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ABSTRACT: This work demonstrates how the application of a
magnetic field during electrocatalysis can affect the transport of
reactants and products at the electrode surface and, under certain
conditions, generate complex, oscillatory behavior in amperometric
experiments. During the electrocatalytic oxidation of glycerol
(EOG), the Lorentz force acts upon hydronium and hydroxide
ionic currents to produce fluidic convection, which serves to
enhance the mass transport of glycerol and glyceraldehyde. Particle
imaging velocimetry shows that the convective fluid flow field
depends nonlinearly on the viscosity of the solution (dictated by
the concentration of glycerol, which ranged from 2.5% to 40% v/v,
to give a viscosity range of 1.3−5.3 mPa s). The nonlinear
dependence of velocity of the fluid flow on the viscosity of the
electrolyte generates time-delayed negative feedback during EOG and results in chemical oscillations. This time-delayed feedback is
due to two coupled steps: (i) oxidation of glycerol rapidly decreases the viscosity of the electrolyte near the anode and (ii) at low
viscosities magnetic fields increase the rate of mass transport, which subsequently increases the viscosity of the electrolyte near the
anode (by increasing the concentration of glycerol). These chemical oscillations can be used to enhance the selectivity of EOG to
glyceric acid by a factor of 2.1. This work focuses on the effects of magnetic fields on EOG using a combination of fluid flow analysis,
rotating-disk electrode experiments, and electrochemical simulations.

■ INTRODUCTION
With the goal of producing new molecules/products, synthetic
chemistry has generated reactions mechanism that are
increasingly complex,1,2 that is, involving the interaction of
multiple chemical species and/or reactions.3−6 One example of
a complex chemical system is the tandem catalysis used by
Yang and co-workers to hydrogenate CO2 to C2−C4
hydrocarbons using a nanostructured CeO2−Pt catalyst coated
with a mesoporous SiO2−CO interface.7 Synthetic chemistry is
still unable to duplicate the complexity found in biochemical
reactions; synthetic chemistry relies upon careful control of the
initial reaction conditions (e.g., concentrations, temperature,
pressure, etc.) to reach the desired products/outcomes. As a
reaction progresses, these reaction conditions can change�
requiring external intervention to maintain these conditions
(i.e., using an ice bath when reducing an ester with LiAlH4).
This external intervention occurs on much longer time scales
(<10 s−1)8 than chemical processes (102−106 s−1 for proton
reduction using transition-metal molecular catalysts)9−13 and is
unable to respond effectively to rapid changes in the chemical
system. Biological systems can operate with no external
intervention and can rapidly respond to changes in the
environment. These biological reactions are dynamically
regulated by signaling pathways. For example, neuronal cells
must regulate intracellular and extracellular concentrations of

K+ to maintain the membrane potential necessary for
neurotransmission.14 Dynamic regulation can potentially
enable synthetic catalysts to access new kinetic products and
product distributions and enhance overall catalytic activity and
robustness.15−18 In this work, we design a complex electro-
chemical system by applying a magnetic field during electro-
catalytic oxidation of glycerol (EOG). We refer to a chemical
system as complex if it displays emergent or nonadditive
behavior (different than the sum of its parts).15,17−19 Complex
chemical systems are generally sensitive to initial conditions/
small perturbations and can evolve down multiple path-
ways.19,20 Complex chemical systems couple multiple chemical
reactions and operate under one of two mass-transport
conditions: (i) diffusion-limited transport21,22 or (ii) near-
perfect mixing (as in the continuous stirred-tank reactor,
CSTR).23−25 In this work, we couple the fluidic convection
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generated by magnetic fields to the electrocatalytic oxidation of
glycerol and generate oscillatory behavior.
Glycerol is a byproduct in the production of biofuels�

accounting for 7−10% (w/w) of the products�with >1 billion
tons produced annually.26−28 One potential commercial
utilization of glycerol is as a fuel in direct alcohol fuel
cells.29−31 Glycerol has a high energy density (6.26 kWh
L−1),32 is nontoxic, and has a high flash point (176 °C) and
low vapor pressure (1.68 × 10−4 mmHg at 25 °C).33 In a
glycerol fuel cell, oxidation of glycerol to oxidized species (such
as CO2) and protons (electrocatalytic oxidation of glycerol,
EOG) at the anode is coupled to the oxygen reduction reaction
at the cathode (Figure 1a,b).29,31,32 Kenis and co-workers
recently demonstrated the potential techno-economic utility of

coupling EOG to electrocatalytic reduction of CO2.
34−36 EOG

is typically done under alkaline or acidic conditions (to
accelerate the reaction kinetics) with noble metal (Pt, Au, or
Pd based) catalysts.30,34,35 The kinetics and selectivity of EOG
are highly sensitive to catalytic conditions including the
glycerol concentration, the pH of the electrolyte, applied
potential, and hydrodynamics of the electrochemical cell.37−46

One obstacle in developing glycerol-based fuel cells is the lack
of electrocatalysts with high selectivity for specific products for
glycerol oxidation such as dihydroxyacetone, glyceric acid, and
tartronic acid.43 Polycrystalline Pt generally produces a mixture
of oxidized two- and three-carbon products like oxalic acid,
glyceric acid, and dihydroxyacetone, in addition to CO2.

