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Velocity maps in an electrochemical cell model with a rotating disk electrode configuration were
acquired by magnetic resonance imaging. This is one of the devices most widely used to characterize
electrochemical reactions, where the relevant information needed is the velocity of the fluid ingoing
the region of the electrode. Velocity maps of the whole cell were acquired with MRI for different rotating
speeds and cell configuration. Results are in good agreement with previous data obtained by computa-
tional fluid dynamics (CFDs).
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1. Introduction

Electrochemical cells with a rotating disk electrode (RDE)
configuration are widely used to characterize electrochemical reac-
tions [1-6]. Particularly, in studying electrode reaction kinetics and
mechanisms has shown their advantages in measuring stoichio-
metric number of electron transfer in the electrochemical reaction,
bulk concentration and diffusion coefficient, reaction kinetic
constant and reaction intermediates. RDE is amenable to rigorous
theoretical treatment and is easy to construct with a variety of
electrode materials. In this setup, mass transfer and the associated
velocity profiles in the vicinity of the electrode play a main role in
the analysis of the information obtained. The spinning disk drags
the fluid at its surface along with it and, because of centrifugal
force, flings the solution outward from the center in a radial direc-
tion. The fluid at the disk surface is replenished by a flow normal to
the surface. This fluid flow has been described several decades ago
by Levich [7] based on the approximate analytical solution intro-
duced by von Karman [8] and Cochran [9], who used a simplified
model under the assumption of an infinite cell and an electrode
of endless dimensions and negligible thickness. As the experimen-
tal cell parameters are neglected in these models, it is valid to ask
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how accurate is the use of this equation in real systems, where liq-
uids are confined and flows are highly dependent on the experi-
mental setup.

This question has been mainly addressed using computational
fluid dynamic (CFD) models. Two main CFD models can be used,
two-dimensional models which are characterized with axisym-
metric representation [10,11] and three-dimensional models [12-
14] where a representation of the whole cell is performed [15].
In these works, authors compare their results with the fluid flow
pattern calculated with analytical expressions obtained by
Cochran [10,11] and focus their attention in establish which factors
cause the asymmetry in flow patterns [12,13]. Recently, Alexiadis
et al. [14]showed that even though the Cochran equation does
not describe correctly the velocity profiles over the whole cell, it
provides an accurate representation of the flow near the electrode,
thus the Levich equation can still be employed for electrochemical
analysis, where the concentrations gradients due to electrochemi-
cal reactions are typically contained. Gonzalez et al. [12] addressed
the problem of flow determination near the rotating rod containing
the electrode for different configurations using 3D CFD and exper-
imental optical methods. Asymmetric flow patterns were shown
and a way to correct the Levich equation was proposed.

There is an outstanding lack of experimental data on flow pat-
terns inside electrochemical cells with RDE configuration. This is
mainly because an experimental determination of the flow is diffi-
cult due to cell geometry, electrode dimensions, and the
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requirement of optically transparent flows. Only recently, 1D
velocity determinations were carried out using Laser Doppler
Anemometry [10] and optical determinations of the flow effects
near the rotating rod were compared to numerical simulations
[12]. Magnetic resonance imaging (MRI) is a suitable tool for this
purpose as it is non-invasive and non-destructive. In particular
the use of tracer particles is not needed as spin bearing nuclei, in
general 'H, which is part of the flowing liquid, can be used to deter-
mine the flow patterns. This has two benefits, on one hand the flow
is not disturbed by impurities, and on the other hand any liquid,
even non-transparent liquids can be used. Imaging results can also
be combined with spectroscopic information provided by NMR,
providing spatially resolved chemical information. Recently, Ilott
et al. [16] presented the first in situ experiments showing localized
information of the electrolyte ions in real time for a working capac-
itor of standard geometry. It has also been shown that MRI is able
to map concentration gradients and visualize electrochemical pro-
cesses in electrochemical cells containing bulk metals [17].

MRI has been extensively used for the characterization of the
flows in a wide variety of systems [18-20]. In particular, Couette
cells (CC) present similar aspects as that of a RDE. A CC is a device
composed of two concentric rotating cylinders, where a large
variety of flows can occur upon variations of the fluid properties,
system geometry, or rotation rates. For slow rotational speeds
the flow pattern is a 1D laminar azimuthal flow without velocity
components in the axial or radial directions. For rotation speed
above a critical value a hydrodynamic instability occurs and coun-
ter-rotating vortices appear superimposed on the azimuthal rota-
tion of the liquid, known as Taylor vortices. The device is
denominated Taylor-Couette cell (TCC), and the corresponding
flow is known as a Taylor vortex flow (TVF) [21,22]. Several works
using MRI were carried out on CCs, for instance TVF and even
translating vortex flows have been measured by synchronizing
the imaging sequence with the rotations [23] or axially stratified
two-fluid systems velocities were determined [24].

