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Our previous work has established that micron-resolution photolithography can be

employed to make microsquare nanoband edge electrode (MNEE) arrays. The MNEE

configuration enables systematic control of the parameters (electrode number, cavity

array spacing, and nanoelectrode dimensions and placement) that control geometry,

conferring a consistent high-fidelity electrode response across the array (e.g., high

signal, high signal-to-noise, low limits of detection and fast, steady-state, reproducible

and quantitative response) and allowing the tuning of individual and combined

electrode interactions. Building on this, in this paper we now produce and characterise

a micropore nanoband electrode (MNE) array designed for flow-through detection,

where an MNEE edge electrode configuration is used to form a nanotube electrode

embedded in the wall of each micropore, formed as an array of pores of controlled size

and placement through an insulating membrane of sub-micrometer thickness. The

success of this approach is established by the close correspondence between

experiment and simulation and the enhanced and quantitative detection of redox

species flowing through the micropores over the very wide range of flow rates relevant,

e.g., to applications in (bio)sensing and chromatography. Quantitative electrochemical

reaction with low conversion, suitable for analysis, is demonstrated at high flow, whilst

quantitative electrochemical reaction with high conversion, suitable for electrochemical

product generation, is enabled at lower flow. The fundamental array response is

analysed in terms of established flow theories, demonstrating the additive contributions

of within-pore enhanced diffusional (nanoband edge) and advective (Levich-type)

currents, the control of the degree of diffusional overlap between pores through pore

spacing and flow rate, the control by design across length scales ranging from

nanometer through micrometer to a centimetre array, and the ready determination of

physicochemical parameters, enabling discussion of the potential of this breakthrough

technology to address unmet needs in generation and analysis.
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Introduction

Nanoelectrodes offer multiple potential advantages over macro- and microelec-
trodes. These include enhanced mass transport for more rapid response and
a double layer capacitance which is reduced more markedly than the electrode
response with decreasing area (giving a progressively increasing signal-to-noise),
albeit with the downside of a decreasing signal magnitude.1–3 When the signals
from multiple nanoelectrodes are combined by utilising an array format, this
downside is overcome, but without a precisely controlled and homogeneous
distribution of electrode placement within the array, the system is then termed an
ensemble;1,4,5 the response from each electrode and the overall array oen varies,
leading to a less controlled and variable total response. Previously we have shown
that micron resolution photolithography can be used to produce a micron reso-
lution nanoband edge (MNEE) array format6,7 and demonstrated its application to
biosensing.8 This format enables high delity, highly controlled electrode array
production; it combines the nanoband electrodes, each placed around the inside
edge of shallow microscale cavities (which have been shown to give rapid, steady-
state signal generation) in a cavity array of controlled size and spacing with
a dened macroarray placement and footprint, which offers the ability to sense
with enhanced signal magnitudes (Fig. 1a). We now take advantage of this
enhanced conguration by etching the nanoband cavity entirely through the
wafer to produce a micropore nanoband electrode (MNE) array (Fig. 1b); this has
edge nanoelectrodes embedded as a tube electrode in the wall of each pore in the
array. Placed within the thin (0.5 mm)membrane of dened area and supported by
the silicon substrate, the nanoelectrode thickness, placement and pore length are
then determined by control of the original metal deposition and insulator layer
thicknesses.
MNE array device fabrication

