. The outlet tube for
the microfluidic device was submerged in these buffer solutions to ensure a closed circuit. Chemically
buffered solutions were prepared by mixing various ratios of citric acid monohydrate and monosodium
phosphate (Sigma Aldrich). The pH of each solution was determined using a calibrated pH probe
(Thermo Scientific Orion star A211 pH meter). A phosphate buffer (PB) solution was prepared using
268.8 mg sodium phosphate monobasic and 110.2 mg sodium phosphate dibasic, then making this
solution up to 1 L using deionised water. This generated a pH 7.4 10 mM solution of PB, which was
used for all electrochemical pH control buffer experiments where a potential window of -0.2V to 1.6V
was used, with a scan rate of 50 mV, varying a potential bias at WE2 for the electrochemical pH control.
All electrochemical measurements were recorded versus the on-chip gold counter and the external

Ag/AgCl reference electrode, in solutions at room temperature (~ 21°C).

pH adjustment in water samples

Artificial drinking water (ADW) samples were prepared to simulate real drinking water conditions but
without any residual chlorine present. ADW was prepared by dissolving 1 g of sodium bicarbonate,
0.0654 g of magnesium sulphate (Sigma Aldrich, 99.5% anhydrous), 0.3414 g calcium sulphate
dehydrate (Honeywell, 99%), 0.007 g potassium phosphate dibasic (Fluka, 98%), potassium phosphate
monobasic (Sigma Aldrich, 99%) and 0.01 g sodium nitrate (Sigma Aldrich, 99%) in 10 L of deionised
water. For localised pH control, voltammograms were performed in ADW samples by scanning WE1
from -0.2 Vto 1.2 V at 50 mV/s with WE2 biased at ~1.6 V to protonate (acidify) the local environment
of the sensing electrodes via hydrolysis of water. The local pH can then be readily controlled by
adjusting the applied potential to drive the appropriate current, as shown by O’Sullivan et al. >’ In acidic

conditions, the pH can be changed through the water splitting reactions of Eqs. (1) and (2):
Cathode : 2H* + 2e~ - H, (1)

Anode : 2H,0 —» 0, + 4H* + 4e~ )
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Diffusion simulations

Diffusion simulations of proton concentrations in the vicinity of the protonator electrodes (WE2) were
performed using Fick’s second law. A model was designed to simulate the generation of protons at the
protonator electrodes, and their subsequent diffusion from these electrodes, using finite element analysis
software, Comsol Multiphysics 6.0 ™, in line with the galvanostatic model shown previously. *’ The
model boundary conditions were set at as a box 930 um high by 5 mm wide, representing the
experimental domain. Two sets of interdigitated 1 um wide microband electrodes (34 protonator
electrodes and 33 sensing electrodes), separated by 2 um were defined at the bottom boundary layer.
By fixing the anodic current to the protonator (WE1), a flux of protons was applied at the surface of the
protonators, and the flux was assumed to be proportional to the current applied to the electrodes. The
initial pH within the experimental domain was set to pH 7. The proton diffusion coefficient used for the

simulation was 9.31x10”° cm?s™". 7

Once the initial static diffusion simulations were undertaken, the addition of a single-phase fluid flow
was introduced into the model through the incorporation of the laminar flow module in Comsol ™, This
step employed the incompressible flow form of the Navier-Stokes with Stokes flow included, as shown
in Error! Reference source not found. below. The addition of convection as another form of mass
transport was applied to the simulations. The effect of varying the flowrate, using the parametric sweep
function, was investigated. The entrance length and thickness for the fluid flow were set to 500 um. All

other parameters remained unchanged from previous simulations.

p(u.V)u= V.[-pl + K|+ F (3)

Where p is density of the fluid, K is the stress tensor, I is the identity matrix, # denotes the velocity field

and F is the Faraday constant.

Detection of free-chlorine with pH control in the absence of flow

Based on the work of Seymour, et al. * the electrochemical pH control method based on oxygen