In this work we present for the first time flow measurements in
an electrochemical cell model with a RDE configuration by MRI.
We use a TCC with a TVF to show the performance of our imaging
system, as the flow pattern of this system is known a priori, this is
used for velocity calibration in the three orthogonal axes. The cell
can be modified by changing the length of the rotating rod in order
to generate a RDE configuration. Velocity maps in three orthogonal
directions are presented and velocities ingoing on the electrode are
discussed for different Reynolds numbers.

2. Materials and methods
2.1. Magnetic resonance imaging

The aim of this section is to provide a simplified overview of the
basic elements involved in the process of using nuclear magnetic
resonance for imaging. For detailed descriptions of the method,
see Refs. [25,26] and specific applications in electrochemistry in
Ref. [27]. NMR is based on the fact that nuclear spins undergo a
precession around the direction of the magnetic field induced by
the magnet (Bp). MRI relies on the use of an extra set of magnetic
fields, which are designed to change linearly with space. In general
three independent gradients are used, each of which encodes an
orthogonal direction. These magnetic field gradients (G) give rise
to a frequency that depends on the position (r) as:

Wo(r) =7(Bo+1-G), (1)

where 7 is the nuclear gyromagnetic ratio of the observed isotope
(e.g. 'H, '9F, “Li). If signal decay is recorded under the action of
one of such gradients, a Fast Fourier Transform (FFT) will render a

projection of the object in one direction, this is usually referred to
as a 1D image. In order to obtain a 3D image of an object two alter-
native methods can be applied. A set of 2D images, in which differ-
ent slices of the object are acquired can be used, or a full 3D set of
data can be obtained. The former method is in general applied to
study a specific region of interest and is chosen in favor of a 3D
image as this latter is in general very time consuming.

The MRI sequence used in this work is a 2D spin echo sequence
with spin warp sampling (see Fig. 1). A spin-echo is generated by a
shaped refocusing 180° pulse applied at a time tg/2 after the exci-
tation pulse, and in the presence of a magnetic field gradient
(Gslice)- The magnetization from a determined region in space is
acquired, in this case a Gaussian shaped pulse will refocus the
magnetization only from spins located in a Gaussian region of
space [26]. Acquisition of N-data points is carried out in the pres-
ence of a magnetic field gradient (Greaq), SO that an accumulation
of phase in one dimension of the k-space is achieved (read direc-
tion). On the second direction experiments are carried out chang-
ing the values of a field gradient orthogonal t0 Gread (Gphase) as
shown in the fourth line of Fig. 1. In this way an N x M data set,
representing the k-space, is acquired. A 2D FFT algorithm will
return a representation of 2D spin density over the selected slice.
The direction of read, phase and slice gradients can be chosen
arbitrarily.

2.2. Velocity maps

If the spin bearing molecules are moving during the application
of a magnetic field gradient, an extra accumulation in the phases
will be produced [28]. In this work a pair of bipolar gradients were
applied after the 180° refocusing pulse (see last line in Fig. 1). The
application of a pair of gradients imparts a phase proportional to
the displacement of the sample in the direction in which the gradi-
ents are applied. This phase depends on the gradient intensity
(Gyel), the pulse time duration (§) and the spacing between them
(A). For instance, the phase introduced by a gradient applied in
the z direction can be written as:

o= ' JGua(Dz(tde. 2)

For the bipolar pulses sketched in Fig. 1, this equation reduces
to:

¢ =Gyl [ / ’ z(t)dt — /A " z(t)dt} . 3)

0
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Fig. 1. Spin echo sequence used to obtain the velocity maps. Acquisition is
performed on the center of a spin echo, formed at a time t. In this work the slice
direction was taken along y, read gradients along z and phase gradients along x. The
velocity gradients are switched to different directions according to the experiment.
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Evidently, if the nuclei are static the total accumulated phase is
zero, however, if nuclei are moving with a stationary velocity, v,
the net phase can be written, in a general case as [29,30]:

d) = V(SAGvel v (4)

It must be noted that even though this gradient is plotted in a
different line in Fig. 1, it will be applied in one of the imaging direc-
tions. Velocity maps in a given spatial direction are obtained by
calculating the phase difference between a reference image mea-
sured without velocity gradients and a second image measured
with the bipolar gradient pair applied along the desired spatial
direction [25]. The phase of the signal of both images is subtracted
and the pixel by pixel phase difference is converted to velocities
using Eq. (4), where the velocity of the nuclei contained in a vol-
ume element, or voxel, is considered to be stationary.