The MNE array (Fig. 1b) fabrication protocol was based on that previously re-
ported for the MNEE array (Fig. 1a).6,7 Briey, the process involved depositing the
relevant layers on the front side of the silicon wafer, then specically back-etching
the silicon wafer across the dened electrode array area to open up the cavity
behind the membrane, followed by front-side processing (as for the MNEE) to
selectively open up and form the array of through-membrane cavities (the
Fig. 1 Sketches of (a) the MNEE (seen from the front side) and (b) the MNE (seen from the
back side) device configurations with the oxide (purple), nitride (green), metal electrode
(blue) and silicon substrate (grey) layers. Note that the relative dimensions and total array
elements are illustrative only and not as fabricated.
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Fig. 2 Schematic showing the (a) common top-down view, demonstrating the exposed
contact pad (blue, left) and array (grey, right) area, and the cross-sectional views of (b) the
MNEE array and (c) MNE array areas (not to scale, number of elements in array is illustrative
only).
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micropores). Fig. 2 shows top down and cross-sectional views of the MNE and
MNEE devices. In detail, for the deposition steps, 500 nm of thermal oxide was
grown on double-sided polished silicon wafers, followed by a 130 nm thickness
low-pressure chemical vapor deposition (LPCVD) silicon-rich silicon nitride
(SiRN) layer. 10 nm thickness titanium and 50 nm thickness platinum layers were
then electron-beam evaporated onto the SiRN, patterned and etched using reac-
tive ion etching (RIE) to dene the extent of the electrode and contact pad region
(surface oxidation of the Ti to insulating TiO2 during processing and/or in
aqueous solutions then results in a 50 nm thick platinum nanotube electrode).
Another 300 nm of SiRN was then deposited to form the top insulator. From the
wafer back-side, the cavity was opened and the membrane area was patterned and
etched using RIE and potassium hydroxide to form the ca. 500 nm thick metal-
lised membrane (SiRN layers on either side of the Pt/Ti metal layer). From the
wafer top-side, the contact pad (Fig. 2a) was created by etching an opening into
the silicon nitride layer, again using RIE. Finally, the micropore nanobands were
fabricated by patterned etching through the membrane stack of SiRN/Pt/Ti/SiRN
from the top side using RIE and argon milling.
Fig. 3 SEM image of the back side of an MNE electrode showing the defined membrane
and array area in the centre of the image. Also shown is a magnification of one of the
micropores.
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The resulting conguration used in this work consisted of an array of a total
N = 550 micropores of diameter d = 20 mm in a hexagonal arrangement with
a common edge-to-edge micropore spacing of 150 mm to all nearest neighbours.
Fig. 3 shows a typical SEM image of the completed MNE device, seen from the
back side, showing the rectangular cavity dening the membrane area, with the
inset showing a magnication of a representative area, demonstrating the high-
delity micropores produced.
Experimental

The MNE array devices were tested using an in-house-constructed ow test
chamber fabricated from polydimethylsiloxane (PDMS), a commonly used poly-
mer for constructing microuidic devices.9 PDMS was formed by rst mixing
a 10 : 1 ratio of elastomer to curing agent, then placing this in a vacuum chamber
for at least 1 hour to ensure all bubbles created during mixing were removed. The
PDMS was then poured into 3D-printed and acetone-smoothed acrylonitrile
butadiene styrene moulds and cured at room temperature. The resulting
assembled PDMS chamber (Fig. 4) had design dimensions of approximately 4 mm
× 10.5 mm × 5 mm.

A platinum wire counter electrode (CE), a Luggin capillary connected to
a commercial Ag/AgCl/Cl− (3 M) reference electrode (RE), and a needle syringe
connected to a syringe pump were pushed through the PDMS cell walls into the
chamber. All MNE array potentials, E, are reported with respect to this RE. The
MNE was used as the working electrode (WE) and placed front-side down within
the PDMS cell, followed by fully enclosing the chamber. All electrodes and needles
were sealed using Araldite® or silicone, and water tightness then conrmed,
ensuring the analyte could be owed through the micropores and past the
nanoband electrodes at a known ow rate. Fig. 4 shows a schematic of the
assembled ow test cell.

