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ABSTRACT: Fluid and charge transport in micro- and nanoscale
ﬂuidic systems are intrinsically coupled via electrokinetic
phenomena. While electroosmotic ﬂows and streaming potentials
are well understood for externally imposed stimuli, charge injection
at electrodes localized inside ﬂuidic systems via electrochemical
processes remains to a large degree unexplored. Here, we employ
ultramicroelectrodes and nanogap electrodes to study the subtle
interplay between ohmic drops, streaming currents, and faradaic
processes in miniaturized channels at low concentrations of
supporting electrolyte. We show that electroosmosis can, under
favorable circumstances, counteract the eﬀect of ohmic losses and
shift the apparent formal potential of redox reactions. This interplay can be described by simple circuit models, such that the results
described here can be adapted to other micro- and nanoﬂuidic electrochemical systems.

■

INTRODUCTION
Electrochemical methods provide one of the most direct and
easily implemented routes for detection in lab-on-a-chip
analysis systems. Mass transport of redox-active analytes in
conﬁned geometries may however be strongly inﬂuenced by
factors not encountered in macroscopic systems. In particular,
migration and convection become intrinsically coupled due to
the presence of the electrical double layer (EDL) at the solid−
liquid interface. This can result in electroosmotic ﬂows,
streaming currents, and enhanced surface conduction.1 In
addition, ohmic potential drops are more pronounced due to
the high resistances inherent to narrow channel geometries.
Electrochemical measurements conventionally rely on an
excess of inert supporting electrolyte to provide high solution
conductivity, which also tends to minimize the impact of
electrokinetic eﬀects. In samples where the ionic strength is
inherently low, however, this simpliﬁcation breaks down and
the inﬂuence of conﬁnement on mass transport is
enhanced.2−5 Studies of mass transport and electron transfer
kinetics for redox-active species under low salt conditions for
microelectrodes,6 nanopore electrode arrays,7,8 and thin-layer
cells9−11 explicitly show that electrostatics aﬀect both the
magnitude of redox currents and the shape of voltammetric
responses. The corresponding impact of electrokinetic eﬀects
has received limited attention, notable exceptions being studies
of power generation12−14 and electrokinetically driven bipolar
electrodes.15 Our focus here is on electrodes imbedded inside
conﬁned ﬂuidic circuits, as commonly occur with meso- or
nanoporous electrodes and in μTAS applications.
Streaming eﬀects are caused by the convective transport of
ions in the EDL. A pressure-driven ﬂow carries with it the
© 2020 American Chemical Society

uncompensated charge in the EDL and thus generates a
streaming current. This current can be measured by providing
a low-resistance electrical pathway in parallel to the ﬂuidic
system, as sketched in Figure 1a. In many ﬂuidic systems,
however, this electrical pathway is absent. Charge then
accumulates at the inlets and outlets of channels, or at
junctions between channels with diﬀerent geometries, causing
electric ﬁelds to develop. These electric ﬁelds generate socalled backﬂow currents that oppose the streaming currents. In
the steady state, this results in streaming potentials across
channels that are proportional to the ﬂow rate of ﬂuid through
the channel, as sketched in Figure 1b. Importantly, the
occurrence of faradaic processes inside the ﬂuidic system can
lead to behavior that is intermediate between the limiting cases
of Figure 1a,b.
The magnitude of the streaming current (Figure 1a) for
laminar ﬂow in a cylindrical capillary with a radius much larger
than the Debye screening length is16
istr =

8ε0εζ
R2

Q

(1)

Here, R is the radius of the channel, ζ is the ζ potential of
the channel walls, ε0ε is the permittivity of the solution, and Q
is the volumetric ﬂow rate. The corresponding expression for
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Figure 1. Schematic illustration of streaming eﬀects in response to a
pressure-driven ﬂow in a channel with negatively charged walls. (a) If
an external low-resistance electrical pathway exists, here represented
by two reference electrodes and an ammeter, an uncompensated
streaming current istr ﬂows along the channel. (b) If no external
pathway exists, charge accumulates at the inlet and outlet and a
streaming potential develops across the channel that can be measured
externally. The streaming potential drives a reverse migration current
through the channel (the backﬂow current, iback) that cancels the
streaming current. More complex situations arise when electrodes are
present in the channel since streaming potentials can drive
electrochemical reactions while streaming currents can compensate
for ohmic drops by carrying (parts of) the faradaic currents.

