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1 Introduction

ABSTRACT

Enhancing the mass transport to electrodes is desired in almost all fields of
electrochemical sensing, electrocatalysis and energy storage or conversion.
Here, a method is presented that allows doing so by means of the magnetic
gradient force generated at magnetic nanoparticle modified electrodes. It is
shown using FesOs nanoparticle modified electrodes that the ultra-high mag-
netic gradients (>10% T/m) established at the magnetized FesOs nanoparticles
speed up the transport of reactants and products at the electrode surface. Using
the Fe(IlI)/Fe(Il)-hexacyanoferrate redox couple, it is demonstrated that this
mass transport enhancement can conveniently and repeatedly be switched on
and off by the application and removal of an external magnetic field, thanks to
the superparamagnetic properties of magnetite nanoparticles. Thus, it is shown
for the first time that magnetic nanoparticles can be utilized to control mass
transport in electrochemical systems. Importantly, this approach avoids the im-
plementation of any means of mechanical agitation and is therefore particularly
interesting for application in micro- and nanofluidic systems and devices

time, tremendous effort has been made to increase
and actively control mass transport of reactants to

Numerous studies report the beneficial application of
magnetic nanoparticle modified electrodes to en-
hance the performance of electrochemical sensors
and devices, ranging from the detection of biomole-
cules [1-4] to energy conversion [5-7]. At the same

electrodes, for instance using flow cells [8-10], rotat-
ing disc electrodes [11, 12], insonation [13, 14] or
magnetic fields [15-18]. Herein the combination of
both these aspects is demonstrated for the first time:
the use of magnetic fields generated by magnetic
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nanoparticles to locally enhance the mass transport
to electrodes and thus promote electrochemical pro-
cesses. As a proof-of-concept one of the most widely
[Fe(CN)s]*/ [Fe(CN)s]*~ is
demonstrated to show increased currents at elec-

used redox couples,
trodes modified with magnetized magnetite nano-
particles (FesOs NPs) of 8+2 nm in diameter. Geomet-
ric and magnetic field effects on mass transport are
delineated by direct comparison of the chronoam-
perometric response of these electrodes with elec-
trodes modified with diamagnetic gold and silver
nanoparticles in the presence and the absence of the
magnetic field generated by a standard commercial
permanent magnet. It is found that the strong mag-
netic field gradients generated by FesOs nanoparticles
cause a four times larger increase in the electrochem-
ical current than caused by the low-gradient magnet-
ic field supplied by the permanent magnet at Au or
Ag nanoparticle modified electrodes. This observa-
tion is related to the two relevant magnetic forces: the
Lorentz force and the magnetic field gradient force.
The potential of the latter to non-invasively enhance
the local mass transport at electrodes by means of
magnetic nanoparticle modification is highlighted
and the relevant parameters are discussed. It is fur-
ther demonstrated that the superparamagnetic prop-
erties of FesOs NPs allow to repeatedly switch this
magnetic field induced convection on and off by the
application and removal of the external magnet.

2 Theory - magnetic field effects in elec-
trochemistry

In contrast to gas phase reactions, in liquids the
conversion of reactants at a reactive surface is
greatly limited by the slow diffusion of both reac-
tants and products to or away from this surface.
Thus, in electrochemistry reducing the diffusion
layer thickness, the distance reactants have to dif-
fuse to reach an electrode, by forcing a convective
flow is advantageous. One convenient option to do
so while avoiding mechanically moving parts is the

application of magnetic fields [16, 19, 20].

The classical magneto-hydrodynamic effect

(MHD-effect) [21] refers to a Lorentz force (fi)
driven convection of the electrolyte, where fi results
as the cross product of the current density j, in the
presence of an external magnetic field of magnetic

induction B:

@™

While this force dominates in homogeneous and
low-gradient magnetic fields, in the presences of
high magnetic field gradients, the magnetic field
gradient force, or Kelvin force fm, has to be consid-
ered additionally [22, 23]:

; )

where po denotes the permeability of free space
(4nx10? Am), VB the gradient of the magnetic in-
duction and the magnetic susceptibility of the solu-
tion xsol is the sum of the molar magnetic suscepti-
bilities ymot of all electrolyte components i weighted

by their concentration ci:

®)