Electrochemical measurements were recorded using ferrocenemethanol
(FcMeOH) dissolved in phosphate buffered saline (PBS 1×, with aqueous solution
concentrations of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM
KH2PO4) on a Metrohm Autolab PGSTST128N potentiostat at 26 °C. Mindful of
Fig. 4 The flow test-cell configuration, showing the electrodes and syringe pump
connection, flow directions and MNE device orientation. Note that the MNE array has the
back-side orientation uppermost. Also shown are the electrode (grey) and membrane
insulator (purple) layers.
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Fig. 5 Cyclic voltammograms (CVs) of 100 mM FcMeOH in PBS at the MNE array at a scan
rate of 100 mV s−1 and flow rates Vf = 0 (blue), 0.5 (red), 1 (purple), and 5 ml h−1 (green).
The initial direction of the scan is to more positive E.
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the data presented in Fig. 5, subsequent mass-transport-limited array currents, i,
were typically recorded as a function of time, t, by switching the MNE array from
E = 0 V to E = +0.4 V at t = 0 s (given that FcMeOH/Fc+MeOH is a one-electron
reaction, n = 1 has been substituted in all relevant equations). Data were
collected using NOVA 1.11 soware using a PC and analysed using Matlab.
Numerical simulations were carried out using COMSOL Multiphysics.

Results & discussion
MNE characterisation

Fig. 5 shows typical cyclic voltammograms (CVs) recorded for theMNE array using
the reversible FcMeOH/Fc+MeOH couple in aqueous buffer solution at a variety of
ow rates. First, it is reassuring that a characteristic wave-shaped response was
obtained under no-ow conditions. This steady-state response, neither observed
nor expected from a linear nanoband,10,11 has previously been both measured and
simulated for the MNEE array conguration,6,7 and attributed to the closed
(square) conguration of the MNEE cavity, which leads to a hemispherical
diffusional prole being established in/around the cavity. This therefore suggests
the same prole is being established within/near the circular pore (on both sides
of the pore in this MNE case). This wave-shaped response is then seen to increase
with increasing ow, consistent with a combined contribution from diffusion and
advection within each pore in the array, demonstrating both effective solution
transport through the pores and high-delity electrode array operation with ow.
It is interesting that although the increase in current with ow is signicant, it is
still relatively small compared to diffusional ow, contributing only around 50%
of additional current at the fastest ow, which is consistent with the enhanced
diffusional transport expected at such nanoelectrodes.

Analysis of these CV (E, i) data using the modied Tafel equation (1),

ln

�
iL

i
� 1

�
¼

F
�
E � E

0
�

RT
; (1)
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss.
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Fig. 6 Modified Tafel plots calculated from the CV data in Fig. 5 for (a) Vf= 0ml h−1 and (b)
Vf = 5 ml h−1. The forward (f, blue dots) and reverse (r, red squares) scans are shown. In
each case, calculated best fit linear regression lines, y = mx + c, are shown for the data
between +0.20 V and 0.25 V, extended across the entire potential range. Best fit values are
(a) m = −40.9 ± 0.1 V−1 (f) and −42.4 ± 0.3 V−1 (r); c = 9.16 ± 0.03 (f) and 9.83 ± 0.06 (r);
R2 = 0.999 (f) and 0.998 (r); (b)m = −37.9 ± 0.1 V−1 (f) and −37.2 ± 0.1 V−1 (r); c = 8.45 ±
0.02 (f) and 8.41 ± 0.03 (r); R2 = 1.000 (f) and 0.999 (r).
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was then used to assess the electrochemical reversibility of this one-electron
reaction, where iL is the mass-transport limited oxidation current, F = 96 485 C
mol−1, R is the gas constant, T is the temperature, and E0 is the formal potential
for FcMeOH/Fc+MeOH. Fig. 6 shows the resulting plots for the zero and fastest
ow waves, with the LHS of eqn (1) plotted as the y-axis and E as the x-axis.
Reassuringly, both forward scans show close correspondence to this equation,
with the observed slopes being very close to the expected slope for a reversible
reaction of F/RT = 39 V−1 under these experimental conditions. This conrms
a high-delity MNE array response without signicant iR drop. Again as expected,
both backwards scans also show similar behaviour and comparable slopes,
although it is interesting that there is progressive deviation at the end of the
reverse scan for the no-ow conditions. At this stage, given the scan rate and the
potential range scanned, this corresponds to an electrochemical reaction having
occurred over several seconds, and this effect can therefore be attributed to the
effects of FcMeOH depletion/Fc+MeOH generation and diffusion layer growth and
overlap between neighbouring pores in the array, the effects of which are effec-
tively mitigated by ow (Fig. 6b).
Faraday Discuss. This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Simulated mass-transport-limited oxidation current (xE = 50 nm, D = 0.70 × 10−9

