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Generator-collector experiments offer insights into the mecha-
nisms of electrochemical reactions by correlating the product
and generator currents. Most commonly, these experiments are
performed using commercially-available rotating ring-disk elec-
trodes (RRDE). We developed a modular double electrode flow
cell (DEFC) with exchangeable generator and detector electro-
des where the electrode width equals the channel width. As a
test case, we considered the ferri-/ferrocyanide redox couple in
experiments, analytical calculations and multiphysics simula-
tions. Wall effects reduce the current density by less than 10%
in our geometry for the investigated conditions and the
analytical solution for the limiting current at the generator

electrode applies to widths up to 5 mm. The collection
efficiency for all investigated electrode widths is close to the
expected 35.4% above a flow rate of 1.0 (mL/min)1/3 but only
independent of the flow rate for electrodes with width 5 mm
and larger. Kinetic constants of 1.3–1.9 · 10� 3 cm/s are obtained
from Koutecký-Levich analysis and 21.0–5.0 · 10� 3 cm/s from
Nicholson analysis for the DEFC, which falls within the range
reported previously. We conclude that our DEFC with exchange-
able electrodes is an attractive alternative to commercial RRDEs
which offers the flexibility to optimize both the generator and
collector materials for the desired reaction.

Introduction

Mechanisms of electrochemical reactions can be studied with
generator-collector experiments by correlating the product and
generator currents.[1,2] A common method is based on driving a
redox reaction on the generator electrode and detection of the
reverse reaction on the collector electrode,[3–8] which works for
fast redox couples[1,9] and detection of catalytic products.[10–13]

Electrochemical detection has several requirements. First, the
reaction needs to be chemically reversible in order to be
detected and the product has to be chemically stable until
reaching the detection electrode. Second, possible side prod-
ucts or (semi)stable intermediate products must have a
sufficiently different redox potential from the species in

question to separate them.[5] Third, the transport of the product
towards the collector should be well-defined.

Generator-collector experiments are most commonly per-
formed using rotating ring-disk electrodes (RRDE; Fig-
ure S1),[11–13] which are commercially available from several
manufacturers. In this kind of setup, a rotated disk is the
generator electrode. The rotation induces a laminar flow of the
electrolyte on the disk. The collector electrode is a concentric
ring electrode, which is separated by a small isolating gap from
the disk. In most RRDE-setups, the disk is exchangeable, in
contrast to the ring.

An interesting but less popular setup for generator-collector
experiments is the double electrode flow cell (DEFC),[1,14–17]

where the generator and collector electrodes are embedded in
a flow channel. Here, we only consider rectangular macrofluidic
channels (Figure 1) but other geometries, e. g., tubes, are also
possible.[10,13,18] Mass transport in DEFCs of various geometries[a] F. J. Stender, M. Baumung, Dr. M. Risch
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Figure 1. Schematic drawing of the flow cell. x0 represents the start of the
generator electrode and x1 the end. x2 represents the start of the collector
electrode and x3 the end. The gap between both electrodes has the size
x2� x1.
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and dimensions has been well investigated experimentally,
theoretically and by simulations for both coupled operation (as
in this work) and sequential operation (leading to array
measurements).[19–26] In well-constructed setups, a laminar flow
transports the products from the generator to the collector
electrode. Flow cells are also commercially available from
several sources but only a single DEFC with two non-
exchangeable disk electrodes is commercially available (for use
in liquid chromatography). Self-made DEFCs offer the possibility
to optimize the geometry for the target application and to
make both the generator and collector electrodes exchangeable
to study different reactions. Moreover, it is easy to integrate
flow cells with additional analysis tools[27] such as UV-vis,[28,29] X-
ray[30,31] or mass spectrometers[2,32] to gain more comprehensive
insight into the electrochemical reactions at the generator
electrode.

Here, we discuss a self-made DEFC as an electroanalytic tool
for generator-collector experiments and compare a commercial
RRDE system,[10,33–35] with which most electrochemists are more
familiar. Our DEFC was designed in such a way that rectangular
electrodes of different sizes can be easily clamped into and
removed from the channel for post mortem analysis. The well-
known ferro-/ferricyanide redox couple[36] was used as the
analyte to compare both systems in terms of transport limiting
currents, collection efficiency and kinetics. Three-dimensional
simulations were conducted for the DEFC to gain further insight
into the flow behavior of the electrolytes to elucidate possible
boundary effects at the channel wall. The limiting generator
current and collection efficiency of our DEFC design can be
described analytically for electrode widths of 5 mm. The
obtained kinetic constants are comparable to an RRDE and fall
in the range of reported values.

Results and Discussion

Construction of the DEFC

The experimental setup of the developed DEFC implements a
four-electrode setup along a channel with two 5 mm long
working electrodes on the floor of the channel separated by a
1 mm gap. The upstream working electrode serves as the
generator electrode and the downstream working electrode as
the collector electrode. A 11 mm long counter electrode is
situated directly above the two working electrodes realizing a
parallel plate configuration (Figure 1). The geometrical parame-
ters of our flow cell are summarized in Table 1. The working
electrodes are clamped into a modular body and tightened
with PTFE tape and parafilm as gaskets. The clamping allows
easy removal of the electrodes for post-mortem investigations,
and a wide range of differently prepared electrodes can be
used without modification of the cell body. As the electrodes
are clamped by the backside onto the channel, their width
matches that of the channel (d=w), which is a common
geometry for microchannel electrodes and arrays.[21,24–26] In this
respect, our design differs from previous macro-sized DEFCs
where a smaller electrode is placed in the middle of a larger

channel and the implications of this geometry was not
thoroughly addressed in literature for micro-sized electrodes.
Channel widths of 2.0 mm, 5.0 mm and 7.5 mm were selected
for experiments, which results in different center velocities, vo,
for each channel width at constant volume flow velocity, Vf.
Furthermore, the physical size of the electrode remained
identical so that a smaller channel width results in a smaller
utilized fraction of the electrode, i. e., active area. The reference
electrode was placed upstream and close to the generator
electrode to avoid issues with product interference (if gas
would be produced) and to accurately reflect the potential at
the generator electrode. Moreover, the geometry of parallel
working and counter electrodes was chosen to ensure homoge-
neous equipotential surfaces parallel to the electrode surfaces,
which minimize the error of the potential measurement and
ensure better potentiostat stability.