evolution was employed to locally control the pH for chlorine analysis within a channel without any
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fluid flow. This allowed electrochemical pH control of samples via the hydroylysis of water; leaving a
net excess of protons. Similarly, the voltage at which the gold oxide reductive peak minimum occurred
was used to approximate the local pH at a sensor. This approach was benchmarked against a set of know
standards using a chemically controlled sample altered using different buffers. The targeted pH for
chlorine detection was selected to be pH 3 as this was shown to be an area of high specificity for
hypochlorous acid detection by Seymour, et al. ** A fixed potential bias of 1.6V was applied to WE2 to
drive the local pH down to 3. Initial scans were performed in a known concentrations of free-chlorine
added to ADW, which was electrochemically acidified to pH 3, in order to establish the appropriate
cyclic voltammetry parameters. Working chlorine samples were prepared by diluting Milton Sterilising
Fluid (2% Sodium Hypochlorite) to the desired concentration. The concentration of free-chlorine in
these samples were then measured and confirmed using a standard commercial free-chlorine
colorimeter (Pocket Colorimeter 11 58700-00 with CL, Test Kit), prior to electrochemical analysis. CV’s
were performed in the voltage range 0.85 V to -0.2 V (versus Pt pseudo-reference) at a 50 mV/s scan
rate. All scans were repeated in quadruplet, with the first scan disregarded as a conditioning step and
the subsequent three scans averaged. Cleaning scans were performed in-between each concentration to
prevent any possible electrode fouling and improve reproducibility. These scans consisted of
disconnecting WE1 and applying a typical CV 0.85 V to -0.2 V (versus Pt pseudo-reference) was applied
to WE2 for 4 scans at a 50 mV/s scan rate. By applying these scan parameters to WE2, any potential
fouling was minimised, ensuring a relatively constant electrode surface across all concentrations. WEI

was left disconnected to minimise unnecessary usage and therefore prolong the sensor lifespan.

Detection of free-chlorine with pH control in the presence of flow

Having optimised the free-chlorine pH control conditions within a channel, under quiescent conditions,
the effect of flowrate was investigated. The microfluidic system was connected to a digitally
programmable syringe pump to permit quantified flowrates through the channels. All CV parameters
remained the same as the static conditions described above, except for the protonator bias, which was

increased by 100 mV to 1.7V. This voltage increase was to drive a higher protonator current to offset
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the hydrodynamic removal of some of the generated protons by flow which was observed to decrease
the efficacy of the pH control. By generating extra protons, the pH was shifted back to the desired pH
within the vicinity of the sensors; despite the effect of flow. Cleaning scans were again performed

between each set of measurements.

System Design

Figure 1 (A) shows an exploded view of the Solidworks™ schematic for the microfluidic platform. The
system consists of three separate parts; a hard base layer with a slot to hold the microchip as well as
two pillars to ensure accurate alignment of the sensor chips. a middle gasket component, made of a soft
flexible resin, which comes into conformal contact with the chip surface. this gasket had three
microfluidic channels designed to align with the three sensor locations on a chip; as well as three inlet
and outlet apertures to allow fluid flow. The third, hard, top layer was designed to apply a constant
pressure to the middle gasket to prevent leakage. This constant pressure was ensured by locking the top
component into place using two pegs to retain downwards pressure on the system, effectively sealing
it.

Figure 1 (B) shows an optical micrograph plan view of the assembled system containing a chip, and
three microfluidic channels in the correct orientation with the inlets and outlets for sample flow over

the sensors. Tubes are omitted for clarity.
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Figure 1 (A) Exploded view of the microfluidic platform and (B) top down view of assembled system with chip

Results and Discussion

Figure 2 (A) shows a typical COMSOL Multiphysics™ simulation of pH control in a region
surrounding the interdigitated electrodes. Figure 2 (A) and (B) are set such that time is equal to 0.1s and
Is respectively, showing the overall array within the channel under static conditions. Their respective
insets show the centremost generator-collector IDE. The longer duration in Figure 2 (B) allowed more
protons to be generated, lowering the localised pH when compared with 2 (A). The variation in pH
across this duration (0.1-1 s) is also quite significant, with a pH of approximately 3.30 observed at 0.1s
compared to a pH of 2.86 observed at 1s. The pH was measured at the surface of the leftmost electrode
shown in the insets. This represents the pH present at the centre of the electrode array. Figure 2 (C) and
(D) 0.1s and 1s, respectively, shows the same simulation conditions but with the addition of a fluid flow
200 pL/min introduced from left to right. When compared to their static counterparts, the diffusion
profile has changed greatly, effectively removing the constraint of minimum domain size. The
incorporation of flow compresses the diffusion profile of the protons towards the sensor surface,
concentrating the protons nearby. The insets show the greatly decreased diffusion profile height around
the electrode surface. The slightly lower decrease in pH, when compared to 2(A) and (B), is due to some

of the generated protons being hydrodynamically removed thereby making the area less acidic. This

https://doi.org/10.26434/chemrxiv-2024-lzlmb-v2 ORCID: https://orcid.org/0000-0002-7554-1536 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-lzlmb-v2
https://orcid.org/0000-0002-7554-1536
https://creativecommons.org/licenses/by/4.0/

can be adjusted for by increasing the applied potential bias, which was undertaken in the subsequent
experiments. The similarity between 2(C) and 2(D) suggests that the effect of flowrate on protonation
does not intensify as time passes, but rather quickly reaches a constant value. In contrast to the quiescent
simulations, the simulated pH at the leftmost electrodes are only marginally varied from 0.1s to 1s. The
observed pH was 3.3 at 0.1s, changing to 3.2 at 1s, under flow conditions suggesting that under flow
conditions the pH quickly reaches a set pH and maintains this value, therefore allowing local pH control

under flow see insets Figure 2 (C) and (D).
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Figure 2: Comsol flow simulations of pH control with their respective insets varying time values. (A) Static conditions and time
=0.1s (B) Static conditions and time = 1s (C) hydrodynamic conditions 200 ul/min flowrate with time =0.1s (D) 200 ul/min
flowrate with time =1s