In systems undergoing electrochemical reactions
Xsol changes dramatically near the electrode when
concentration gradients of paramagnetic species are
established, for instance due to their generation or
consumption at an electrode. In these cases, the
magnitude of the magnetic field gradient force
changes strongly across the diffusion layer and -
provided suitably high magnetic field gradients in
the same region, a convective flow may be induced
in the direct vicinity of the electrode. Accordingly,
the influence of fm on the convective mass transport
in electrochemical systems can be described by
eq. (4); a derivation of which is provided in the SI
and discussed in detail in [23-27].
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(4)

where Ymolpara and cpara are the molar magnetic sus-
ceptibilities and concentration of paramagnetic spe-

cies.

According to Mutschke et al. [23], which of the two
magnetic forces dominates the electrochemical re-
sponse in a particular system can be estimated via
the ratio of the dimensionless parameters Rvs and
Rwmup rationalizing the magnetic field gradient and
the Lorentz force in terms of the length scale they

act on:

; ©)

where z is the number of electrons exchanged per
reacting species and D its diffusion coefficient, F is
the Faraday constant (96,485 C mol™), 6 is the diffu-
sion layer thickness and L the specific length scale of
the magnet(s) applied. According to that, the small-
er the applied magnet is, the more dominant the

magnetic field gradient force should be.

The enhancement of electrochemical processes by
magnetic field induced convection has to date been
limited to magnetic features with at least one of their
dimensions being of macro- and microscopic length
[15, 28-31]. Herein, significant effects are evidenced
for the first time using magnetic nanoparticles. Be-
sides allowing the local application of very large
magnetic field gradients, the use of magnetic nano-
particles is also preferable as techniques for both
their large scale production and surface immobili-
zation exist, a pre-requisite for their application in
real-world devices. When superparamagnetic na-
noparticles are applied, such as the FesOs NPs used
herein, the magnetic field gradient can not only be
applied in the spatial, but also in the temporal do-
main, as it can be turned on and off by virtue of an
external magnetic field being superimposed or not.

3 Experimental

3.1 Chemical reagents and instrumentation

Potassium hexacyanoferrate (III), 98+% (Lancaster),
potassium hexacyanoferrate (II) trihydrate, 99%
(Lancaster) and potassium nitrate (Sigma-Aldrich)
were used as received, without further purification.
Hydrochloric acid (Sigma-Aldrich, >37%) was di-
luted to the concentration of 0.1 M. All solutions
were prepared using deionised water (Millipore)
with a resistivity of 18.2 MQ c¢m at 25 °C.

Electrochemical experiments were performed in a
thermostated (25.0+0.2 °C) Faraday cage, using a
uAutolab Type III potentiostat (Utrecht, Netherlands).
All measurements were conducted using a standard
three electrode setup utilising a carbon rod counter
electrode (3 mm diameter) and a saturated calomel
reference electrode (SCE, BASi, West Lafayette, IN,
USA). A bare or modified glassy carbon electrode
(GCE, 3 mm diameter) was employed as a working
electrode (WE).

The three electrodes were set up in a cylindrical
PEEK cell (3 cm diameter). In experiments involv-
ing the application of a magnet, this cell was placed
in front of the centre of a rectangular 50x50x25 mm?
NdFeB permanent magnet (45 MG Oe, Bunting
Magnetics Europe Ltd., UK) with a glassy carbon
working electrode at the centre of the cell (1.5 cm
away from the NdFeB magnet surface). The mag-
netic field strength generated by the NdFeB magnet
at this distance is ca. 1.6x105 Am™ as simulated by
the numerical 3D magnetostatic field solver Am-
peres 9.0 (Enginia Research Inc.); see SI for details.
This value of field strength is large enough to mag-
netize FesOs4 NPs as reported in [32, 33]. The counter
electrode (CE) was positioned opposite the WE and
the reference electrode (RE) in close vicinity to the
WE (see Fig. 1) to minimize potential drop in the
system.
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Figure 1 Electrochemical cell setup; RE = SCE reference elec-
trode, WE = glassy carbon working electrode, CE = carbon rod
counter electrode and electrolyte =9.5 mM hexacyanoferrate
(II) or 9.5 mM hexacyanoferrate (III) with 0.50 M KNOs sup-
porting electrolyte

3.2 Syntheses and characterization of nano-
particles

3.2.1 Syntheses

Citrate-capped Au NPs were provided by Mintek
(Randburg, South Africa). Citrate-capped Ag NPs
were synthesized using the method developed by
Wan et al. [34].