Analytical solutions for the constructed DEFC

The transport of the analytes within the cell needs to be
understood to predict and understand the measured currents.
The DEFC is a well-defined hydrodynamic system, in which
diffusion as well as convection determine the transport of the
analytes towards the electrodes.

The faradaic current of a fast redox reaction (i. e., without
coupled kinetics; eq. 1)

Aþ ne! B (1)

is given by eq. 2

i ¼ nF
Z

J dS (2)

where i is the current, n is the number of electrons involved in
the redox-reaction, F is the Faraday constant, S is the area and J
is the flux of the redox couple normal to the electrode surface.
Laminar flow is assumed in the theoretical treatment in
textbooks,[1,37,38] i. e. the Reynolds number should not exceed
2000 to avoid turbulent flow.[35] It is expressed as (eq. 3):

ReDEFC ¼
2hv0

u
¼

3Vf

2nd , (3)

Table 1. Geometric parameters of the DEFC.

Description Variable Value

Length of generator electrode x1� x2= lgen 5 mm
Width of generator electrode z1� z0=w 2.0, 5.0*, 7.5 mm
Gap x0� x1=g 1 mm
Length of collector electrode x3� x2= lCol 5 mm
Width of collector electrode z3� z2 2.0, 5.0*, 7.5 mm
Channel height 2 h 1 mm

*Used channel width for the experiments if not noted differently.
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where h is the half-height of the channel, v0 is the velocity at
the center of the channel (y=h, z=d/2), u is the kinematic
viscosity of the solution, d is the width of the channel and Vf is
the volume flow rate.

The convection-diffusion equation describes the concentra-
tion change of species A (eq. 1) due to convection and
diffusion. It is given by eq. 4

@ A½ �
@t ¼ DAr

2 A½ � � vx
@ A½ �
@x þ vy

@ A½ �
@y þ vz

@ A½ �
@z

� �

, (4)

where DA is the diffusion constant of species A, A½ � is the
concentration, vx;y;z are the velocity profiles in the x; y; z
directions as defined in Figure 1. Under steady state conditions,
the time dependency is removed as there is no change in the
velocity and concentration profiles over time.

The diffusion in x; z-direction can be neglected for the
DEFC due to fast convection in comparison to diffusion.[35,37,39]

Additionally, it is assumed that the velocity in all other
directions is negligible (vy =vz =0) for laminar flow in x
direction. This reduces eq. 4 to eq. 5

0 ¼ DA
@2 A½ �
@y2 � vx

@ A½ �
@x : (5)

Under the assumption of d « 2 h and using the Lèvêque
approximation, the velocity profile close to the electrode can be
linear approximated (eq. 6)[1,35,40,41]

vx ¼ v0
h2 � y � hð Þ2

h2

� �

�
2v0y
h ¼

3Vf y
2h2d (6)

for y=0 with

Vf ¼
4
3 v0hd: (7)

Eq. 6 is plotted in Figure 2a for illustration. The solution of
eqs. 2 and 5 using the approximation in eq. 6 results in eq. 8
that describes the limiting current of a first-order reaction[35]

ilim;DEFC

�
�

�
� ¼ anFwD

2
3

Vf

h2d

� �1
3

l
2
3c∞, (8)

where w is the width of the active electrode area, c∞ is the bulk
concentration, l is the length of the electrode and a is a
prefactor that comes from the geometry and flow velocity
distribution and has the value α=0.925 when h is the half
height of the channel (as in this work). Note that a prefactor of
α=1.467 can be found in literature[39] when h is the height of
the channel. The calculation assumes that the electrode is
placed in the middle of the channel and sufficiently away from
the walls, to avoid flow disturbances. The corresponding
diffusion layer thickness at the electrode can be expressed as
eq. 9[39]

zD ¼ bh
xDd
hVf

� �1=3

: (9)

Where the prefactor b has the value 1.62162.
The theoretical collection efficiency of a DEFC, NDEFC, for

electrochemically reversible reactions can be analytically calcu-
lated as (eq. 10)[10]

NDEFC ¼ 1þ l
2
3 1 � F qð Þ½ � � 1þ qþ lð Þ

2
3

� 1 � F
q

l

� �

1þ qþ lð Þ

� �� �

� F
q

l

� �

,
(10)

With

q ¼
x2 � x1

x1

l ¼
x3 � x2
x1

and the function (eq. 11)

F qð Þ ¼

ffiffiffi
3
p

4p
ln

1þ q
2
3

� �3

1þ q

2

4

3

5þ
3
2p

tan

� 1

2q
1
3 � 1
ffiffiffi
3
p

" #

þ
1
4
; (11)

where x1 is the length of the generator electrode, x2 is the sum
of the length of the generator electrode and the gap length
and x3 is the sum of the length of the generator electrode, the
gap length and the length of the collection electrode (Figure 1).
Compton and Stearn[42] showed experimentally (using the ferri-/
ferrocyanide redox couple) and by simulations that eq. (10)
underestimates the collection efficiency of macro-sized DEFCs
for flow rates below about 6 mL/min, which is in the middle of
the range investigated here (1–10 mL/min; more discussion
below). The Lèvêque approximation (eq. 6) overestimates vx
resulting in a lower prediction of product detection when using
Eq. (10).