A silicon chip device consisting of three sensors and on-chip counter and reference electrodes is shown
in Figure S1 (A) (Supp info) while S1 (B) (Supp info) shows an assembled microfluidic system, with
the inlet and outlet tubes removed for clarity. Typically, inlet and outlet tubes would be connected to
allow flow through the selected microchannel over a selected sensor. The distal ends contact pads of a
microchip were connected to an external SD connector port, as shown. This allowed facile connection

to an Autolab potentiostat.
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Following optical microscopic inspection, sensors were electrochemically characterized using cyclic
voltammetry (Vs on chip Pt pseudo reference), using 1.0 mM FCA as a redox probe. Figure 3 (A) shows
typical CV scans performed in generator-collector mode, under various flowrates (10 - 200 uL/min).
The generator was cycled from -0.15V to 0.45V while the collector was held at -0.15V. The generator
comb oxidised the FCA to FCA". The FCA" species then diffused across the gap to the collector
electrodes, where it was subsequently reduced back to FCA. This phenomenon is known as redox
cycling and can be used to boost signals when using reversible redox molecules; as described by
Seymour, et al. ** The CV steady-state behavioural shape observed for the static FCA scan in Figure 3
(A): inset, arises from REDOX cycling as it surmounts the diffusion limited behaviour typically
associated with transport of fresh analyte to the electrode. As a flowrate across an electrode surface is
introduced and increased, the measured current response signals were observed to increase with
increasing flow rate. However, the steady-state plateau of signal, typically associated with quiescent
solutions, is replaced with an elongated current response at higher voltages with increasing flowrate.
This is due to the addition of convection as a mode of mass transport, as opposed to the diffusion only
conditions experienced in quiescent solutions. The convection allows for constant replenishment of
fresh FCA at an electrode surface, thereby increasing the current response. Each voltammogram
presented in Figure 3 (A) is an average of three consecutive cycles for each flowrate: inset is a typical

CV obtained under quiescent conditions.

Figure 3 (B) shows a linear relationship observed between the cubic root of flowrate and the measured
current at 0.45V in Figure 3 (A). The cubic root of flow was selected as it was described previously
within the Levich equation when considering the linearized Leveque approximation for the flowrate to
a tubular electrode. Rees and Compton™ showed this relationship to occur for multiple different

electrode configurations, showing the relationship between limiting current and flowrate.
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scan. (b) shows the cubic root of flowrate versus observed current for the flowrates in (a).

The generation and subsequent reduction of gold oxide was used as an indicator of pH, as shown
previously by Seymour et al. * Chemical buffers in the pH range of 3 - 7.6 were characterised
electrochemically to monitor the position of the reduction peak for each buffer, in both static and flow
conditions (100 pL/min); Figure 4 (A) and (B) show these, respectively. Under both static and flowing
conditions, little to no difference observed in the minima positions of the gold oxide reduction peaks.
This suggests that flowing conditions has little effect on pH. This is further illustrated in Figure 4 (C)
where two calibrations of gold oxide reduction potential minima versus pH for both hydrodynamic

conditions are plotted and overlaid and exhibit very similar behaviour within the investigated pH range.
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Figure 4:(a) Chemically adjusted pH buffers showing the oxide reduction peak in static conditions, (b) in flow conditions 100
uL/min and (c) the calibration of both static and flow

Electrochemical-based pH control was then investigated in both static and flowing conditions, using a
PB solution with an initial pH of 7.4. The effect of flowrate on electrochemical pH control has hitherto
not been demonstrated in the literature. The PB buffer solution was electrochemically acidified using
various protonator potentials and the CVs was observed and recorded under both static and flow (100
puL/min) conditions. The reduction peak minima versus pronator potential applied were again used as

an indicator of pH and are plotted in Figure 5 (A) and (B), respectively. The insets of these figures are
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the respective calibrations. Unlike Figure 4 (B), there is a visible decrease in the shift of the reduction
peak minima observed for a set protonator potential when a flow is introduced. The lower anodic shift
observed under flow conditions, suggests less efficient protonation i.e., leading to less acidic conditions
through removal of protons by hydrodynamic forces. This can be observed more clearly in the
respective calibrations plots of pH versus protonator potential for static and flow, in Figure 5 5 (C). The
observed pH under flow conditions is notably less acidic (lower anodic shift) for each potential,
confirming less efficient protonation. We attribute this reduced acidification to the protons being
generated at the protonator being washed away by the flowing liquid. This effect can be remediated by

increasing the applied potential and producing additional protons as shown in Figure 2 (C) and (D).
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Figure 5:(a) Electrochemically adjusted pH buffer showing the oxide reduction peak in static conditions, inset calibration (b)
in flow conditions (100 uL/min), inset calibration, and (c) the calibration of both static and flow protonator potential versus
pH observed