47−50

One obstacle to achieving high selectivities for EOG is that

Figure 1. Schematic representation of our setup for generating complex behavior during the electrochemical oxidation of glycerol. (a) Schematic
depiction of the oxidation of glycerol to glyceraldehyde, glyceric acid, formic acid, glycolic acid, and CO2. Pathway 1 corresponds to dissociation of
the adsorbed glyceraldehyde and continued oxidation of glycerol, and pathway 2 corresponds to continued electrocatalytic oxidation of
glyceraldehyde. (b) Schematic showing the kinetic processes associated with dissociation of glyceraldehyde. (c) Schematic depiction of how this
work uses magnetic fields to generate electrochemical oscillations. At low viscosities, the Lorentz force allows for more convection and increased
mixing of the solution. The increased convection leads to an increase in the viscosity of the solution which decreases the current density. (d)
Schematic representation of the electrochemical cell used to measure the effect of magnetic fields on oxidation of glycerol. (e) Plot of applied
potential vs current (solid) and the derivative of the current with respect to the voltage (dashed) for a 25% v/v solution of glycerol in 1 M KOH.
We indicate the two peaks corresponding to glycerol oxidation and glyceraldehyde oxidation. (f) Linear-sweep voltammograms showing the current
density with a RDE at 0 rpm (black) and 190 rpm (blue) for a 10% v/v solution of glycerol in 1 M KOH. These results were averaged over three
independent experiments. (g) Plot of the ratio of the current while rotating the electrode to the current when the disk is stationary to highlight the
different catalytic regimes. The blue lines and shaded area correspond to the standard deviation of the three trials. (h) Linear-sweep
voltammograms for a solution of 5% v/v glycerol in 1 M KOH with a Pt mesh electrode with no convection, stirring with a magnetic stir bar, and a
0.3 T field.
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more oxidized species (e.g., glyceric acid) formed during EOG
typically desorb from the catalytic surface and prevent
complete oxidation of the species�despite the applied
potential being greater than the potential needed for that
oxidative reaction (e.g., oxidation of glyceric acid).42,44,47

In this work, we demonstrate how magnetic fields can be
used to generate oscillations in the electrochemical current (a
complex behavior) during the EOG�specifically, we examine
how the fluidic convection arising from the Lorentz force can
be used to generate electrochemical oscillations by alternating
between two catalytic pathways during EOG (Figure 1c,d).
We51 and others52−55 have shown that magnetic fields can be
used to increase mass transport in electrochemical systems
through magnetohydrodynamic effects (MHD)51,52,55,56 or
magnetic fields interacting with paramagnetic species (e.g.,
Kelvin force/magnetic field gradient force).53,54,57,58 The
Lorentz force acting upon ions moving in the solution
(discussed in more detail below) generates fluidic convection
that enhances mass transport and modifies the observed
reactivity.51 The flow induced by a magnetic field can also
interact with natural convective flow, caused by differences in
local density (i.e., buoyancy), and/or paramagnetic ions, to
produce electrochemical oscillations. Such complex electro-
chemical behavior has been observed during water electrolysis,
where the magnetic field influences the detachment and
subsequent trajectory of bubbles formed at the electrode
surface, increasing the effectiveness of hydrolysis.56 Addition-
ally, electrochemical oscillations have been observed during the
dissolution of iron ions57 and the deposition of copper ions58

in the presence of a magnetic field, where the oscillations were
attributed to a mechanism by which the magnetic gradient,
Lorentz force, and buoyancy force counteract one another.
The magnitude of the flow induced by the Lorentz effect is

more pronounced for electrolytes of lower viscosity and
systems with higher electrochemical current density.52−55,59,60

Here, we exploit these dependencies to create electrochemical
oscillations in EOG. We demonstrate, through a combination
of experiments and simulations, a mechanism by which
electrochemical oscillations are produced through the
application of a magnetic field to a reaction in which the
viscosity of the products are different than the reactants, and
characterize the parametric regimes over which this phenom-
enon occurs.

■ METHODS
Electrode Preparation. We used a Pt mesh as the anode

and Pt wire as the cathode. The Pt electrodes were >99.9%
purity and obtained from MilliporeSigma. The wires were
cleaned with Milli-Q water prior to use. The exposed
geometric surface area of the Pt mesh was 6 mm × 12 mm.
Electrochemical Measurements. Electrochemistry ex-

periments were performed using a CH Instruments Inc.
electrochemical workstation. An Ag/AgCl (1 M KCl)
electrode and a Pt wire were used as the reference and
counter electrodes, respectively, in all measurements. Milli-Q
water (18.2 MΩ·cm at 25 °C) was used in the preparation of
all aqueous solutions. The electrodes were cleaned using by
potentiometric stripping in 0.1 M H2SO4 prior to use. All
materials were analytical grade (>99%, MilliporeSigma) and
were used as supplied unless otherwise specified.
Gas Chromatography Analysis. We performed head-

space gas chromatography (GC) experiments using an Agilent
6890A GC equipped with a Restek Shincarbon column

(Agilent) and a thermal conductivity detector (TCD). To
measure the amount of gas formed during bulk electrolysis
experiments, we manually injected 100 μL of the sample
headspace (5 mL total). We accounted for the partitioning of
the gases in the liquid and gas-phases of the solution using
Henry’s law (see the Supporting Information for details).