The analytically calculated collection efficiencies for varying
gap lengths (effects parameter x2 ; x3, between 0.1 and 5 mm)

Figure 2. a) Analytically calculated flow field distribution over the height of
the channel for different flow rates. b) Expected collection efficiency as
function of the collection electrode and gap size according to analytical
calculations as detailed in the text (Eq. 10). The white cross marks the
collection efficiency of the experimentally used flow cell in this study, i. e.,
35.4%. In both cases, the total channel height was 1 mm, the width was
5 mm and the length of the generator electrode was 5 mm.
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and lengths of the detection electrode (effects parameter x3,
from 0.1 to 10 mm) are plotted in Figure 2b. The resulting
collection efficiencies range from 2.3% (5 mm gap, 0.1 mm
detection electrode) to 50% (0.1 mm gap, 10 mm detection
electrode).

The analytic solutions are valid for the investigated
experimental parameters if 3D effects can be neglected. For
flow rates of 0.5 to 8 mL/min, the Reynolds number of our DEFC
was calculated in the range of ReDEFC=2.5 to 40
ðu ¼ 0:01004 cm2=s at 20 °C) using eq. (3). The low Reynolds
number (< <2000) suggests that our DEFC has a laminar flow
in the used range of flow rates, which allows a controlled mass
transport to and from the working electrodes. The ratio
between the Peclet number (Pe=Vf= d*Dð Þ) and a dimension-
less working electrode length L= l/(2 h) was identified as an
indicator for the validity of the Levich equation (eq. 8) for
microfluidic channels.[43] For the here presented cell geometry
and flow rates, a high Pe=L (Table S1) was calculated suggesting
that the Levich equation should be valid also for our macro-
sized channel. The high ratio also suggests, that only a small
part of the electrolyte close to the electrode surface affects the
electrochemical reaction.[43] However, this estimation is a result
of 2D calculations and may not consider 3D wall effects that we
studied by simulations.

Numerical simulations of the DEFC

Multiphysics finite-element simulations were performed to
initially check the applicability of the analytical calculations
above, to gain further insight into the mass transport in the
DEFC and to elucidate possible wall effects. Previously, simu-
lations were used to understand mass transport in macrofluidic
cells of various configurations[22,44,45] and microfluidic cells,
particularly those with same width of the electrode and
channel.[23–26] Identical parameters were used in the analytical
calculations and our simulations (Table 2). The simulations do
not require some of the assumptions made in the analytical
calculations as discussed below regarding laminar flow, the
velocity profiles (i.e, Lèvêque approximation) as well as the
current and product distributions.

The low Reynolds number predicted laminar flow. Yet, the
liquid inlet may cause a disturbance to the laminar flow.
Simulations of our cell geometry show that the disturbance of
the inlet only affects regions within ~5 mm from the inlet
(Figure S2). As the inlet is separated by 35 mm from the
generator electrode, we conclude that the flow is uniform and

laminar over the 5 mm length (x coordinate in Figure 1) of the
generator and also collector electrode.

The 2D analytical calculations assume uniform velocity over
the full width of the channel (z direction in Figure 1) but the
velocity was reduced in the simulations near the walls (z=0.0
and z=5.0 mm). This is shown in Figure 3a for half the channel
height (y coordinate) and half the electrode width (z coordi-
nate). The simulation is symmetric relative to these half points.
For the simulation of the w=2.0 (Figure S3a and 4), w=5.0 mm
(Figure 3a and 4) and w=7.5 mm (Figure S4) electrodes, the
wall affects only the leftmost 0.2 and 0.5 mm (dashed white
lines), i. e., about 20% of the electrode width. The assumption
of a uniform velocity in the direction of the channel width (z
coordinate) is still reasonably fulfilled for these electrodes and
potentially larger electrodes, because the changes in the
velocity close to the electrode surface are small.

The current density distribution over the generator elec-
trode resulting from the non-uniform velocity profile is shown
in Figure 3b, where again the symmetric half point is shown for
the electrode width (z dimension) and length (x dimension /
flow direction). The current density decreases from � 1.2 mA/
cm2 at the electrode edge toward the inlet to � 0.15 mA/cm2

within about 2 mm in flow direction, where the largest decrease
of the current occurs in the first 0.5 mm. The current density is
reduced toward the wall (z=5.0 mm) but since the reduction is
strongest in the first 10% in flow direction, the walls likely have
only a minor effect on the current density when the electrode is
long and wide as compared to the region affected by the wall
as in our design. The simulations of the DEFC with w=2.0 mm
and w=7.5 mm (Figure S3c,e and S4–6) were similar to those of
with w=5.0 mm (Figure 3b and S4–6).

Table 2. Parameters of analytical calculations and simulations.

Description Variable Value

Bulk concentration [Fe(CN3)6]
3� c∞; Fe CN3ð Þ6½ �3� 2 mM

Diffusion coefficient [Fe(CN3)6]
3� D Fe CN3ð Þ6½ �3� 7.31 10� 6 cm2/s

Diffusion coefficient [Fe(CN3)6]
4� D Fe CN3ð Þ6½ �4� 6.71 10� 6 cm2/s

Diffusion coefficient O2 DO2
2.40 10� 5 cm2/s

Kinematic viscosity of water n 0.010023 cm2/s

Figure 3. Numerical simulations of the DEFC (w=5 mm). a) Flow velocity
field at a flow rate of 1 mL/min along the width (z) and the height of the
channel (y) due to the symmetry of the system only the half width and
height are displayed. b) Local current density on the generator at 1 mL/min.
The symmetry boundary is located at z=2.5 mm. c) Concentration
distribution of Fe(CN)6

4� in the middle of the channel (z=2.5 mm) at 1 mL/
min d) Concentration distribution of dissolved O2 at 1 mL/min at the middle
(z=2.5 mm) of channel. The white arrows symbolize the flow direction (x-
direction). The vertical line in panel a and b indicates the region with the
most pronounced changes due to the wall.
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The product distribution at both working electrodes (Fig-
ure 3c) was subsequently simulated. At the generator electrode,
ferricyanide (FeIII[CN]6

3� ) is reduced to ferrocyanide (FeII[CN]6
4� )

and the reverse reaction occurs at the collector electrode. The
concentration of ferrocyanide is highest near the generator
electrode (y=0.0 mm) and decays to the bulk value of zero
within a height of 0.15 mm above the electrode (y dimension).
In the direction of the flow (x dimension), the concentration
increased parabolic in height (y). The ferrocyanide concentra-
tion was about 1 mM in the gap to a height of 0.07 mm and
then quickly decayed to zero. The concentration of ferrocyanide
also vanished near the collector electrode as expected. The
contour line of 0.5 mM (light teal) illustrates that the concen-
tration decrease was parabolic in height.