Figure 2. Experimental conﬁguration. (a) Schematic side view of
ﬂuidic channels with measurement electrodes. In the UME
conﬁguration, two disk electrodes are located in reservoirs at either
end of the microchannel and the nanochannel is absent. In the
nanogap conﬁguration, a nanoﬂuidic channel containing two nanogap
devices is connected in parallel with the microﬂuidic channel. In both
cases, ﬂuid is introduced at constant ﬂow rate (blue arrows) and
extracted into an external reservoir in which a reference electrode is
immersed. (b) Dimensions of the nanochannel and nanogap device.
(c) Micrograph of the complete system showing the relative position
of the UMEs, the microchannels, and the nanochannels. The regular
array of squares consists of PDMS pillars that support the inlet and
outlet reservoirs.

the streaming potential in the absence of an external pathway
for the current (Figure 1b) is
Vstr =

Article

8ε0εζL

Q
(2)
πKR4
where Κ is the conductivity of the solution and L is the length
of the channel. Both istr and Vstr are proportional to the
volumetric ﬂow rate Q. Equation 2 indicates that the
magnitude of the streaming potential is proportional to the ζ
potential and inversely proportional to the conductivity of the
medium. Dilution of the supporting electrolyte leads to an
increase in ζ potential17,18 and a decrease of the solution
conductivity, both of which promote the buildup of streaming
potentials and thus strengthen the possible impact of
convection on electrochemical reactions taking place at
electrodes inside the channel. The inverse power dependence
on R in eq 1 and eq 2 means that for a given ﬂow rate Q,
streaming eﬀects become increasingly relevant with decreasing
channel cross-section.
Here, we focus on electrochemical reactions at multiple
electrodes imbedded in micro- and nanoﬂuidic channels under
pressure-driven ﬂow conditions. We show that electrokinetic
eﬀects inﬂuence faradaic processes at individual electrodes and
provide a coupling mechanism between electrodes localized at
diﬀerent positions in a ﬂuidic system. This behavior is captured
by a simple equivalent circuit model that can easily be adapted
to other ﬂuidic circuits.

UME conﬁguration consists of two individually addressable
ultramicroelectrodes (5 μm radius Pt disks, UMEs) located in
two large reservoirs linked by microchannels. The nanogap
conﬁguration consists of a nanochannel with two nanogap
devices19 embedded along its length (dimensions are given in
Figure 2b). The nanochannel is connected in parallel with a
microchannel identical to that of the UME conﬁguration. Each
nanogap device consist of two planar electrodes positioned in
the ﬂoor and ceiling of the nanochannel. When suitable
overpotentials are applied to the two electrodes, redox cycling
takes place and leads to a highly ampliﬁed, steady-state faradaic
current ﬂowing from one electrode to the other.19
For both conﬁgurations, the microﬂuidic layer is implemented by bonding a polydimethylsiloxane (PDMS) block to
the chip bearing the electrodes, as shown in Figure 2c. The
microﬂuidic circuit consists of two parallel microchannels
(length 90 μm, width 5 μm wide and height 5 μm) linking two
wide access regions supported by pillars. Fluid access is
provided by punching holes through the PDMS block and
inserting polytetraﬂuoroethylene (PFTE) microtubes.
Device Fabrication. The electrodes and nanoﬂuidic
channels were formed using lithography-based microfabrication techniques, as described in detail in the Supporting
Information. In short, a thermally oxidized silicon wafer was
used as substrate. The UMEs were patterned from an e-beam
evaporated Pt ﬁlm by optical lithography and lift-oﬀ. The