Nuclear Magnetic Resonance. We performed nuclear
magnetic resonance (NMR) experiments to quantify the
concentrations of products formed in the liquid phase. We
performed quantitative 13C NMR on a 400 MHz Avance Neo
NMR. We added gadolinium ethylenediaminetetraacetic acid
as an NMR relaxation agent to aliquots of electrolysis
experiments. Experiments were collected for 1024 scans with
a 1 s relaxation delay (T1) (see the Supporting Information for
details).

Particle-Imaging Velocimetry Experiments. To analyze
the fluid flow near the electrode surface, we used particle-
imaging velocimetry (PIV) with 3 μm diameter fluorescent
polystyrene microspheres in aqueous solutions composed of 1
M KOH and glycerol.51,62 We performed the experiments
using a Mightex SME-C050-U CMOS camera with a OPTEM
125× variable zoom lens. We used a 1280 × 1024 pixel
exposure area with 4 pixel binning operating at 100 frames per
second (fps). The electrochemical cell was diffusely illumi-
nated using UV led lamps and fluorescent UV lamps. We
analyzed the data by comparing the positions of particles
between two successive frames and averaging over 5000 frames
to obtain the velocity fields using PIVlab in MATLAB.63 We
numerically calculated the curl of the velocity fields in
MATLAB to determine the vorticity of the fluid flow near
the electrode�a useful measure of turbulent flow in fluids.64

■ RESULTS AND DISCUSSION
This paper focuses on demonstrating how the mass transport
generated by the Lorentz force acting on electrochemical
systems can be used to generate complex behavior in
electrochemical systems; specifically, we show that application
of a static magnetic field during electrocatalytic oxidation of
glycerol can generate complex behavior. The reaction oscillates
by switching between two primary reaction pathways: (1)
oxidation of glycerol to glyceraldehyde and (2) oxidation of
glyceraldehyde (and subsequently oxidized products) to
species containing smaller numbers of carbon atoms (Figure
1). We use static magnetic fields to make electrochemical
systems oscillate between these two pathways; these
oscillations rely on the nonlinear relationships between the
(i) viscosity of the solution, (ii) current density, and (iii)
MHD effects.
Ionic currents are generated in EOG due to the (i)

production of protons at the anode and consumption of
protons at the cathode and (ii) electrophoretic transport of
products away from the surfaces of the electrodes and reactants
toward the surfaces of the electrodes (Figure 1). The net ionic
current in the electrochemical cell involves negative ions
(hydroxide ions) moving toward the anode and positive ions
(hydronium ions) moving toward the cathode. When a static
magnetic field, B⃗ [T], with components perpendicular to the
ionic current is applied, the instantaneous force, F⃗(t) [N], felt
by an ion with charge, q [C], moving with instantaneous
velocity v(⃗t) [m/s] can be expressed using the generalized
Langevin form of the Lorentz force, following eq 1
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= + × +F t q E v t B t t v t t t( ) ( ( ) ) ( ) ( ) d ( )
t

0
(1)

where ∫ 0
t γ(t − t′)v(t′) dt′ represents the drag on the ion and is

obtained from a memory kernel integral of the dynamic friction
coefficient, γ(t).61 The term ξ(t) (in eq 1) is a stochastic force
that represents Brownian-force-like collisions with solvent
molecules. Equation 1 predicts that a charged particle in
solution experiences a force in the direction of E⃗, a force
orthogonal to the velocity of the particle and to B⃗ (following
the right-hand rule), and field-independent drag and stochastic
forces resulting from collisions with solvent molecules.61 These
frictional interactions mediate the translation of the Lorentz
force acting on the ions into hydrodynamic flow within the
fluid at the electrode surface.52

In our reaction scheme, low viscosities are characterized by
high concentrations of products resulting from the oxidation of
glycerol (Oxgly) near the surface of the electrode. We group
these oxidation products together as they are formed from the
in situ oxidation of glycerol during the electrocatalysis, whereas
the direct oxidation of glycerol occurs when glycerol is
adsorbed to the surface of the electrode. The Lorentz force
generates more convection than when there is no applied B-
field, thus decreasing the concentration of Oxgly near the
surface of the electrode and increasing the concentration of
glycerol near the surface of the electrode. As a result, the
increased convection leads to an increase in the viscosity of the
solution, and this increase in viscosity decreases the current
density. Afterward, the increased viscosity and decreased
current density decrease the strength of MHD-driven
convection and led to oxidation of glycerol to Oxgly. This
oxidation continues until the viscosity near the electrode
decreases (due to preferential oxidation of glycerol relative to
Oxgly) and restarts the cycle (Figure 1c). In summary, we
propose that static magnetic fields can generate time-delayed
feedback that allows for oscillation between the oxidation of
glycerol and oxidation of Oxgly. This oscillatory behavior occurs
as the electrochemical switches between two states (a low-
viscosity state and a high-viscosity state) that depend upon the
partitioning of the glyceraldehyde between the surface of the
electrode and the bulk of the solution.
Rotating-Disk Electrode Experiments. To explore the