In the next step, we simulated the product distribution
above the counter electrode located at y=1.0 mm (Figure 3d).
An oxidation reaction must occur for charge conservation at the
counter electrode because a reduction reaction occurs at the
generator electrode and the collection efficiency of the collector
electrode is <100%. Since ferricyanide cannot be oxidized
further, the most likely component in the electrolyte to oxidize
is water by the oxygen evolution reaction (2H2O!4H+ +4e� +

O2). For low and intermediate O2 concentrations (<0.04 mM),
the distribution was again nearly parabolic in height (y
dimension) as expected from the analytic solution of the
diffusion layer thickness (eq. 9). The simulations reveal that the
highest concentrations of 0.12 to 0.16 mM and therefore also
the highest current density were observed above the generator
electrode (0<x<5 mm) with a semicircular distribution. Over-
all, the simulations of the product distributions show that the
products of the working and counter electrodes do not mix
over the generator and collector electrodes for the chosen
channel height of 1 mm and the investigated flow rates.

Simulation of wall and edge effects

The influence of the wall versus the electrode edge was further
investigated in more detail by simulating a more conventional
cell configuration with a 2 mm wide electrode in the center of
the channel having widths 5 mm and comparison new config-
uration having equal width of electrode and channel of 2 mm
(Figure 4, Figure S4–6). For the latter case of identical electrode
and channel width, the concentration of ferricyanide over the
electrodes decreases at fixed height (y-coordinate) from the
electrode surface due to a lower flow velocity close to the
channel wall (z=2.0 mm). As mentioned above for the case w=

d=5 mm, this leads to a decrease in current density toward the
channel wall, which is also the electrode edge (Figure S3c). In
case of using an electrode smaller than the channel width (w=

2 mm, d=5 mm) the concentration of unconsumed reaction
educts increased at the electrode edges at fixed height (y-
coordinate), as a result of diffusion from the bulk of the
electrolyte towards the electrode edges. This led to a larger
current density at the edge (Figure 4d). The current density was
lower for this case as compared to the configuration with equal
electrode and channel width (w=d=2 mm) due to the lower

flow velocity, vo, in the larger channel at the same volume flow
rate, Vf, (Eq. 7; Figure S4). The simulations of the concentrations
of the ferrocyanide at the collector electrode (Figure S3f, g)
show a similar effect regarding the wall as compared to the
generator electrode.

The comparison of 2D and 3D simulations (Figure S7) give
additional insight into the wall effects due to the fact, that 2D
simulations assume uniform velocity over the full width of the
electrode and no diffusion in flow direction (x coordinate) and
above the electrode (y coordinate), while the 3D simulations
take into account the slower flow at the walls as well as
diffusion from the bulk electrolyte (along the z coordinate) to
an electrode smaller than the channel width. When the
electrode width equals that of the channel (configuration w=

d=2 mm), then the 2D and 3D simulations had nearly the same
current densities of the generator and collector electrodes
(Figure S7a). However, in the case of a narrow electrode in a
wider channel (w=2 mm, d=5 mm), the generator current of
the 3D simulation was higher than that of the 2D simulations
(Figure S7b) due to diffusion from the bulk electrolyte toward
the edge of the electrode. This indicates that edge effects
should be considered for the more commonly investigated
macroscopic case where the electrode is narrower than the
channel, e.g., refs. [19, 20, 46].

Wall and edge effects manifested as a reduction of the
current density at the wall/edge (z coordinate) and became
more pronounced in flow direction (x coordinate) on the
electrode (Figure S6). The magnitude of the changes at the
wall/edge increased with decreasing channel size and increas-
ing volume flow rate as also seen in the concentration and flow
velocity (Figure S4–6). We quantified the observed changes by
taking the average along the x coordinate in the middle of the
electrode as an estimate of an infinite electrode without wall/
edge effects and the average over the area of the electrode. For

Figure 4. Investigations of the effect of the wall on the generator electrode
by numerical simulations at a flow rate of 1 mL/min. (a,b) concentration
profile of Fe(CN)6

3� in the middle of the electrode (z=2.5 mm) and (c,d)
current distribution on the electrode of a channel with (a,c) w=d=2 and
(b,d) w=2, d=5. The white dashed line indicates the region with the most
pronounced changes due to the wall. The black line indicates the edge of
the electrode in the w=2, d=5 configuration.
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w=d=7.5 mm and 1 mL/min with the smallest wall effect, the
wall reduces the average current density by 4%, while for w=

d=2 mm and 10 mL/min with the largest wall effect, the wall
reduces the average current density by 10%. Therefore, the
simulations suggest that wall effects are small for our exper-
imentally realized case of equal electrode and channel width
and flow rates. We rationalize it by the absence of educt
diffusion from the bulk electrolyte due to the wall in contrast to
the case w=2 mm, d=5 mm. Thus, we focus on the config-
uration with equal electrode and channel width in our
experimental case study, which we expect to agree with the
analytic solutions to within 10% or better.