2.3. Experimental consideration on velocity MRI

There is a variety of factors that can influence the performance
of MRI in the determination of velocities inside an electrochemical
cell. Electrochemical experiments usually involve aqueous ionic
systems in low concentrations, which can either be organic or inor-
ganic, paramagnetic or non-paramagnetic. The main effect of the
presence of ions on NMR is a change on the relaxation times, which
depends on the ion concentration and on the paramagnetic charac-
teristics. As electrochemistry is very sensitive, these concentra-
tions are in general low, inducing minor changes in the
relaxation times. However, in the presence of paramagnetic ions,
these changes can be significant.

The spin-lattice relaxation time (T;) is the system characteristic
time in which equilibrium with the magnetic field is established. In
MR], this time accounts for the interval in which an excitation can
be repeated, setting the overall image acquisition time. For pure
water at room temperature and 7 Tesla T; ~ 3 s, while depending
on the ion type and concentration T; can be in the order of hun-
dreds of milliseconds. This effect turns out to be extremely benefi-
cial as the images can be acquired in a shorter time.

Codification of velocities relies on the use of the accumulated
phase described in Eq. (4). The intensity and duration of the gradi-
ents are set as to impart maximum phases ranging from —7 to T,
where the sign determines the direction of the flow related to
the direction of the velocity gradient [25]. This sets a maximum
possible speed encoding, or field of flow (FOF). The values of 5, A
and G, must be set in order to render an optimum velocity encod-
ing, where the two limiting parameters are A and G, For low
velocity encoding large values for A and G, are generally required.
Typical gradients available in MRI systems range between 1 and
3 T/m and are set by the hardware, i.e., the gradient coils and cur-
rent amplifiers. Upon setting a maximum gradient value, a mini-
mum value of A is determined to achieve a correct codification.
This duration cannot exceed a maximum value which is set by
the sequence timing (tg), and is mainly influenced by the transver-
sal or spin-spin relaxation time (T>). This is the characteristic time
in which a signal decays during detection. The relationship
between T, and the ion concentration is similar to that of T;. For
velocities in the order of 10 mm/s T, values over 50 ms are in gen-
eral sufficient. For high velocities determination the main con-
straint is not given by the equipment, but from the image
resolution. It is generally accepted that a molecule must not travel
more than half a pixel size during data acquisition, which is the
time in which Gie,q is on, in order to achieve a correct velocity cod-
ification. For instance, for a resolution of 150 um and a typical
acquisition time of 600 pis a maximum velocity of 125 mm/s can
be correctly encoded.

Another issue associated to electrochemical studies in MRI, is
the presence of electrodes. Metallic components within the sample

may generate image artifacts due to changes in the rf field, mag-
netic susceptibility and the presence of eddy currents [17,27]. As
two images are necessary to obtain the velocity map these artifacts
will in principle cancel out as they are equal in both, providing that
the induced distortion is not strong enough to locally cancel the
signal.

2.4. Experimental Setup

All  experiments were carried out at 7.05 Tesla
(vo=300.13 MHz) in an Oxford superconducting magnet operated
with a Kea2 (Magritek GmbH) console. A 3D gradient coil system
(Bruker GmbH) with maximum gradients of 1.5 T/m was used.
Radiofrequency excitation and detection was carried out with a
25 mm inner diameter Bruker GmbH birdcage coil with a length
of 37 mm. A hard 90° pulse of 250 pis and a 180° Gaussian selective
pulse of 600 ps of duration were used.

The system schematized in Fig. 2 was built from polyacetal
resin and used in all the experiments. The exterior cylinder, with
internal radius R, =7.85 mm is static, while the inner cylinder,
with radius R; = 3 mm, can rotate and its length can be modified
in order to achieve a TCC or RDE configuration. The total height
of the cell was H; + H, =77 mm. The container was filled with a
sample of deionized water doped with CuSO,4 to reduce T; to
approximately 130 ms, resulting in a T, = 100 ms. The magnetic
field homogeneity was such that the NMR signal decays with a
characteristic time of 10 ms. For the TCC measurements H; =0
and for the RDE configuration the position of the inner rod was
changed such that H, = 15 mm. Two different rotation speeds were
used: 31.4 and 94.2 Hz.