m2 s−1) for bulk concentration c = 100 mM FcMeOH, for arrays with (red dots) and without
(blue crosses) overlap from the diffusion profiles of adjacent electrodes. The dotted line
shows the estimated divergence and hence pore diffusion layer overlap time. The insets
show the resulting simulated concentration profiles at t= 1 (left – before overlap) and 30 s
(middle – confirming overlap), along with (right) a schematic of the simulation region
(shaded) showing the pore diameter, d, electrode width, xE, and edge-to-edge pore
spacing, p = 150 mm.
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To conrm this zero ow effect, Fig. 7 presents corresponding COMSOL
simulations of the mass-transport-limited MNE array current response with time,
comparing an array of N neighbouring pores, each at the designed/fabricated
edge-to-edge separation (top right inset conguration; corresponding data
shown as red dots), with N isolated MNE pores, each with no neighbours (using
a suitably large simulation box and no symmetry to simulate p/N; data shown
as blue crosses).

It is reassuring that the magnitudes of the calculated currents are both
consistent with those observed experimentally (conrming electrode activity and
pore transport for the entire array) and that a near steady-state current (within
10% of the nal steady-state current observed as t/ N for the isolated MNEs) is
observed for t� 1 s. Furthermore, the dashed line at t = 4 s indicates the onset of
divergence between these two sets of data. That this occurs at a comparable time
to the divergence of the data frommodied Tafel behaviour in the reverse scan in
Fig. 6a, at which t = L2/(2D), where L = p/2, strongly suggests that overlap of
neighbouring pore diffusional elds in the array is indeed the origin of the
observed effect. This overlap is conrmed by comparing concentration proles at
t > 4 s (e.g., middle inset of Fig. 7) with those at t < 4 s (e.g., le inset).
MNE array response with ow

Having determined both the experimental response and COMSOL simulated
response at no ow, simulations were then performed to determine the relative
contributions and interplay of mass transport due to diffusion and forced
advection under ow. Levich established that the mass-transport limiting current
for a one-electron oxidation reaction (e.g., FcMeOH) at a microtube electrode due
to laminar ow in a pipe (Fig. 8) is given by:12,13
This journal is © The Royal Society of Chemistry 2024 Faraday Discuss.
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Fig. 8 Schematic of amacrotube electrode of length xE embedded in thewalls of a pipe of
diameter d, whose flow-limited current is given by the Levich equation (eqn (2)). Note that
this configuration is equivalent to that of a nanoband in an individual micropore in theMNE
array.
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iL = 5.43FcD2/3Vf
1/3xE

2/3 (2)

where c is the bulk concentration of FcMeOH, D is its diffusion coefficient, Vf is
the volumetric ow rate, and xE is the electrode thickness. Under such conditions,
for a given pore size and electrode dimension, characteristic Levich behaviour
therefore results in a linear dependence of current on Vf

1/3.
Fig. 9 now presents a comparison of the MNE experimental versus simulation

results for the MNE array current response as a function of ow and time. First, it
is clear that there is extremely good agreement within experimental error between
the t = 1 s experiment and simulation data at all volume ow rates below Vf

1/3 =
Fig. 9 Comparison of experimental results (points) and simulated results using laminar
flow (circles) for the total MNE array current, i, plotted against Vf

1/3 for the mass-transport-
limited oxidation of c = 100 mM FcMeOH. Simulation data points are taken at t = 1 s with
D = 5.07 × 10−10 m2 s−1, and experimental results (dots) have data points taken at t = 0.1
(blue), 1 (orange), 10 (purple), and 30 s (yellow) (arrow shows direction of increasing time).
These data are each for an average of 5 measurements with error bars within the size of
each datapoint. The shaded regions show the typical volume flow rates for sweat
measurement14 and HPLC,1,15 respectively (note that Vf axes are shown in both m3 s−1

and ml h−1 here and thereafter to reflect the units used in applications).