Experimental case study

We assembled the DEFC with generator (w=d=5.0 mm) and
collector electrodes made from Pt to test its response with
ferricyanide in a potassium chloride supporting electrolyte
(Figure 5). Additional measurements of the DEFC with widths
w= (d=) 2.0 and 7.5 mm are shown in Figure S9. We
experimentally investigated flow rates between 0.5 and 6 mL/
min, where the lower flow rate was chosen for the desired fast
detection of the product and the upper flow rate was
determined by the specifications of the used syringe pump. The
DEFC measurements are precisely reproduced on different
laboratory days (Figure S10). All measurements show exponen-
tial currents at the generator and collector electrodes with
opposite signs between 0.3 and 0.1 V vs. a saturated calomel
electrode (SCE), where mainly the kinetics of the ferri-/
ferrocyanide redox limit the current. The current was constant
below 0.1 V vs. SCE due to limited mass transport of the
ferricyanide analyte, akin to RRDE measurements (Figure S8).
The half-wave potentials at both the DEFC (and RRDE, Figure 5,
Figure S8 and 9) decrease slightly by ~10 mV with increasing
flow rate and rotation speed, which suggests partial limitation
by mass transport at the investigated low flow rates and
rotation speeds. The DEFC gives a value of 0.2 V vs SCE, which
was similar to the literature value[47] of 0.19 V.

In order to account for effects not modeled in the analytical
solution or simulations, we compare the shape of the CV trace

to that obtained by an RRDE as well as the values of the limiting
and kinetic currents. A closer inspection of the data shows that
the DEFC produced slightly noisier data and exhibits stronger
hysteresis as compared to the RRDE (Figure 5 and Figure S9 vs.
S8). The source of the noise are small fluctuations of the flow
velocity due to the used syringe pump and slipping of the
syringe plunger. The noise is visible but minor and does not
influence the analyses below, which are based on average
currents to reject the noise. The hysteresis was more
pronounced for slower flow rates and smaller electrode width
(Figure 5, Figure S9,). Its presence may seem surprising as the
generator and collector electrodes are separated by 1 mm in
both systems, yet the relevant flow velocity differs among the
DEFC and RRDE so that the time of travel is longer for a DEFC at
a comparable limiting current as can be seen at the velocity
distribution close to the electrode surface (Figure S12). Further-
more, the DEFC electrodes are longer in flow direction and have
a non-uniform current distribution (Figure 3b). Therefore, the
hysteresis is a transport related effect that can be avoided by
increasing the flow velocity. The hysteresis also did not affect
the limiting current at the working electrodes and the
corresponding collection efficiency that are discussed in detail
below. We further analyze the data to obtain the limiting
current of the generator and collector electrodes as well as the
resulting collection efficiency for comparison with the analytic
solution and simulations presented above. Finally, the kinetic
constant is obtained and discussed.

Limiting current of the generator electrode

The measured limiting current of the generator electrodes for
the DEFC was compared to the analytical solution as well as
simulations, which used typical parameters from literature
(Table 2). As expected from eq. 8, the absolute value of the
limiting currents of the DEFC (Figure 6) increased with flow
velocity, respectively. The limiting generator currents of the
DEFC (Figure 6) and RRDE (Figure S8) had similar values for the
investigated flow rates and rotation speeds. However, the active

Figure 5. Cyclic voltammetry measurements of the DEFC with w=5.0 mm
with flow rates between 1 to 5 mL/min. The grey lines indicate the half-wave
potential and arrows the scan direction.

Figure 6. Comparison between analytically calculated, simulated and meas-
ured limiting currents for different flow rates and channel widths of the
DEFC. The plots are linearized by using the expected exponential function of
the flow rate (eq. 8).
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area of the electrode was 0.126 cm2 for the RRDE system but
0.25 cm2 for the DEFC with w=5.0 mm. This indicates, that the
diffusion layer must be notably smaller in the RRDE system at
these rotation speeds. This is also expected from the theory of
the diffusion-layer thickness (eq. 9). A thickness between 20 μm
(500 rpm) and 45 μm (100 rpm) is expected (eq. 9) for the RRDE
while 49 μm (5 mL/min) to 84 μm (1 mL/min) were calculated
(eq. S6) at the middle of the 5 mm DEFC.

The slopes in Figure 6 and Figure S8b relate to physical
constants of the electrolyte and the geometry of the setup as
given by eq. 8 and eq. S22 in the analytical treatment. Table 3
compiles all obtained values. The experimental fit assumed that
the fit passes through the origin like the analytical equations.
Alternative fits with finite y-axis intercept may be found in
Table S2 and Figure S13, Figure S14. As the R2 values of both
models were close to unity, indicating an excellent fit, we
discuss the simpler model corresponding to the analytical
formulas. For the RRDE, the measured and analytical slopes of
the generator electrode agree well (Figure S8b), which indicates
that the physical constants can be determined with reasonable
accuracy using eq. S22 and serve as a reference for DEFC
measurements. For the DEFC, the agreement between the
measurement and the analytical calculation depended on the
width of the generator electrode, where the narrowest
electrode (w=2.0 mm) was described best, while the slope was
slightly overestimated for w=5.0 mm and clearly underesti-
mated for w=7.5 mm (Figure 6). The simulation of the DEFC
with w= (d=) 2.0 mm, w= (d=) 5 mm and w= (d=) 7.5 mm
resulted in a slope closer to the analytical solution than the
measurement. The simulated limiting currents for the w=

2.0 mm, d=5.0 mm configuration also fit well with the
analytical solution. Based on the high values of the Péclet
number (Pe; the ratio of the advective to the diffusive transport
rate) of >3000 for the conditions and geometry used herein (l/
h=5; Table S1), we had expected that the analytical Levich
equation holds for all investigated geometries and flow
velocities.[43] The deviation between the experiments and both
the analytical solution and simulations of the DEFC with w=

(d=) 7.5 mm requires further investigations that are beyond the
scope of this work.