■

MATERIALS AND EXPERIMENTAL METHODS
System Geometry. We focus on two lithographically
fabricated electrochemical systems sketched in Figure 2a. The
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THEORETICAL MODEL
For a reversible reaction with fast electron transfer kinetics, the
current i at a UME is given by the expression

nanogap devices were created by the same process through
subsequent deposition and patterning of the Pt bottom
electrode, a Cr sacriﬁcial layer deﬁning the nanogap, and a
Pt top electrode. The wafer was then passivated with a
dielectric layer (SiO2 or SiN) to prevent contact between the
metal and liquid. Finally, access of the electrodes was provided
by etching openings in the passivation layer using reactive ion
etching (RIE). To deﬁne the microchannels, a microstructure
was formed on the bottom of a PDMS block by curing a
PDMS layer on top of a lithographically fabricated SU-8 mold.
The PDMS inlet and outlet reservoirs were connected using
polytetraﬂuoroethylene (PFTE) microtubes with an inner
diameter of 0.3 mm.
Chemicals. We focus on reversible, outer sphere redox
couples. The analytes 1,1′-ferrocenedimethanol (Fc(MeOH)2)
and hexaamineruthenium(III) chloride (Ru(NH3)6Cl3), and
the supporting electrolyte salt (potassium chloride BioUltra for
molecular biology ≥99.5%, KCl) were purchased from SigmaAldrich and used as received. The solutions were prepared with
Milli-Q water of 18.2 MΩ·cm resistivity. The solutions were
equilibrated with ambient atmosphere over the course of the
measurements and therefore had a pH near 5.6. Selectipur
chromium etchant for releasing the sacriﬁcial layer was
obtained from BASF.
Instrumentation. The electrostatic potentials of all active
working electrodes were set with respect to an Ag/AgCl
reference electrode (MF 2079, RE-5B, BaSi) and the
corresponding currents measured via inverting transimpedance
ampliﬁers (Femto DDCPA-300) operated as sourcemeters. No
potentiostatic feedback or auxiliary electrode were needed as
the current through the reference electrode was less than 1 nA
throughout.
Experimental Protocol. Equivalent devices were used for
all measurements. For experiments with UMEs, the Cr
sacriﬁcial layer in the nanochannels was left unetched, thus
excluding the nanochannels from consideration. For experiments with nanogap devices, the nanochannel was released by
exposure to a droplet of Cr etchant, following which the chip
was ﬂushed with Milli-Q water and dried.
The PDMS block containing the microﬂuidic structure was
then bonded to the chip. To do so, we ﬁrst activated the
surfaces of the PDMS and chip in oxygen plasma. The separate
components were then aligned and contacted under a
microscope and placed in an oven for 15 min at 70 °C to
strengthen the bonding.
Fluid was supplied to the inlet tube using a 500 μL ILjS
microsyringe driven by a syringe pump (Pump 11 Pico Plus
Elite, Harvard) at constant ﬂow rate. The end of the ﬂuid
outlet was immersed in a beaker containing 2 M KCl aqueous
solution, and the Ag/AgCl reference electrode was placed in
this reservoir to establish the reference potential. The UME or
nanogap device that was closest to the inlet from the syringe
pump was named “upstream” (US), and that which was closest
to the reference electrode was named “downstream” (DS) .
Prior to the experiments, the electrodes were cleaned by
repeated voltammetric cycling in 0.5 M sulfuric acid until the
cyclic voltammograms (CV) became reproducible. A syringe
with the test solution was then connected to the inlet.
Experiments were started with the lowest concentration of
supporting electrolyte (10 μM KCl) and made to proceed in
consecutive 10-fold increments of the salt concentration in
order to prevent residual salt from being trapped in the PDMS.

Figure 3. (a) Equivalent electrical circuit for the UME conﬁguration
including ﬂuidic components (RUS, RDS, istr,US, and istr,DS), reactions at
the electrodes (iUME,US and iUME,DS, measured) and the external circuit
(Vapp,US, Vapp,DS, and iref). The red labels represent the positions of the
US electrode, the DS electrode, and the reference electrode. (b)
Equivalent electrical circuit for the nanogap conﬁguration.

i=

ilim,an
1 + exp{−(F /RT )(Vapp − Vsol − E0)}
+

ilim,cat
1 + exp{(F /RT )(Vapp − Vsol − E0)}

(3)