Faraday Discuss. This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00125g


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
6 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2/

2/
20

24
 1

2:
27

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
103 (1.5 m3 s−1)1/3. Secondly, it is clear that high-delity MNE arrays capable of
a rapid and quantitative response have been produced. Thirdly, it is also evident
that this response is obtained across a ow-rate regime that encompasses a wide
range of application-relevant ows and pressures, spanning passive evaporative
ow sensing (e.g., for sweat14) at low ow, and across the liquid chromatography
regime towards that of high-performance liquid chromatography (HPLC15).
Finally, there are apparently two regimes; at slow ows, Vf

1/3 < 103 (0.5 m3 s−1)1/3,
there is a time-dependent and relatively ow-insensitive (diffusion controlled)
regime, whilst above this there is a time-independent and linear dependency of
current on Vf

1/3 (advection controlled), which is henceforth termed Levich-like
behaviour.

Analysis of the MNE array response

Fig. 10 shows MNE simulation results as a function of time, again, as with Fig. 7,
with and without neighbouring pores. That these “with” and “without” pore
overlap data are coincident at each time and ow in the Levich-like region (region
B) demonstrates that the additional advective ow under these conditions always
precludes the neighbouring pore overlap of the diffusion (more generally deple-
tion) layers emanating from each pore, unlike under no ow (Fig. 7). By contrast,
the data in the regime of the slowest ows (region A) are consistent with Fig. 7 in
showing coincidence of the “with” and “without” pore overlap data only at t < 1 s,
and with signicantly decreasing currents as a function of time thereaer.

Another diffusion layer overlap of interest is whether/when the diffusion layer
of FcMeOH at the nanoband grows sufficiently large for overlap to occur between
opposite sides of the nanoband. It is useful then to determine the balance point
when advection and diffusion are comparable (Péclet number Pe = 1),16 by
Fig. 10 Simulation results for the total MNE array current, i, plotted against Vf
1/3 for the

mass-transport-limited oxidation of c = 100 mM FcMeOH, at the interelectrode spacing
(p= 120 mm, dots) and without overlap (p/N, circles). Data shown are for t= 0.1 (blue), 1
(red), 10 (orange), 30 (purple) and 100 s (green). The dashed line shows the theoretical
current that corresponds to the complete oxidation of all the analyte flowing though the
pore (eqn (4)). The dot-dash line shows the calculated flow value from eqn (3) where Pe =
1. The blue dotted line shows the best fit regression line for the region B data above Vf =

1 ml h−1.
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ratioing the characteristic rate for advective laminar ow of FcMeOH through the
pore, tf

−1, to that for diffusional mass transport from the nanoband, tD
−1. In this

case, tf
−1 = u/L, where u is the average pore ow velocity, and L is the distance

travelled down the pore in laminar ow, whilst for diffusion tD
−1 = 2D/L2. When,

L= d/2 in the case of this circular nanoband, the depletion layers emanating from
opposite sides of the circular band will start to overlap, which gives for Pe = 1:

Pe ¼ 1 ¼ ud

4D
(3)

Given Vf= Npd2u/4, the value of Vf corresponding to Pe= 1 can then be readily
calculated for this system (shown as the dot-dash line in Fig. 10). In region A
where Vf is lower than this ow, it is to be expected that effective overlap of
FcMeOH diffusion layers will occur, giving essentially diffusion-dominated
reaction of species rst across the pore width, then within the whole pore
length, and nally through transport of species into the pore through the
establishment of hemispherical diffusion at each pore/solution interface. That
this regime is dominated by diffusional transport is demonstrated by the obser-
vation i [ iad (the dashed line shown in Fig. 10), where

iad = FcVf (4)

is the steady-state advection current, required to convert all the analyte owing
through the array of pores. In this regime, therefore, complete reaction of the
FcMeOH owing through the pores will be expected, once diffusional elds have
overlapped completely.