effect of a magnetic field (B⃗ field) on EOG, we performed
electrolysis with a Pt wire cathode and a Pt mesh anode (6 mm
× 12 mm) in an electrochemical H cell: (i) with no B⃗ field and
(ii) with a B⃗ field oriented perpendicular to the Pt mesh
(Figure 1d). The Supporting Information contains the specific
details of our experimental procedure. We applied a B⃗ field by
placing a 50.8 × 50.8 × 25.4 mm3 (2 × 2 × 1 in.3 manufacturer
specification) NdFeB magnet (N52 grade) perpendicular to
the surface of the Pt mesh (Figure 1d). We use the following
xyz coordinate space to describe the reference frame of our
experiments: the x coordinate is perpendicular to and the y and
z coordinates are parallel to the plane of the Pt mesh. The y
component of the B⃗ field is ∼0.3 T (measured using a
gaussmeter, model GM-1-ST, AlphaLab Inc.) at the surface of
the Pt mesh (with the x and z components ∼0 T). In our
experiments, the edge of the Pt mesh was located ∼5 mm away
from the surface of the magnet, and the width of the Pt mesh
was 6 mm to generate an average magnetic field strength of 0.3
T (Figure S1). We used aqueous solutions of 1.0 M KOH
(which served two functions: (i) to increase the pH of the

solution and (ii) as a supporting electrolyte) and a Ag/AgCl
reference electrode. Experiments were performed in air unless
performing product analysis; when measuring the products
formed during EOG, we sparged the samples with Ar to
measure accurately the gaseous species that were evolved
during the reaction by gas chromatography (GC). At the
cathode, we only observed the hydrogen evolution reaction
(HER), whereas at the anode, we observed EOG. We focus on
the effects of a B⃗ field on the anodic reactions unless otherwise
noted.
When we performed a linear sweep voltammogram (LSV)

on the electrochemical cell with Pt disk electrode as the
working electrode, we identified three distinct voltage regimes:
(i) the transport-limited current density regime, (ii) current
associated with glycerol oxidation, and (iii) current associated
with the oxidation of Oxgly (Figure 1e). The dashed curve in
Figure 1e corresponds to the derivative calculated from the
voltammogram and highlights the three voltage regimes
associated with oxidation of glycerol. The linear-sweep
voltammogram (LSV) was collected after five LSV scans
after ensuring that the sequential scans had minimal run-to-run
variation. While Pt can also oxidize hydroxide ions at potentials
greater than 1.2 V vs Ag/AgCl in KOH, we exclude Pt
oxidation of hydroxide ions from this work (as it contributes
<20% of the current) and has a featureless linear-sweep
voltammogram (Figure S13). We also previously demonstrated
that magnetic fields and changes in mass transport do not
affect oxidation of hydroxide ions by Pt.51

We determined the primary products corresponding to each
current regime by analyzing the products formed during
electrolysis for 1 h with 1H NMR and gas chromatography
(GC) (see Table S1). Our product analyses and current
density regimes are in agreement with previous reports of
glycerol oxidation on polycrystalline Pt.30,39,40,48 To determine
the relationship between the current density in each regime, we
performed experiments with a Pt rotating disk electrode
(RDE)41 and observed that increased mass transport decreased
the current density associated with oxidation of Oxgly and
increased the current density associated with oxidation of
glycerol and the transport-limited current density (Figure 1f,g).
These results were consistent across individual experiments,
and we plotted the average of three independent experiments
in Figure 1f,g. We believe the noise is due to a combination of
the formation of CO2 bubbles during electrolysis that modified
that electrochemical surface area and/or electrical interference
from the motor of the RDE. Notably, we did not observe any
evidence of potentiostatic oscillations with the RDE.
After carrying out the experiments with the RDE, we used a

Pt mesh electrode to increase the surface area of the electrode
and eliminate any ferromagnetic components from the system.
For the Pt mesh electrode, we observed similar trends in the
current densities upon application of a magnetic field to a Pt
mesh where application of a magnetic field decreased the
current associated with oxidation of Oxgly and increased the
current density associated with oxidation of glycerol (Figure
1g). We stirred the anodic compartment of the H cell while
using a Pt mesh electrode; we observed the same trends as
when we applied the magnetic field (Figure 1h)�an increase
in the current corresponding to oxidation of glycerol and a
decrease in the current corresponding to oxidation of Oxgly.
These results support our hypothesis that the magnetic fields
increase the current density via an increase in mass transport.
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Observed Magnetic Field Effects. To confirm these
effects, we performed electrochemical experiments with
alizarine as a pH indicator. When we applied no magnetic
field and no mechanical agitation (e.g., stirring), we observed a
uniform solution pH (Figure 2a and Video S1). When we

applied a 0.3 T field, we observed the formation of helical
currents in the solution and spatial heterogeneity of the
solution pH (Figure 2b and Video S2).51,52 We observed that
magnetic fields increased nonuniformity of the pH of the
solution (visualized using the pH indicator) and generated