Here, ilim,an is the anodic limiting (mass-transport-limited)
current, ilim,cat is the cathodic limiting current, F is the Faraday
constant, R is the gas constant, T is the absolute temperature,
E0 is the reaction formal potential, Vapp is the potential applied
to the electrode, and Vsol is the solution potential at the
electrode. All potentials are referred to the reference electrode.
In a conventional electrochemical cell with a high
conductivity electrolyte, Vsol ≈ 0. This assumption however
breaks down if the solution resistance is high and faradaic
processes cause ohmic drops to develop. Micro/nanoﬂuidic
systems are particularly prone to ohmic drops because of their
conﬁned geometry and small dimensions. Streaming potentials
can also lead to Vsol ≠ 0, which in our experimental
conﬁguration can occur, to varying degrees, in the microchannels, nanochannels, outlet reservoirs, and outlet microtube.
UME Conﬁguration. Figure 3a shows an equivalent
electrical circuit for the UME system in which the diﬀerent
components are represented by lumped circuit elements. We
concentrate on the steady state, hence capacitive elements such
as the EDL capacitance of the electrodes are omitted. Ground
represents the reference electrode potential. The solution
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role of Vapp and Vsol, respectively. In the experiments, iref as well
as iUME,DS or iUME,US are measured. Finally, we ignore the inlet
channel. Since no electrical connection exists in this pathway, it
cannot generate currents or streaming potentials that inﬂuence
Vsol,US and Vsol,DS.
The equivalent circuit of Figure 3a indicates that there exists
a subtle interplay between faradaic processes and streaming
currents. First, consider the case where a faradaic reaction takes
place at the DS electrode (iUME,DS ≠ 0) and the US part of the
circuit is ignored. In the absence of ﬂuid ﬂow (istr,US = istr,DS =
0), the solution potential at the DS electrode is given by Ohm’s
law, Vsol,DS = RDSiUME,DS. This ohmic drop diminishes the
interfacial potential diﬀerence and hinders the reaction as is
commonly the case. In the presence of ﬂuid ﬂow (istr,DS > 0),
charge conservation at the DS node dictates that Vsol,DS =
RDS(iUME,DS − istr,DS). This result shows how the streaming
current can diminish or even reverse the sign of the solution
potential (or, from a diﬀerent viewpoint, the streaming current
can carry part or all of the electrochemically generated current,
mitigating ohmic drops). If the US components are also
considered, current ﬂows become more complex since faradaic
currents injected at either electrode can inﬂuence both Vsol,US
and Vsol,DS. In terms of the experimentally observable currents,
the contributions to the observed solution potential shifts
Vsol,DS and Vsol,US from ohmic contributions are
Vohm,DS = RDSiREF

(4a)

Vohm,US = RDSiREF + RUSiUME,US

(4b)

while those from streaming potentials are
Vstr,DS = −RDSistr,DS = Vsol,DS − Vohm,DS

(5a)

Vstr,US = −RDSistr,DS − RUSistr,US = Vsol,US − Vohm,US

(5b)

as derived in the Supporting Information.
Faradaic currents at electrodes imbedded in ﬂuidic channels
can also generate electroosmotic ﬂows (EOF). This represents
a form of coupling between faradaic reactions and convection
that is complementary to streaming eﬀects. While interesting
for future work, this factor did not play a role in the
experiments presented here as they were performed at a
constant volumetric ﬂow rate. The eﬀect is therefore excluded
from the equivalent circuit model.
Nanogap Conﬁguration. The equivalent circuit model
needs to be adjusted in two ways to describe the experiments
using a parallel nanochannel containing US and DS nanogap
devices.
First, no UMEs are present. Therefore, in terms of the
equivalent circuit, we have iUME,US = iUME,DS = 0. Simultaneously, no net current is generated by the nanogap devices.
Electroactive species that are reduced or oxidized at the top
electrode are converted back to their original state at the
bottom electrode via redox cycling. Since the bottom electrode
extends further US and DS compared to the top electrode, as
shown in Figure 2b, the collection eﬃciency is essentially 100%
and no charge is injected into the nanochannel beyond the
nanogap devices.20 The absence of current sources greatly
simpliﬁes the equivalent circuit of Figure 3a to that of Figure
3b.
Second, both the nano- and microchannels carry streaming
currents. In practice, however, the microchannel dominates
and largely determines the streaming potential diﬀerence
between the inlet and outlet of the nanochannel. Qualitatively,