The field of view was set to (40 x 20) mm in the z and x direc-
tions. A 2 mm slice in y direction was excited and detected.
Matrices of 256 x 128 points were acquired, giving rise to a resolu-
tion of (0.156 x 0.156 x 2) mm?>. Four images were acquired for
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Fig. 2. Schematic representation of the cell used in the experiments. The position of
the rotating rod can be changed to achieve a Couette cell (H; = 0) or a rotating disk
electrode (H; = 15 mm) configuration.
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each configuration and rotating speed, one reference without
velocity gradient and three images with velocity gradients in each
direction. The most relevant parameters of the pulse sequence
were the following: echo time: tz=13ms, 6=1ms and
A=23ms for encoding velocities over 40 mm/s, otherwise tg
was set to 15 ms and A =3.1 ms. In all the cases, the dwell time
was 5 ps and the acquisition time was 1.28 ms. The total experi-
mental time for a complete 3D velocity map was of 34 min, in
which 8 acquisitions were acquired and averaged. A waiting period
of ten minutes was introduced between the startup of the rotations
until the acquisition of the images. All experiments were repeated
at least three times and showed to be reproducible with dispersion
in the velocity values of 5%.

3. Results and discussion
3.1. TCC configuration

Initially we describe the results in the TCC with a fixed outer
cylinder and the inner cylinder rotating at 31.4 Hz. This system
has cylindrical symmetry where radial velocities correspond to
tx and azimuthal velocities correspond to . The individual com-
ponents (x and z) of the rotating vortices are observed in
Fig. 3a and b respectively, where a 2 mm slice in the y direction
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is excited. Radial velocities show a periodic behavior alternating
its orientation towards and from the rotating cylinder, with max-
imum velocities up to 27 mmy/s in the jets moving away from the
rotating rod. The flow in z presents velocities going up and down
on each side of the rotating cylinder, where maximum velocities
of 20 mm/s occur near the rotating rod. Combining these data
sets render a vector plot map where the rotating vortices are
clearly observed (see Fig. 3c). A maximum velocity in the azi-
muthal direction of 93 mm/s is determined (Fig 3d), in agreement
with the velocity for the liquid in contact with the inner cylinder
speed of 94 mmy/s. The velocity intensity decreases with increas-
ing distance from the center of the system until it practically can-
cels out on the surface of the outer cylinder. The pattern for out
of plane and in-plane velocities is the same with opposite direc-
tions. The undulations in the velocity distributions are in accor-
dance with the presence of Taylor vortices. The z velocity
profile can be used in the determination of the vortices sizes.
Fig. 4 shows the velocities extracted from a line of the z profile
at 31.4 Hz. The vortices are symmetrical and the size is even
throughout the sample with an average value of 6 mm. In this
way MRI can be used to obtain information of the flow that takes
place in the system under study in a qualitative way: vortex
shape or flow symmetry for instance, and in a quantitative way:
velocity values or vortex size.
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Fig. 3. Velocity maps of a water/glycerol system in a Couette cell for a rotation rate of 157 Hz, H, = 0, H, = 77 mm and Re = 44 (a) velocity along x direction and (b) z direction.

(c) Vector plot constructed with #, and 2. (d) Velocities in the azimuthal direction (7).
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Fig. 4. Velocity profile along the z direction for a TCC rotating at 31.4 Hz. The vortex
size /4 can be directly determined from the plot as the distance between two points
with »,=0.

3.2. RDE configuration

We now turn our attention to the flow pattern generated inside
a RDE cell. Fig. 5 shows the velocity maps corresponding to veloc-
ities in a 2 mm xz plane for two different velocity values and
H;=15mm. A circulation of fluid under the rotating electrode
can be clearly observed; the liquid goes towards the bottom of
the cell (z-velocities in Fig. 5c¢) through the outer region and
returns to the electrode through the center of the cell. This flow
represents the main mass transfer process that takes place in the
system. The most striking feature is that for the low rotation speed
a great asymmetry in the flow is observed, while as the rotation
speed increases a more symmetrical pattern is obtained.

Fig. 5 also shows how the fluid behaves in the recirculation area
surrounding the rotating electrode [14]. In order to obtain a good
representation of the lower velocities in the cell, the FOF was set
to 45 mm/s. For this reason the higher velocities near the rotating
rod are appear saturated in the color scale. Nevertheless it is clear
that near the lateral walls of the rotating rod the flow direction is
going upward, which is in disagreement with early predictions
done by Blurton and Riddiford [31] and confirms the flow patterns
predicted by Gonzalez et al. [12] and Dong et al. [11]. This is also in
agreement with the velocity field in the 3D cell obtained from CFD
(see Supplementary material).