Figure 6 (A) shows typical CV scans in ADW. When the pH control is off (black line), the oxide
reduction minimum occurs at a potential ~ 0.2 V vs Pt. However, when the pH control is activated (red
line) the gold oxide reduction shifts anodically to approximately ~0.6 V. This acidification is a result

of biasing the second working electrode at ~1.5 V with the subsequent production of protons.
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To compensate for less efficient acidification under flow conditions described above, application of a
higher potential bias, by 100 mV at WE2, generates more protons, effectively replacing those washed
away. It was observed that application of this slightly higher voltage (1.6 V); the position of the
reduction peak minima remained constant for measured flow rates up to 200 plL/min. Data preparation
in Figure 6 (B) involved undertaking an initial cleaning/conditioning scan and then averaging the
subsequent three CVs for each flow rate. To eliminate any effects due to capacitive current a baseline
for normalisation was chosen to be the 25 uL/min data, in the non-Faradaic region, i.e., approximately
0.3 V. This current was then set as the baseline and subtracted from all other current values within those
scans. As the flowrate increases, the shift in location of the oxide peak is negligible for this range of
flowrates, consistently remaining at ~ 0.7 V. This confirms that within the pH range selected, the
electrochemical pH is still demonstrating acidic behaviour, and the washing away effect of protons
eliminated. Flowrates higher than 200 uL/min were not explored due to the potential for tubes to pop

out of the holder during experiments.
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Figure 6:(a) CVs showing both no pH control and pH control for gold oxide generation and reduction. ((b) Gold oxide oxide
detection under various flow rates (5 — 200 plL/min). the gold oxide reduction peak minima area clearly visible at ~0.67 V'

Once the effects of flowrate on desired pH had been compensated for, electrochemical analysis was
then undertaken. Hypochlorous acid was selected as an analyte of interest due to its importance is water

sterilisation. ** A stock solution of 5.3 ppm was prepared and used to assess the impacts of flowrate.

For each flowrate, the pH was electrochemically controlled by applying a potential bias of 1.65V to the
protonator. This allowed the local pH to be set to ~5. This pH is lower than pH 6 the value where all
free-chlorine is converted to hypochlorous acid; see Fig S2. The effect of this pH control can be seen in
Fig S3 where no hypochlorous acid was detected in a solution of 5 ppm NaOCI without pH control
enabled whereas hypochlorous acid was readily detected once pH control was enabled. Once the
parameters had been optimised, CVs were carried out using quantifiable flowrates, using the calibrated
digital syringe pump. The signal-boosting effect of flowrate is clearly visible with an increase in
measured current observed with increasing flowrate in clearly observed in Figure 7 (A). The relationship

between flowrate and the measured current of hypochlorous acid concentrations was highly linear and
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again seen to be proportional to the cubic root of flow; inset of Figure 7 (A). Figure 7 (B) shows the
detection of hypochlorous acid under quiescent (black line) and high flow rate conditions (red line) ~10
mL/min obtained by manually pumping the system with a syringe. Under this high flow condition, the
experimental window was required to be broadened, -0.2V to 0.85V, in order to observe the
hypochlorous acid detection. All other experimental parameters remained unadjusted. Electrochemical
activity is present in both flow conditions; however, the flow enhancement dwarfs the quiescent scan
current. The inset in Figure 7 (B) shows the electrochemical activity of the quiescent scan. This higher
flowrate was observed to amplify the chlorine detection, with a near 30-fold increase in signal (5 nA to

130 nA).
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Figure 7: (a) Hypochlorous acid detection under various flowrates. Inset: the cubic root of the flowrates shown in (A) vs
current. (b) Hypochlorous acid detection in static and high flow conditions. Inset shows the activity of static scan in greater
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Conclusion

We have shown a simulation and experimental study of electrochemical pH control under both static
and hydrodynamic conditions at interdigitated gold microband arrays. The finite element simulations
demonstrated the feasibility of performing electrochemical pH control under flow conditions, which
was then validated experimentally. Detection of hypochlorous acid under various flowrates was
performed. The high flowrate did not cause the pH to drift outside of the optimum pH window for
hypochlorous acid detection, however with future detection of other molecules the pH window could

be narrower. The decrease in the pH control by flow can be compensated for with an increase in potential
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bias, as shown previously in Figure 4 (B) and (C). This suggests that there is great potential for future

work on the coupling of these phenomena.
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