Figure 4. Simulation illustrating the interplay between streaming
eﬀects in two channels connected in a parallel ﬂow conﬁguration. To
improve readability, the dimensions employed here diﬀer from those
of the actual device but the same behavior is observed in both cases.
(a) Solution potential Vsol versus position in a single microchannel
(length 3 μm, height 600 nm) with negatively charged walls. A
streaming potential develops between the inlet and the outlet. (b)
The same microchannel in parallel with a nanochannel (height 30
nm) with neutral walls. The microchannel dominates the electrokinetic response and imposes a streaming potential similar to that in
part a, as discussed in the text. This causes an electric ﬁeld and
accompanying backﬂow current in the nanochannel even though no
streaming current is induced in this channel. (c) Solution potential
versus position along the central axes of the channels (dashed red line,
microchannel of panel a; solid red line, microchannel of panel b; solid
blue line, nanochannel). The potential gradient in the nanochannel is
very close to linear. Details of the simulation are given in the
Supporting Information.

potentials at the two electrodes are Vsol,US and Vsol,DS. RDS and
istr,DS represent, respectively, the (ionic) resistance and the
streaming current through the channels downstream of the DS
electrode. For simplicity, the pillar region and its connecting
microtube are lumped together in the DS circuit elements.
Similarly, RUS and istr,US represent the resistance and (ﬂow-rate
controlled) streaming current in the region between the two
UMEs. The faradaic processes taking place at the two UMEs
are represented by voltage-controlled current sources, iUME,DS
and iUME,US. The currents are speciﬁed by eq 3 in which the
positive and negative terminals in the circuit diagram play the
2659
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Figure 5. Cyclic voltammetry in the UME conﬁguration. The US (parts a−e) and DS (parts f−j) UMEs were separately cycled at diﬀerent ﬂow
rates for 100 μM Fc(MeOH)2 in KCl solutions of 10 μM (a,f), 100 μM (b,g), 1 mM (c,h), 10 mM (d,i), and 100 mM (e,j). In each case, the
electrode not being cycled was poised at 0 V.

potential is close to that expected for the larger channel alone
shown in Figure 4a (more speciﬁcally, the streaming potential
is ∼9% smaller in Figure 4b, consistent with the decrease in
backﬂow resistance as expected from eq S8). This streaming
potential diﬀerence causes a linear potential gradient along the
length of the smaller channel, which can inﬂuence faradaic
reactions taking place in nanogap devices inside that channel
(Figure 4c).

this is easy to understand. The net backﬂow resistance is
determined by the resistances of the two channels in parallel,
which is mostly set by the much smaller resistance of the
microchannel. This is discussed quantitatively in the
Supporting Information (eq S8) and illustrated qualitatively
via ﬁnite-element simulations in Figure 4. The simulation
shows two channels with a large diﬀerence in cross-section and
diﬀerent surface charges (Figure 4b). The net streaming
2660
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The nanogap devices are located next to the inlet and outlet
of the nanochannel such that, to a good approximation, they
correspond to the US and DS nodes in Figure 3. In the more
general case, electrodes could be located deeper inside the
channel. In this case, however, the streaming potential remains
linear with the ﬂow rate. The streaming currents, istr,US and
istr,DS, can then be seen as eﬀective values that parametrize the
shifts in Vsol,US and Vsol,DS due to streaming potentials.

■

RESULTS AND DISCUSSION
UME Conﬁguration. Convection strongly aﬀects the rate
of mass transport to the UMEs. The values of ilim,an and ilim,cat

Figure 7. Cyclic voltammetrics for 100 μM Ru(NH3)6Cl3 in KCl
solutions of 10 μM (a,d), 100 μM (b,e), 1 mM (c,f) for the upstream
(parts a−c) and downstream (parts d−f) nanogap devices.

as expected. The magnitude of the mass-transport-limited
current increases with increasing ﬂow rate due to convection.
For solutions with low ionic strengths, the voltammograms
become stretched and exhibit a potential shift that depends on
the ﬂow rate. Strikingly, the direction of the potential shift is
opposite for the two electrodes: while curves at the US move
toward more negative (reducing) potentials with increasing
ﬂow rate, those at the DS move toward more positive
(oxidizing) potentials. At 10 μM salt concentration, the
potential shift is so pronounced that ﬂow can induce oxidation
to take place at highly reducing electrode potentials of ca. −2 V
for the US electrode. In this case, the free energy to drive the
faradaic reaction is provided mechanically via the syringe
pump, as previously reported for bipolar electrodes in
microchannels.15
In order to interpret these results, we applied the model of
Figure 3 (eqs 4a and 4b and eq 5) to extract values for the
ohmic drops and streaming currents, as summarized in Figure
6. The solid lines represent Vohm,US and Vohm,DS, the ohmic
potential drops that would be generated in the absence of
streaming currents. These have a positive sign, and the eﬀect is
stronger for the downstream UME (when the US UME is
cycled, the grounded DS UME acts as a counter electrode and
absorbs part of the current, decreasing the ohmic drop). The
dashed lines represent the streaming potentials, Vstr,US and