Limiting current of the detector electrode and collection
efficiency

The measured limiting current of the DEFC collector electrodes
and the corresponding collection efficiency were compared to
the analytical calculations as well as simulations (Table 4,
Figure 7). The collector current was calculated using the
analytical collection efficiency and the measured generator
currents. This prediction (dashed line) matched the measured
collector currents of the DEFC (solid symbols) well (Figure 7a).
The simulation of the DEFC with equal electrode and channel
width (w=d) slightly overestimated the collector current, while
the simulation of a narrow electrode in a wide channel (w=

2 mm, d=5 mm) closely matches that of the analytic collector

Table 3. Slopes of current against flow rate obtained from the data in Figure 6.

Analytical* Simulation Experimental fit
y=ax+0

Device slope slope slope a R2

DEFC,
w=d=2.0 mm

� 27.3 μAmin1/3/cm � 27.0 μA*min1/3/cm 22.3(3) μAmin1/3/cm 0.9994

DEFC,
w=2.0 mm
d=5.0 mm

� 20.1 μAmin1/3/cm � 20.8 μAmin1/3/cm n/a n/a

DEFC,
w=d=5.0 mm

� 50.2 μAmin1/3/cm � 49.5 μAmin1/3/cm � 46.0(1) μAmin1/3/cm 1.0000

DEFC,
w=d=7.5 mm

� 65.8 μAmin1/3/cm � 64.6 μA*min1/3/cm � 75.7(0) μAmin1/3/cm 1.0000

Figure 7. (a) Calculated and measured limiting collection currents and (b)
collection efficiencies for the DEFC setup with different channel widths of
2.0, 5.0 and 7.5 mm. Dashed lines indicate the analytical collection efficiency
calculated using eq. (10).
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currents. The simulation of the w=7.5 mm channel under-
estimated the measured collector current.

The collection efficiency was subsequently calculated for
DEFC with various electrode widths and compared to the
analytical solution and simulations. The DEFC with w=5.0 mm
and 7.5 mm showed no apparent trend of the experimental
collection efficiency with flow rate and agreed with the
analytical solution for all investigated flow rates within two
standard deviations where the collection efficiencies of the
DEFC with w=5.0 mm are slightly underestimated. Moreover,
the faster flow rates may deviate more from the analytic
solution as compared to the intermediate ones but further data
would be needed to rigorously conclude it. The average
experimental collection efficiency of the DEFC with w=2.0 mm
decreased with flow rate so that the experimental collection
efficiency is larger than the analytical one below 2.7 mL/min
(1.4 mL1/3min1/3) and smaller above it (Figure 7b). The changes
were not significant within the large experimental standard
deviation.

The dependence of the collection efficiency on the flow rate
has been discussed previously for macroscopic DEFCs.[19] The
collection efficiency approached 1.0 for very slow flow rates (<
6 μL/min) due to sufficient time for complete conversion at the
detector electrode and the collection efficiency reduced to the
value of the analytic solution in eq. (10) at flow rates faster than
about 6 mL/min, when the Lèvêque approximation applies.[42]

Our simulations do not need this approximation and resulted in
collection efficiencies slightly higher than the analytic solution
at 4 and 10 mL/min (Figure 7b). We cannot conclusively state
whether our data agreed with the previous simulations which
would require investigating a wider range of flow rates and
better statistics, which is outside the scope of this work.

The collection efficiency was also evaluated by linear
regression of the collector current against the generator current
(experimental fit in Table 4) for DEFC without dependence on
the flow rate, which was in line with the point-by-point
evaluation, namely the experimental collection efficiencies of
the DEFCs with 7.5 and 5.0 mm were slightly but insignificantly
lower than that of the analytic solution. We conclude that the
collection efficiency of the investigated electrodes was close to
the analytic solutions but slightly lower as the Lèvêque
approximation is not fully justified as discussed previously.[42]

Kinetic studies in a DEFC

The kinetic constants at a potential of 0.2 V vs. SCE close to the
half-wave potential were determined for the DEFC using a
modified version of the Koutecký-Levich plot[48] (Figure S15),
which depended weakly on the investigated potential (Fig-
ure S16, Tab. S5). The analysis was alternatively performed using
the method of Nicholson[49] where peak-to-peak separations
between 62 mV and 76 mV were obtained (Figure S17). No
trend could be found regarding the channel width of the DEFC
within the fitting error using the Koutecký-Levich method
(Table 5), whereas the Nicholson method showed a decrease of
the kinetic constant with increasing electrode width suggesting
that narrower electrodes are preferable to minimize the effect
of the non-uniform velocity and hence current density distribu-
tions on the DEFC on kinetics. Moreover, the kinetic constants
obtained by the latter method were up to one order of
magnitude higher than the ones calculated by the Koutecký-
Levich method independent of the device. The the Koutecký-
Levich plots were not perfect linear as expected for this method
leading to an error. The non-linearity might come from the
previously discussed wall/edge effects, which depend slightly
on the velocity. Yet, the kinetic constants obtained by both
methods fall into the range reported in literature (Table S6),
which differs widely from 5.0 · 10� 4 to 2.4 · 10� 1 cm/s due to
dependence on the used method, electrode material and
cleaning procedure as well as electrolyte composition.[50–55]

For the Koutecký-Levich analysis, the kinetic constants for
the DEFCs were approximately half of the ones determined for
the RRDE, while the kinetic constant of the RRDE was smallest
using the method of Nicholson (Table 5). This is likely due to
the distribution of the educt concentration on the DEFC that
differs from the bulk concentration used in the calculation and
the effect of convention on the educt concentration. We note
that for slower reactions such as the oxygen reduction reaction,
the specific activity did not differ significantly among an RDE
and a different flow cell design with a single working
electrode.[56] Thus, the deviation in the kinetic constant among
the devices is expected to vanish for slower kinetics, optimized
geometry and flow velocity, which deserves an in-depth
investigation that is beyond the scope of this report.