Figure 2. Pictures of solutions of 10% v/v glycerol in 1 M KOH with Alizarine as a pH indicator with no applied magnetic field (a) and a 0.3 T field
(b). Plots of current vs time for four situations corresponding the four kinds of magnetic field responses that we identified of solutions of 10% v/v
glycerol in 1 M KOH: a static increase in the current (c), a decrease in the current (d), overshooting (e), and oscillations (f). Blue regions
correspond to time periods where we applied a 0.3 T field to the Pt mesh. Particle imaging velocimetry maps of the surface of the Pt mesh showing
the velocity field (arrows) and vorticity (color map) for no magnetic field (g) and 0.3 T field (h). Stronger orange and blue regions correspond to
regions of higher absolute values for the vorticity.
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helical flows of solution with different pH at all applied
potentials�in contrast to amperometric and voltametric
experiments where we see that we increase and decrease in
the catalytic current as a function of the applied potential and
glycerol concentration (Figures 1c and 2c,d). The ability of the
magnetic fields to decrease the catalytic current for oxidation
of Oxygly is necessary to generate oscillatory behavior in this
electrochemical system; time-delayed negative feedback loops
are necessary to generating an oscillatory chemical system.65

The time required to maximize the enhancement of the current
corresponding to oxidation of glycerol occurs within ∼10 s
(Figure 2c), whereas the time required to maximize the
inhibition of the current corresponding to oxidation of Oxygly
occurs over the course of ∼3 min (Figure 2d). As such, we
have evidence that the magnetic fields can serve as a time-
delayed feedback mechanism during oxidation of glycerol: (i)
magnetic fields can decrease the current, and (ii) this decrease
in current is slow (operates on a time delay). We also observed
that the crossover potential between oxidation of glycerol and
oxidation of Oxygly shifts to a higher potential at higher
concentrations of glycerol (Figure S4). On the basis of the
change in the crossover potential and potential ability of the
magnetic fields to generate a time-delayed feedback mecha-
nism, we believe that magnetic fields can generate nonlinear
and/or oscillatory behavior when the applied potential is
slightly higher than the crossover potential. The mechanism
involves (i) magnetic fields increasing the concentration of
glycerol near the surface of the electrode due to an increase in
mass transport, (ii) the increase in glycerol concentration shifts
the reaction rates to favor oxidation of Oxgly, (iii) the magnetic
fields diminish the reaction rate of oxidation of Oxgly via time-
delayed negative feedback, and (iv) the system resets to the
initial state (the state where the cell is primarily oxidizing
glycerol and magnetic fields increase the oxidation of glycerol).
To determine if magnetic fields generated nonlinear

behavior during oxidation of glycerol, we examined the effects
of magnetic fields on the current density at potentials higher
than the crossover potential (the potential at which the
reaction switches from primarily oxidation of glyceraldehyde to
primarily oxidation of glycerol). For a concentration of 10% v/
v glycerol in 1 M KOH, we observed that the crossover
potential was ∼1.3 V vs Ag/AgCl. When we applied a potential
of ∼1.5 V vs Ag/AgCl, we observed that a 0.3 T field was able
to generate characteristics of overshooting in the current
density�we observed a rapid (∼10 s) increase in the current
followed by a slow decay (∼100 s) in the current density
(Figure 2e). Furthermore, we observed that application of a
magnetic field near the crossover potential could generate
oscillatory behavior (Figure 2f) after 14.85 min. These
oscillations consist of rapid spikes in the current density
followed by slower decays in the current density�consistent
with the overshooting behavior seen in Figure 2e and our
proposed mechanism. We did not observe these oscillations in
the current density in the absence of a magnetic field.
Fluid Flow Analysis. By adding 3 μm diameter yellow

fluorescent microspheres to the solution, we observed the
solution was mixed upon application of a B⃗ field at all of the
applied potentials that we tested (Videos S3 and S4),
supporting our hypothesis of B⃗ fields enhancing mass transport
for EOG. To determine if the B⃗ field was generating
convection near the surface of the Pt mesh, we analyzed the
fluid flow near the electrode surface using particle imaging
velocimetry (PIV) with 3 μm diameter fluorescent polystyrene