By contrast, in region B, the rate of advection and replenishment of FcMeOH in
the pores should be sufficiently large to ensure no overlap both across the area of
the pore at the nanoband and within the pore. Here, as expected i � iad, only
a small proportion of the FcMeOH owing through the pores will react and there
is a Levich-like dependence on ow. This model of depletion within each pore is
conrmed by the concentration prole data shown in Fig. 11. This shows the
progressive depletion and overlap of the diffusion layer with time across the pore
in region A (and therefore the conversion of a signicant and progressively larger
proportion of the FcMeOH species within the pore), in contrast to the more
localised, time-independent diffusion layers established at the nanoelectrode in
region B.

It is noteworthy that when extrapolating the linear Levich-like response in
region B of Fig. 10, there is a signicant non-zero current axis intercept (blue
dashed line), whose magnitude is similar to the diffusional current observed at
short times with no ow. This is unlike the established Levich macroelectrode
response (eqn (2)), and indicates that the contribution of diffusional transport to
these nanobands is not only signicant but also additive to that of advection. In
this case, the quantitative response of the MNE array can be modelled as:

i = B/2NFDcd + 5.43GFcD2/3Vf
1/3xE

2/3, (5)

where the rst term models nanoband diffusion using our established MNEE
approach of modifying the Saito equation and using r = d/2,7 whilst the second
Faraday Discuss. This journal is © The Royal Society of Chemistry 2024
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Fig. 11 Typical simulated concentration profiles showing the cross-section of the elec-
trode for (left) region A, Vf = 0 ml h−1, and (right) region B, Vf = 50 ml h−1, at t = 0.1 (top)
and 30 s (bottom). The white bar in the centre of each image shows the membrane with
the FcMeOH depletion originating from the right-hand side of the nanoband. Flow is again
from bottom to top in the right-hand images.
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term models the Levich-like behaviour for the advective contribution to the
nanoband. If this approach were valid, B and G should then be constants which
then could be used to determine the relative contributions of diffusion and
advection, and quantify the correspondence of each term to the modied Saito
and Levich equations.

Fig. 12 now shows region BMNE-array simulation data varying xE and D, whilst
Table 1 summarises the calculated values of B and G from these data and eqn (5).
Fig. 12 Simulated currents at a single nanoband against Vf
1/3 over the linear region with

linear regression lines and extrapolated to zero flow. Simulations are for D = 1.43 × 10−9

m2 s−1 (blue) andD= 0.7× 10−9 m2 s−1 (red) at xE= 50 nm (solid line, squares), and xE= 10
(dot-dash line), 25 (dotted line) and 100 nm (dashed line) for D = 0.7 × 10−9 m2 s−1.

This journal is © The Royal Society of Chemistry 2024 Faraday Discuss.
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Table 1 Parameters of, and those extracted from, the best fit regression lines obtained
from the data in Fig. 12