Figure 6. Contributions to the solution potential from ohmic drops
(Vohm,US and Vohm,DS, solid lines) and streaming potentials (Vstr,US and
Vstr,DS, dashed lines) associated with (a) the US UME and (b) the DS
UME for KCl concentrations of 10 μM, 100 μM, 1 mM, 10 mM, and
100 mM. In each case, the second UME is kept at 0 V.

therefore depend on the ﬂow rate. For experiments with
UMEs, we used ferrocene dimethanol (Fc(MeOH)2) as
analyte. The reduced form of Fc(MeOH)2 is neutral and its
mass transport is therefore unaﬀected by electric ﬁelds even at
low supporting electrolyte concentrations. We ﬁrst performed
cyclic voltammetry at the upstream electrode with the
downstream electrode poised at 0 V, then switched the role
of the electrodes. We performed each measurement at pump
rates of 200, 100, 50, 20, and 5 μL/h. A zero ﬂow rate was not
employed because the complete interruption of liquid injection
would leave diﬀusion as the only mechanism for mass transport
to the UMEs. Because of the quasi-two-dimensional geometry,
this does not lead to a well-deﬁned steady-state current.
Figure 5 shows CVs obtained for salt concentrations in the
range of 10 μM to 100 mM. The experimental curves at high
salt concentrations exhibit sigmoidal shapes with well-deﬁned
plateaus and a half-wave potential of ∼0.26 V for all ﬂow rates,
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analyte.21 We performed every measurement for the pump
rates 200, 100, 50, 20 μL/h and in the absence of ﬂow. The
hydraulic resistances of each of the micro- and nanochannels
were 4.3 × 1015 and 2.0 × 1020 Pa·s/m3, respectively, as
estimated from their geometry and assuming laminar ﬂow.22 A
pump rate of 200 μL/h thus corresponds to a pressure of 1.2
bar across the parallel channels and an average ﬂuid velocity of
1200 μm/s in the nanochannel. We were able to suspend ﬂow
entirely here (0 μL/h pump rate) because, as discussed in the
theory section, the nanogap device “recycles” molecules in the
detection region and a true steady state can be achieved even
in a conﬁned channel geometry. We ﬁrst cycled the top
electrode of the upstream nanogap device and then the top
electrode of the downstream device. All noncycled electrodes
were kept at a potential of 0 V with respect to the Ag/AgCl
reference electrode.
Figure 7 shows a set of redox cycling curves obtained with
the same nanoﬂuidic channel at three salt concentrations. The
plots in the left and right columns correspond to the US and
DS nanogap devices, respectively. We normalize the CVs to
their maximum value to facilitate the visualization and
extraction of changes in the value of the half-wave potential.
At both the upstream and downstream nanogaps, clear shifts
are observed in the CVs for salt concentrations of 10 and 100
μM. Already, for 1 mM salt concentration, the apparent halfwave potential does not change with ﬂow, so we limit our
consideration to this range of electrolyte concentrations.
The redox cycling voltammograms obtained in the nanogap
devices are not stretched along the potential axis and exhibit
only a systematic shift to lower potentials with increasing ﬂow
rates for both the US and DS electrode pairs. This is unlike the
UME conﬁguration, which exhibited shifts in opposite
directions at the two electrodes. This behavior is expected,
as discussed in the theoretical model section, since no ohmic
drops are caused by the faradaic processes in this case. The
local solution potential is only aﬀected by streaming potentials,
which cause a shift that is linear with the ﬂow rate. We
therefore estimated Vstr by extracting the half-wave potential
from the normalized curves and subtracting the value obtained
in the absence of ﬂow for every set of measurements

Figure 8. Values of the streaming potentials in the ﬂuidic system
associated with the nanogap devices (a) upstream and (b)
downstream respect with the channels region for the KCl
concentrations 10 μM, 100 μM, and 1 mM.