Table 4. Collection efficiency of the DEFC.

Analytic Simulation Experimental fit y=ax+0
Device N N N

DEFC,
w=d=2.0 mm

0.354 0.354 0.351(9)

DEFC,
w=2 mm d=5 mm

0.354 0.353 n/a

DEFC,
w=5.0 mm

0.354 0.358(1) 0.337(4)

DEFC,
w=7.5 mm

0.354 0.353(1)*
0.357(1)**

0.342(3)

Table 5. Kinetic constants in cathodic scan direction obtained from a
Koutecký-Levich plot (K*KL), including area, A, and y-axis intercept, and the
method of Nicholson (K*N). Calculation at 0.2 V vs. SCE.

A y-axis intercept 1/i K*KL K*N
Device [cm2] [1/A] [cm/s] [cm/s]

RRDE 0.126(3) 15630(848) 2.6(3) · 10� 3 2.1 · 10� 2

DEFC,
w=2 mm

0.10(1) 27869(3963) 1.9(5) · 10� 3 5.0 · 10� 3

DEFC,
w=5 mm

0.25(2) 16259(1478) 1.3(2) · 10� 3 2.1 · 10� 2

DEFC,
w=7.5 mm

0.375(3) 8930(480) 1.5(2) · 10� 3 1.8 · 10� 2

* k=
ik
nFAC ; Error in concentration, ΔC, very small and not included.
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Conclusion

We investigated a DEFC configuration with equal electrode and
channel width theoretically using analytic solutions and multi-
physics simulations as well as experimentally. The more widely
used RRDE served as a reference for the theoretical and
experimental results of the DEFC. Both devices produced
measurements of similar quality of the on the ferri-/ferrocyanide
redox reaction on Pt electrodes in a potassium chloride electro-
lyte. The 3D simulations showed that the wall effect accounted
for a reduction in current density of 4 to 10% where the largest
impact was observed for the smallest channel (d=2 mm) and
largest volume flow rate (10 mL/min) as expected. Conse-
quently, the experiments were satisfactorily described by the
analytic solutions for most of the investigated configurations.
The measured limiting currents of the generator and collector
electrodes matched that of the analytical solution and simu-
lations for the RRDE and DEFCs with w= (d=) 2.0 and 5.0 mm.
The limiting generator current of the 7.5 mm DEFC could not
be described by the analytical solution and neither generator
nor collector currents agreed with the simulations; more
research is needed to gain a full understanding, which is
outside of the scope of this paper. The collection efficiencies of
the DEFCs with w=d=5.0 mm and 7.5 mm were close to the
analytically calculated values of 35.4% and nearly independent
of the flow rate, while the DEFC with w=d=2.0 mm might
have been operated in a regime where the collection efficiency
depends on flow rate. The Koutecký-Levich and Nicholson
methods yield kinetic constants in the same order of magnitude
for the investigated channel widths and among the DEFC and
RRDE. While the kinetic constants obtained by the Nicholson
method are up to an order of magnitude larger as compared to
the Koutecký-Levich method, the values obtained by both
methods for both devices fall into the wide range of literature
values. The observed trends suggest that narrower electrodes
are beneficial for kinetic studies. We conclude that our DEFC
with exchangeable electrodes has a convenient size to work
with in spectroscopic investigations and can be described by
the analytic solution for electrode widths�5 mm. Therefore,
they are an attractive alternative to commercial RRDEs due to
the flexibility to optimize the electrode materials and geometry
for the desired experimental setup and reaction of interest.

Experimental Section

Material and chemicals

The electrolyte consisted of 2 mM potassium hexacyanoferrate
from Merck (analytical grade �99%) and 0.1 M potassium chloride
from Merck (�99.5%) in �18.2 MΩ Milli-Q® water. The electrolyte
was purged with argon (5.0 AirLiquide Alphagaz) for longer than
45 minutes to remove all dissolved oxygen. All chemicals were used
as received. During the measurements, the purging was continued
by bubbling argon into the reservoir.

Rotating ring-disk setup

The experimental setup of the RRDE was composed of a custom-
made cylindrical PTFE cell, a RRDE-3A rotator (ALS Japan Co Ltd.), a
saturated calomel electrode (RE-2B, ALS Japan Co Ltd.) and a
platinum counter electrode, both radially arranged around the
RRDE at a distance of 17 mm. The RRDE (ALS Japan Co Ltd.)
consisted of a 4 mm diameter platinum disk (A=0.126 cm2) as
generating electrode and a concentric platinum ring with an inner
diameter of 5 mm and an outer diameter of 7 mm as detection
electrode, separated by a PTFE spacer. The disk and ring electrodes
were separately polished with Al2O3 using 3 μm and 0.04 μm
polishing slurries and cleaned in isopropanol, before being
assembled. During the experiment the rotator was set to various
rotation speeds (100, 200, 300, 400 and 500 rpm).

Flow cell setup

The cell parts of the DEFC were constructed out of polyoxymeth-
ylene (POM) due to its mechanical stability. All cell parts with
contact to the electrolyte were cleaned by rinsing first with
isopropanol, then with �18.2 MΩ Milli-Q® water, subsequently
sonicated in ultrapure water for at least five minutes and air dried
afterwards. The platinum electrodes (99.95% purity) had a size of
10×5×1 mm (length, width, thickness). They were polished using
3 μm and 0.04 μm polishing slurry made of Al2O3, cleaned with
ultrapure water and isopropanol by sonication. The electrodes were
then placed into the holder and wires were laid on the back of the
electrodes for electrical connection. To tighten the system,
Parafilm® was placed on top of the wire and electrodes and a PTFE
block pressed the assembly together. The glassy carbon counter
electrode was cleaned separately the same way as the Pt-electrodes
and placed in the holder on top of the working electrodes. The
saturated calomel electrode (SCE; RE-2BE ALS Japan Co Ltd.) was
placed upstream of the working electrodes. Finally, the assembled
cell was purged multiple times with argon to remove the oxygen in
the system and the electrolyte was drawn into the channel. The
flow in the channel was controlled using a LA100 syringe pump
from HLL Landgraf Laborsysteme with a 50 mL Omnifix® syringe
from B jBraun. The electrolyte was thereby drawn from a container
with a constant argon flow and small overpressure trough the cell
into the syringe with flowrates ranging from 0.5 to 6 mL/min. The
small overpressure was applied to avoid oxygen from entering the
system. To build up and check that the cell was under a small
overpressure the container had an extra outlet to an additional
container with Milli-Q® water. The overpressure was guaranteed, as
long as argon bubbles could be observed in the extra container.