microspheres. We observed that the presence of a magnetic
field increased the turbulence and mixing of the solution near
the electrode as evidenced by the fluid’s velocity field and
vorticity, which is defined as the curl of the velocity field and
represents a rotation in the fluid flow with units of s−1 (Figure
2g,h).62 (see the Supporting Information for details). In the
absence of the magnetic field, we observed movement of the
fluid toward the top of the electrochemical cell. We suspected
this fluid velocity in the absence of a magnetic field was due to
the density gradients formed during EOG.35,42,44 Notably in all
cases, we noticed the magnitude of the fluid velocity and the
vorticity increased upon application of a magnetic field. We
suspected that the convective mixing in the solution was
generated by hydroxide ions and carboxylate species formed
during EOG (e.g., glyceric acid, formic acid, etc.) as most of
our observed products for EOG had near-zero magnetic
susceptibilities (e.g., CO2, formic acid, and glyceric acid).
These helical flows are not unique to EOG; we have previously
observed similar results during the electrocatalytic reduction of
CO2 and for the single-step electrochemical reduction of
methyl viologen (MV2+) to the radical species (MV•+) using
the same electrochemical cell.51

We also observed that the effect of a magnetic field on the
behavior of the system sometimes changed over the course of
electrolysis (Figure 3). For example, we observed that over the

course of 20 min the effects of the magnetic field on EOG
would transition from generating oscillatory behavior to
generating a decrease in the current density (Figure 3a).
This result is consistent with a transition from the current
corresponding to primarily oxidation of glycerol to primarily
oxidation of Oxgly. The magnitude and periodicity of the
oscillations also changed as a function of the applied potential

Figure 3. (a) Plot of current vs time where we remove and apply a
magnetic field using an NdFeB magnet. Blue periods correspond to
regions with a 0.3 T magnetic field. We observed that over the course
of 20 min period a transition from oscillatory behavior generated by
the B⃗ field to a decrease in the current density. (b) Plot of current vs
time where we observed the magnetic fields were able to restore the
current density to consistent. (c) Plot of current vs time where we
observed constant oscillatory behavior while applying a magnetic field
and a constant applied potential of 1.3 V vs Ag/AgCl for a 5% v/v
solution of glycerol in KOH. (d) Plot of j/j0 vs strength of the applied
magnetic field for a 5% v/v solution of glycerol.
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and glycerol concentration. The magnitude of the oscillations
ranged from ∼0.2% of the current density (Figure 3b) to up to
24% of the current density (Figure S5). The periodicity of the
oscillations ranged from ∼5 s (Figure S6) to ∼180 s (Figure
3c); the systems sustained oscillations for over 15 min (Figure
3c). We also observed that the system would be unable to
sustain an oscillation or exhibited chaotic behavior (Figure S7).
To identify the mechanism through which oscillatory

behavior developed, we analyzed the ratio of the current
density of the magnetic field in the presence of a magnetic field
(j) to the current density in the absence of a magnetic field
(j0), which we termed j/j0. In this work, j/j0 represents the
enhancement in the current density due to the applied
magnetic field. In the case of applying a magnetic field at a high
potential (1.5 V vs Ag/AgCl), we observed that j/j0 increased
from ∼1.04 to ∼1.09 when the strength of the applied field was
increased from ∼0.1 to ∼0.3 T (Figure 3d).
To confirm that the magnetic field effects arise due to mass

transport, we consider how magnetic fields increase the rate of
fluid flow using particle-imaging velocimetry (see the
Supporting Information for details of the experiments and
analysis). Briefly, we added 3 μm fluorescent particles while
performing electrolysis to determine the fluid flow near the Pt
mesh. When we compared the velocity field of the fluid and the
magnetic field strength for a fixed concentration of glycerol
(10% v/v), we observed that the velocity of the field increased
as a function of the applied field strength, supporting the
hypothesis that the magnetic field effects are due to an increase
in mass transport (Figure 4a). If we assume that our system
can be approximated as a 1-dimensional laminar flow system,
the application of a 0.3 T magnetic field increases the mass
transport by approximately a factor of 3.3 due to increase in
the linear fluid velocity by a factor of 3.3 (Figure 4a). We
consistently observed that in all cases the magnetic fields
increased the velocity of the fluid from ∼2.5 to ∼8.3 mm s−1

near the surface of the electrode; this result contrasts with our
electrochemical measurements (Figures 1 and 2), where we
observed that the magnetic fields can increase or decrease the
current density. These experiments parallel the results we
obtained using a Pt RDE (Figure 1d). When we compared the
effect of a magnetic field on the fluid velocity as a function of
viscosity (modified by changing the concentration of glycerol),
we observed that the magnetic fields always increased the fluid
velocity relative to the case with no applied field (Figure 4b).
We ruled out possible Kelvin forces54 on the electrochemical

cell by performing experiments where we applied a magnetic
field with either one magnet or two parallel magnets where
opposite poles are facing each other (Figure S12). In the
experiments with two magnets, the strength of the magnetic
field is relatively uniform; by comparing the case of one
magnet versus two magnets, we were able to measure the effect
of the uniformity/gradient in magnetic field on the observed
electrochemical current. We did not observe a significant
difference between the two cases, which allowed us to rule out
the effect of Kelvin forces in the system. Additionally, White
and co-workers reported decreases in current and convection
with specific orientations of the electrode due to the use of
microelectrodes where the competition between the natural
convection arising during the reaction and the convection
generated by the magnetic fields could decrease the current.54