D/10−9 m2 s−1 xE/nm i intercept/nA Gradient/nA (m3 s−1)−1/3 R2 G B

0.70 10 0.182 � 0.004 362 � 2 0.995 1.89 2.7
0.70 25 0.210 � 0.002 504 � 1 0.998 1.43 3.1
0.70 50 0.228 � 0.003 714 � 1 0.998 1.27 3.4
0.70 100 0.245 � 0.004 1100 � 2 0.999 1.24 3.6
1.43 50 0.447 � 0.110 1220 � 4 0.996 1.35 3.2
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With the exception of the thinnest (10 nm) nanobands, it is comforting that
B= 3.4± 0.2 for this MNE array. This is comparable to the equivalent value of 1.92
determined for the square cavity MNEE array (which used the square edge length
as the characteristic length),7 when considering that the MNE current should be
doubled, as it arises from solution diffusion to both upper and lower membrane
interfaces, compared to the single solution interface in the MNEE case. Overall,
the intercept current was observed to be only weakly dependent on xE, with 92% of
the intercept value recorded when halving the nanoband thickness (from xE = 50
to 25 nm). This is consistent with our previous MNEE simulations,7 and is
consistent with a predominance of edge diffusion to a nanoelectrode.

For xE = 20 nm and above, it is interesting that G lies in the range 1.3 ± 0.1.
This slightly “super Levich” gradient (G > 1) is in agreement with the ow
simulation study presented by Thompson et al.17 for this tubular electrode
geometry. Under similar conditions (d/(2xE) > 1), and consistent with the MNE
array, the data presented therein (Fig. 6a) show the Levich dependence on Vf

1/3

over a wide range of normalised Vf, with values also slightly above the predicted
Levich gradient.
Conclusions

The combination of experimental and simulation work presented here demon-
strates that the MNE array system is a robust system of controlled geometry,
which enables quantitative and reproducible electrochemical characterisation
and reaction/detection of species owing through the pores. Two regimes have
been characterised the rst is region A, under low-ow conditions, where mass
transport by diffusion dominates, and the proportion of species that electro-
chemically react is large; this makes this regime suitable for ow through
applications where near complete electrochemical conversion of the redox species
is required. By contrast, region B, under high ow conditions, is where advection
determines the increasing and time-independent current, and the proportion of
reacting species is very low, which is suited to analytical detection, and enables
the ready extraction of the parameters D, E0 and c in such ow systems (for
example, it is worth noting that the ts of eqn (5) to the experimental data in Fig. 9
can be used to determine the value of D, given the different dependency of D
contained within the slope and intercept terms). This microfabricated MNE array
conguration is already shown to be capable of such characterisation across
a wide range of ow conditions, ranging from passive (evaporative) ow to forced
Faraday Discuss. This journal is © The Royal Society of Chemistry 2024
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advection systems such as liquid chromatography, thereby opening up a wide
a range of potential applications.

It is interesting to consider the origin of one advantage of these MNE array
systems: that diffusion and advection are simply additive, particularly in region B.
It should be noted that for nanoelectrodes, edge diffusion dominates the current
response,7 whilst for laminar ow across tube macroelectrodes (Fig. 8), diffusion
across a diffusion layer established near and across the electrode area dominates
and the contribution of edge diffusion is negligible. One simple explanation for
this additive nature is that it is due to this separation of these contributions to
these distinct locations on the electrode, and that in region B, when ow is
signicant and diffusion layers remain small compared to the size of the pore,
each is largely unaffected by the other.

It is also interesting to speculate how this experimental response could be
optimised still further by considering the experimental deviation at high ow
from that simulated (Fig. 9). Fluid ow is considered to be laminar when the
Reynolds number Re < 2000.18 Since

Re ¼ u0h

n
; (6)

where u0 is the solution velocity at the centre of the channel, h is the channel
height (in this MNE case taken to be equal to the pore diameter, d), and n is the
kinematic viscosity of the solution, Re = 1.55 for aqueous solutions at the highest
experimental ow rate of 50 ml h−1, which conrms laminar ow in the pore and
justies laminar simulation throughout. However, the distance taken for the
establishment of laminar ow, known as the entry length, le, is given by:19

le = 0.1hRe (7)

and for Vf > 5 ml h−1 this entry length is less than the height of the bottom
insulating layer (which corresponds to the distance from the pore entrance to the
electrode). Deviation above this ow rate could therefore be due to the failure to
establish a laminar ow prole, and tuning of this entry length could be impor-
tant when optimising for high-ow-rate applications.
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