Electrochemical measurements

For the electrochemical measurements, two Gamry instrument
interfaces 1010 were used in bipotentiostat mode. The potentio-
stats were calibrated to correct for possible current offsets and
cable capacitance. The resistance of the working electrodes was
determined using impedance spectroscopy (1 MHz to 1 Hz) before
the measurements and afterwards to detect possible problems with
connections and to correct for the potential drop. The generator
electrode was then cycled three times between 0.55 V vs. SCE and
� 0.3 V vs. SCE with a scan rate of 10 mV/s. The collector electrode
was held at a constant potential of 0.55 V vs. SCE for the entire
measurement. All electrochemical data were analyzed using a
custom python script. Impedance correction by iR-subtraction was
applied to all measurements. Additionally, a linear baseline of the
collector electrode was subtracted from the data to correct for non-
faradic and other background currents (Figure S18a,b). The gener-
ator current was corrected by subtracting the linear function fitted

ChemElectroChem
Research Article
doi.org/10.1002/celc.202300126

ChemElectroChem 2023, 10, e202300126 (9 of 11) © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 21.06.2023

2313 / 304756 [S. 92/94] 1

 21960216, 2023, 13, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.202300126 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [08/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



to the data before the onset of the reduction (Figure S18c,d). The
limiting currents were obtained from the anodic scan for potentials
with constant current. For most measurements this was the case
between 0 and � 0.2 V vs. SCE. In the case of slower flow rates, the
potential windows had to be shifted to lower values due to the
residue of the reduction peak. However, in no case was a limit
lower than � 0.28 V vs. SCE chosen to avoid possible artefacts from
changing the scan direction.

Simulations

Steady-state simulations were performed with COMSOL Multi-
physics® using PARDISO general solver using the Fluid Flow,
Electrochemistry and Chemical species transport modules. Relative
tolerance of 0.001 was applied as the convergence criterion. 3D
fluid dynamic simulations were first performed based on the
geometry of our 5 mm experimental DEFC (further parameters in
Table 1, Table S7). Because our flow cell has a sufficient entrance
length to develop laminar flow before reaching the electrodes
(Figure S2), constant velocity field shown in Figure 3a was applied
over the electrodes in the following mass transport simulation.
With the simulated velocity field, the mass transport equation
(Eq. 4) was numerically solved in 3D models with the limiting
boundary conditions of [Fe(CN)6

3� ]=0 on the generator and
[Fe(CN)6

4� ]=0 on the collector electrode. For a fair comparison
between the limiting currents in 2D and 3 simulations, comparable
mesh sizes were introduced. The mesh size close to the electrode
was obtained from a previous report[1] as shown in Figure S20.
Furthermore, the mesh size was optimized using 2D simulations
(Figure S19) before they were used in the 3D simulations (Fig-
ure S19). This resulted in a large number of meshes in the 3D
model; the channel was then partitioned into a series of boxes of
1 mm length, in order to make the calculations more manageable
(Figure S20). The concentration profile at the outlet of the previous
box was used as the boundary condition at the inlet of the
succeeding box. We validated this approach in a 2D model (i. e.
without walls), where the same limiting currents and collection
efficiency were obtained for the separated channel and single full
channel (results are not shown). Local current density is obtained
from the flux at the electrode by eq. 2. The simulated limiting
current densities on the generator and the collector were further
introduced to 3D model to determine the local current density on
the counter electrode, which then determines the flux of products
from the counter electrode.

r � jl
!
¼ 0 (12)

jl
!
¼ � sr�l (13)

where jl
!

, s and �l represent the ionic current vector, electrolyte
conductivity, and electrolyte potential, respectively. Local current
density at the electrode surface (js) is described by

~n � jl
!
¼ js (14)

where ~n denotes the normal vector to the boundary. The electrode
was assumed to be highly conductive (i. e., no Ohmic loss). The
potential of the counter electrode (�s) was set to 0 V. At the counter
electrode surface, the following Butler-Volmer equation was
applied

js ¼ j0 exp
aaFh

RT

� �

� exp
� acFh

RT

� �� �

, (15)

in which j0, aa, and ac are the exchange current density, anodic and
cathodic transfer coefficient, respectively. The overpotential (h) is
described as follow.

h ¼ �s � �l � Eeq (16)

Eeq is the equilibrium potential. Since the reduction current on the
generator is larger than the oxidation current on the collector, an
additional anodic reaction takes place on the counter electrode to
account for charge balance. This reaction is assumed to be the
oxygen evolution reaction. The simulated local current density on
the counter electrode determines the boundary condition for the
flux of O2.

js
nF ¼

~n �~J (17)

where ~J is the flux vector. For simplicity, we ignored any
concentration overpotentials due to pH gradient and assumed O2

remains in the electrolyte as dissolved gases (i. e., no bubbles). We
confirmed that these simplifications do not affect the limiting
currents at the generator and collector, which are the main focus of
this study.

Supporting information

Brief theory of mass transport on rotating ring-disk electrodes,
additional simulations and experimental data. No additional
references were cited in the supporting information.
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