In their reported cases, the decrease in current was due to a
decrease in the convection near the surface (a destructive
interference between natural convection and the convection

generated by the magnetic fields). In cases where we observed
that the magnetic fields increased the current or decreased the
current, we observed that magnetic fields increase fluid flow
(Videos S3 and S4, Figure 4), so we rule out the
electrochemical oscillations being generated by the natural
convection of the system.
Finally, to characterize the parametric regime over which

this oscillatory system operates, we systematically varied the
volume fraction of glycerol and the applied voltage during
EOG while applying a 0.3 T field. We classified the behavior
into three categories: (i) an increase in the current density, (ii)
a decrease in the current density, or (iii) oscillatory behavior

Figure 4. (a) Plot of RMS velocity of the fluid derived from particle-
imaging velocimetry (PIV) vs the magnetic field strength. (b) Plot of
RMS velocity of the fluid derived from particle-imaging velocimetry vs
the viscosity of the solution in the presence of a 0.3 T magnetic field
(black) and no applied field (blue). (c) Phase map highlighting the
different regimes of magnetic field effects as a function of glycerol
volume fraction and applied voltage. Blue regions correspond to the
magnetic field increasing the current density. Red regions correspond
to the magnetic field decreasing the current density, and green regions
correspond to the magnetic field inducing oscillations in the current
density.
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(Figure 4c). We observed that as we increased the glycerol
concentration, the voltages, for which oscillatory behavior is
observed, increase in magnitude and broadened. We observed
that the regions over which oscillations are finely delineated�
a difference of 0.025 V can separate oscillatory versus linear
behavior� and reproducible (samples were reproduced at
least three times to be included in the data). We believe that
one could also increase the size of the parameter space over
which oscillations are observed by modifying other parameters
that independently change the viscosity of the system (e.g.,
replacing the H2O with D2O). The density (1.1 g/cm3) and
viscosity (1.25 mPa s) of D2O are higher than those of H2O
(with a density of 1.0 g/cm3 and viscosity of 1.0 mPa s) at 20
°C.33 We would expect to see changes in the oscillation
frequency, magnitude, and the parameter space over which we
observed these oscillations. When we performed experiments
using D2O as the solvent (rather than Milli-Q H2O), we
observed the same qualitative trends as when we used H2O as
the solvent (Figure S10). We observed that the application of a
magnetic field was able to increase the current (Figure S10a),
decrease the current (Figure S10b), and generate unstable
oscillations (Figure S10c). When we quantitatively compared
the magnetic field effects on solutions with H2O and D2O
(Figures 2 and S10), we observed that the solutions with D2O
had a smaller change in current density that solutions with
H2O�consistent with an increase in the density of the
solution. We suspect this change in density is the primary
source of disagreement between solutions composed of H2O
and D2O, and further works can attempt to independently
change the density of the solution (while keeping all other
parameters the same) through the addition of polymers with
differing molecular weights such as dextran and poly(ethylene
glycol).
To help characterize this system, we performed kinetic

simulations of the system to understand how the magnetic
fields could influence the rate equations in the experimental
system (see the Supporting Information for details concerning
the kinetic simulations). Briefly, we performed kinetic
simulations using a simplified model involving three species:
(i) glycerol, (ii) glyceraldehyde, and (iii) Oxgly (excluding
glyceraldehyde). In our simulations, we simulated the effect the
of the magnetic fields by adding a convective component to the
transport of the chemical species where the convective
transport time is inversely proportional to electrochemical
current. This convective transport in essence acts as a time-

delayed negative feedback loop as the convection from the
bulk of the solution depends on the electrochemical current at
the surface of the electrode. Through this simple model, we
can qualitatively reproduce the frequency and the magnitude of
the observed oscillations (Figure 5). We did not attempt to
achieve quantitative reproduction of the oscillatory behavior as
that would require overparameterization of the experimental
system. Rather than attempting to fit the kinetic time constants
to the experimental data, we used reasonable estimates for
these time constants to achieve behavior that qualitatively
matches the experiments. In the future, we hope to
quantitatively reproduce the oscillatory behavior through a
multiscale model that captures the effects of the magnetic field
on the fluid and the interaction of the fluid/mass transfer
characteristics on the observed electrochemical current.
Finally, when we compared the products formed during

EOG with no applied magnetic field and a 0.3 T field at 1.35 V
for a 10% v/v solution of glycerol in 1 M KOH, we observed
that we were able to increase the concentrations of partially
oxidized species, including glyceric acid (Table 1). We

observed up to a 2.1× increase in the yield of glyceric acid
with quantitative 13C NMR than the same sample with no
applied magnetic field; however, glyceric acid is a minority
product that accounted for up to ∼14% of the oxidized glycerol
in the case of no applied field (∼30% in the presence of a 0.3 T
field) (see the Supporting Information for details of the
product characterization). Further optimization of this
oscillatory system may lead to the generation of enhanced
selectivity for minority products such as glyceric acid. These
results were also independently reproduced by three
researchers in our laboratories. We were able to consistently

Figure 5. (a) Simplified summary of the simulation used in this work. We used a 1D simulation where transport between cells was due to diffusion
and convection. The convection time was inversely proportional to the current density. (b) Sample simulated electrochemical data showing that we
can generate oscillatory behavior by adding convective process inversely proportional to the current density through the presence of the magnetic
field.