Vstr,DS. The negative sign is expected since the ζ potentials for
all materials in the system (SiO2, PDMS, PTFE) are negative
and both istr,US and istr,DS are thus positive. The magnitude of
the streaming potentials increases approximately linearly with
ﬂow rate and decreases with increasing salt concentration, as
expected. Finally, the magnitude of the streaming potential is
higher for the US UME than for the DS UME. This is also
expected based on eqs 4a and 4b and eq 5: Vstr,DS is generated
by istr,DS only, while Vstr,US has contributions from both istr,DS
and istr,US.
The streaming potentials developed in the microﬂuidic
system make the solution potential more negative and enhance
the interfacial potential diﬀerence at the US UME. This shifts
the voltammogram toward negative (reducing) potentials, as
seen in Figure 5(a−e). Simultaneously, ohmic drops shift the
potentials required to drive reactions to toward positive
(oxidizing) values. At the DS electrode, the streaming potential
is much lower and the ohmic drop term prevails, as seen in
Figure 5(f−j). The dependence of Vohm,US and Vohm,DS on
Vapp,US and Vapp,DS is also less linear than that on Vstr,US and
Vstr,DS, as expected, since the former depend in a complex
manner on the potential-dependent faradaic currents while the
latter depending only on the ﬂow rate Q.
Redox Cycling in Nanogap Devices. For experiments
involving nanoﬂuidic channels, we used ruthenium hexamine,
Ru(NH3)63+, as analyte because the redox cycling voltammograms for this species exhibit a more reversible shape and a
higher limiting current under low salt conditions compared to
ferrocene dimethanol.11 The magnitude of the redox cycling
current is set by the local concentration of redox species inside
the nanogap and is largely independent of convective mass
transport of either the reduced or oxidized forms of the

Vstr(Q ) = E1/2(Q ) − E1/2(0)

(5)

The results are shown in Figure 8. The trends are the same
as those observed for the UME conﬁguration: the streaming
potentials have negative values, depend on the ﬂow rate in an
approximately linear fashion, increase with decreasing electrolyte concentration, and have higher magnitudes at the US
nanogap compared to the DS device. The magnitude of the
eﬀect is however weaker at both for the upstream and
downstream nanogap devices in comparison with the UMEs
case. We attribute this to the higher conductivity of the
solution in this set of experiments. Ru(NH3)6Cl3 is present at a
concentration of 100 μM and dissociates into ions, Ru−
(NH3)6Cl3 → Ru(NH3)3+
6 + 3Cl , signiﬁcantly impacting the
solution conductivity at low salt concentrations. It is also
expected that the trivalent cation suppresses the ζ potential of
the channel walls and hence the streaming current.23

■

CONCLUSIONS
We reported on the behavior of micro- and nanoﬂuidic
electrochemical detectors under advective ﬂow control and at
low ionic strength. The data indicate that below 1−10 mM
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ionic strength and for typical microﬂuidic dimensions and ﬂow
rates, the solution potential at the electrodes is no longer equal
to the reference potential due to streaming potentials in
addition to ohmic drops. For negatively charged channel walls,
as most commonly encountered in microﬂuidics, the polarity
of the streaming potential is such that it facilitates oxidation
reactions and hinders reduction reactions. For oxidation,
mechanical energy in the form of ﬂuid ﬂow is converted into
(electro)chemical (free) energy and vice versa for reduction.15
Our observations further illustrate how streaming potentials
in combination with ohmic drops provide a coupling
mechanism between electrochemical processes taking place at
diﬀerent electrodes in a ﬂuidic network. Most importantly, the
apparent formal potential of a reaction taking place at one
electrode can shift to more oxidative or reductive potentials
due to reactions taking place at another, nominally
independent and spatially remote electrode. This feedback
mechanism is particularly relevant in interpreting results from
multichannel, miniaturized electroanalytic systems commonly
encountered in lab-on-a-chip technology. Fortunately, the
complex interplay between electrokinetic eﬀects and electrochemical reactions is semiquantitatively described by a simple
circuit model based on lump circuit elements, allowing for
rational design and interpretation.
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Heyrovský’s Polarographic Method of Chemical Analysis. Chem. Rev.
1939, 24, 1−94.
2663

https://dx.doi.org/10.1021/acs.jpcc.9b08584
J. Phys. Chem. C 2020, 124, 2656−2663