A quantitative representation of the resulting flow in the axis
below the center of the rotating rod is better understood through
the use of dimensionless variables [32]. In order to describe the
velocity field, u(r, ¢, z), in cylindrical coordinates, six dimensional
variables are needed: (Hy, Ho, Ry, Ry, v, @), where v and w are the
fluid viscosity and rotation speed respectively. The system coordi-
nates and velocity components can be expressed in a dimension-
less way as (p, ¢, {) and (7, 9, ) respectively. For the description
of axial velocities the Reynolds number (Re = wR? /v), axial coordi-
nate ({ = z,/w/v) and velocity (¢ = v,//@v) are used. Two differ-
ent Reynolds numbers were obtained by changing the rotation
speed. Data from pixels of the central line of the RDE were
extracted and are plotted in Fig. 6. The experimental velocities
are higher than those predicted by the Cochran equation for the
lower Reynolds number (Re=280), as calculated by Alexiadis
et al. [14]. The Cochran equation predicted a plateau at iy = 0.88
while the experimental value shows a maximum at y/ = 2, in agree-
ment with the maximum value reported by Alexiadis et al. [14]. As
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Fig. 5. Velocity maps in a RDE cell (H; = 15 mm) for a rotation speed of 31.4 Hz and
94.2 Hz. (a) Velocity along x direction, (b) y direction and (c) z direction. As the
rotation speed increases a more symmetric flow pattern is observed.

the Reynolds number increases the presence of asymmetries is
depicted by an increase in the velocities at the bottom of the cell,
where the non-slip condition on the surface is satisfied. For
Re = 850 velocity follows the Cochran equation up to { =120. The
increase in velocities near the bottom of the cell may arise from
asymmetries in the flow. This behavior showed to be reproducible
in several repetitions and even when the rotational speed direction
is inverted. Gonzalez et al. have recently predicted [12] a similar
patterns and are indicated in the work of Mandin et al. [10] who
measured oscillations in the velocity amplitudes in the bottom of
the cells.

The Cochran equation that describes the velocity profile in RDE
systems has been used to determine the charge transfer rate con-
stant from experimental data. In the particular case of fast reaction
rates, the Levich equation can be applied to calculate the limiting
current [33-35]. On this regard, it is important to remark that elec-
trochemical signals are mainly determined by the velocity field in
the vicinity of the electrode, since the electrochemical reactions are
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Fig. 6. Dimensionless velocity along the central axis at two values of Reynolds
number. The error bars are calculated propagating the uncertainties in the velocity
determination and the rotational speed. For the low Reynolds number (31.4 Hz) a
behavior predicted by Alexiadis et al. [14] is observed. For larger Reynolds numbers
larger velocities are present in the bottom of the cell and a significant region in the
center of the cell satisfies the constant behavior of the Cochran equation (dashed).

mostly located in this region. For this reason, the Levich equation is
a reasonable practical approximation for calculating the limiting
current in a RDE system because near the electrode the flow is
not necessarily affected by the recirculation regions. As a proof of
concept, Fig. 7 shows the experimental velocity profiles at two
Reynolds numbers in the vicinity of the rod-like electrode com-
pared to the profile calculated according to the Cochran equation.
Clearly, the velocity profiles determining the arrival of electro-ac-
tive species at the electrode are comparable to that predicted by
the Cochran equation for both Reynolds numbers. Therefore,
Levich equation can be used to predict the electrochemical signals
(i.e., the limiting current) measured with very fast reaction rates at
the RDE with the same electrochemical configuration as in the
studied system. In fact, we are currently dedicated to analyze dif-
ferent experimental methodologies to determine more accurately
the velocity fields in the vicinity of the rod-like electrode.

1.5

1,0 S

Fig. 7. Dimensionless velocity along the central axis at two values of Reynolds
number in the vicinity of the rotating electrode. Squares correspond to Re = 280 and
circles to Re = 850. The dashed line corresponds to the Cochran equation.

4. Conclusions

Velocities in RDE electrochemical cells can be accurately deter-
mined by MRI, and the presented results are in good agreement
with previous ones obtained by CFD methods. In this work we used
one of the most robust, yet time consuming pulse sequences nor-
mally used for this purpose. However, fast velocity determination
schemes can readily be implemented where a complete velocity
map could be acquired in the order of hundreds of milliseconds.
We envision the MRI will become a powerful tool in the determi-
nation of fluid properties in RDE configuration were the perfor-
mance of different cell designs can be directly determined and
thus improve the mass transfer to the electrode.
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