Table 1. Table Comparing the Product Selectivity for
Oxidation of Glycerol at 10 wt % Glycerol and 1.35 V with a
0.0 and 0.3 T Applied Field

product selectivity (%)

0.0 T 0.3 T

glyceraldehyde 17 12
glyceric acid 14 29
dihydroxyacetone 10 15
formic acid 28 23
CO 8 6
CO2 22 14
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quantitatively reproduce the electrochemical experiments with
the RDE and magnetic fields (<20% variation in measured
current). The Supporting Information contains details (Figures
S11 and S12) concerning replicability/reliability of the
experimental results. While we did not compare how the
oscillation frequency affects the product distribution, we
suspect that a change in the oscillation frequency would
change the time-averaged concentrations of reactants (i.e.,
glycerol and glyceraldehyde) due to changes in the time-
averaged fluid flow near the surface of the electrode. This
relationship between the frequency of oscillations and the
observed distribution of products would be hard to delineate as
the frequency of oscillations depends nonlinearly on the
concentration of glycerol and on the applied potential.
We believe one mechanism for these large changes in

selectivity may be that the magnetic fields change the effective
polarization overpotential near the surface of the electrode.
Koper and Kwon showed that increasing or decreasing the
applied potential by 0.2 V for EOG could decrease the
selectivity for glyceric and glycolic acid by nearly a factor of
2.47 One possible mechanism for the large changes in
selectivity is that the sudden increases in mass transport due
to the magnetic field decreasing the polarization overpotential
near the electrode. This change in polarization overpotential
could change the effective potential of the electrode and thus
modified selectivity. Similarly, the concentrations of species
near the electrode surface could affect the observed selectivity.
In the future, we hope to perform detailed electrochemical
simulations to determine the mechanism behind these large
changes in selectivity.
One possible mechanism for generating oscillatory behavior

could involve the magnetohydrodynamic effects interacting
with themselves; this interaction would take the form of a static
magnetic field increasing the mass transport and electro-
chemical current for an electrochemical reaction. The increase
of the electrochemical current then increases the magnitude of
the magnetohydrodynamic effects (as more ions begin to move
in the electrochemical cell) which restarts the cycle. We do not
believe that the fluid motion generated by the magnetic fields
could begin to interact with itself (due to the dependence of
these magnetic field effects on the current density) and lead to
autocatalytic or self-inhibitory behavior occurring in our
system. In our system, we do not believe a mechanism that
includes feedback of the magnetohydrodynamic effects acting
on themselves (through the dependence of the magneto-
hydrodynamic effects on the electrochemical current, where
the electrochemical current is also affected by the magneto-
hydrodynamics of the electrochemical cell) is a major
contributor as the oscillations are up to 24% of the current
density.

■ CONCLUSIONS
This paper demonstrates that application of a static magnetic
field during electrocatalytic oxidation of glycerol (EOG)
increases mass transport through the Lorentz force. We used
magnetic fields to couple mass transport generated by the
Lorentz force to the electrochemical oxidation of glycerol,
generating oscillatory behavior in the current density observed
for the electrochemical oxidation of glycerol. We performed
rotating disk electrode (RDE) experiments and particle-
imaging velocimetry (PIV) measurements to show that
magnetic fields increase mass transport during EOG. We
showed that the Lorentz force acts on ion transport

(hydronium and hydroxide ions) during EOG to enhance
mass transport by generating convection in the electrolyte. We
used PIV to demonstrate that the fluid flow field generated by
the magnetic fields depends nonlinearly on the viscosity of the
solution (dictated by the concentration of glycerol which
ranged from 2.5 to 40% to give a viscosity range of 1.3−5.3
mPa s). We used this nonlinear dependence of the fluid flow
on the viscosity to generate time-delayed negative feedback
during EOG by coupling the fluid flow field to the oxidative
reactions. We demonstrated that we were able to generate
oscillatory behavior during EOG at potentials corresponding to
the crossover voltage for oxidation of glyceraldehyde to
oxidation of glycerol. The convection generated by the Lorentz
force acting on moving ions acts to induce nonlinear feedback
and behavior during EOG by coupling the fluid flow field to
the oxidative reactions, resulting in changes to the observed
selectivity at a single potential in the presence of a magnetic
field when compared to no magnetic field.
In future works, we hope to (i) understand and

quantitatively predict the oscillation mechanism and the effects
on selectivity and (ii) demonstrate potential uses of magnetic
fields for fuel cells. Particularly, MHD effects should be able to
decrease any energetic costs associated with pumping fluid for
a glycerol-based fuel cell and could potentially shift the
selectivity of the reaction toward a more desirable product
distribution, increasing the techno-economics of the process.
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