Citrate-capped FesOs NPs were synthesized ac-
cording to the method reported by Williams et al.
[35] by dissolving 10 mmol iron (II) chloride tetra-
hydrate (FeCl2-4H20, Sigma-Aldrich) and 20 mmol
iron (IlI) chloride hexahydrate (FeCls-6H20, Sig-
ma-Aldrich) in 27 mL solution of 0.8 M hydrochlo-
ric acid (HCI, Sigma-Aldrich). Then 250 mL of a
1.7M aqueous solution of sodium hydroxide
(NaOH) was added and the mixture is stirred at
room temperature for 30 min to allow for the
co-precipitation of FesOs nanoparticles (NPs). A
NdFeB permanent magnet was then used to sepa-
rate the resulting FesOs NPs from the reaction mix-
ture. The next step differs from that reported by
Williams et al. [35] since we sought to introduce
citrate as a capping agent of the NPs to prevent ox-

idation of FesOs in the presence of oxygen in air.

This was done by adding 3.5 g of sodium citrate
tribasic dehydrate (Sigma-Aldrich) to the suspen-
sion of 3.3 g of FesOs NPs in 135 mL H20, heating it
to 100 °C for 30 min with constant stirring and
leaving it to cool to room temperature afterwards.
The final citrate-capped FesOs NPs products were
washed with deionised water, separated from the
reaction mixture using a NdFeB permanent magnet
and re-dispersed in H20O with the NP concentration
of 3.5g L™

3.2.2 Characterization

Citrate-capped Au NPs were characterised via SEM
imaging using a Leo Gemini II Field emission gun
microscope (Zeiss, Germany). The analysis of the
SEM images with Image] software (1.47, National
Institutes of Health, USA) yielded mean radii of
12.943.5 nm (see Fig. 2a and 2b).

Citrate-capped Ag NPs and citrate-capped Fe3Os
NPs were characterised by TEM imaging using an
FEI TECNAI T20 and analysed with Image] soft-
ware to be 3.4+2.2nm (see Fig.2c and 2d) and
4.0+1.0 nm in radii (see Fig. 2e and 2f) respectively.

Additional nanoparticle characterization data can
be found in the Supplementary Material, providing
additional nanoparticle sizing data and composi-
tional analysis of the FesO4 nanoparticles.
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Figure 2 a) SEM image of Au NPs, b) Au NPs size distribution
from ImagelJ analysis, ¢) TEM image of Ag NPs, d) Ag NPs
size distribution from ImagelJ analysis, ) TEM image of Fe3O4

NPs and f) Fe3O4 NPs size distribution from Imagel] analysis

3.3 Experimental Procedures

3.3.1 Modification of GC electrodes with NPs

Prior to use, glassy carbon macroelectrodes were
polished using 1.0, 0.3 and 0.05 um alumina powder
(Buehler) on soft lapping pads (Buehler), then soni-
cated in deionised water in an ultrasonic bath for 1
minute to remove any adsorbed material. The glassy
carbon macroelectrodes were then modified by
dropping 2 pL of nanoparticles suspension onto the
surface and letting the electrode dry under nitrogen

flow gas.

3.3.2 Electrochemical Stripping Experiment: Linear

Sweep Voltammetry

To quantify the amount of NPs immobilized on the

surface of the electrode, electrochemical stripping
experiments in 0.1 M HCI solution were performed
[36]. The technique allows us to electrochemically
reduce or oxidise the NPs and hence quantify the
number of NPs undergoing the process. Conse-
quently, the electrode surface coverage can be de-
duced. Accordingly, the NPs modified glassy car-
bon electrodes were subjected to linear sweep
voltammetry at the scan rate of 0.01 V s™! over a po-
tential range of E=0-115V, E=0-0.8 Vand E =
0.5 - (-0.5) V vs. SCE for Au, Ag and FesOs NPs re-
spectively [37-39].

3.3.3 Cyclic Voltammetry

The redox systems of 9.5 mM [Fe(CN)s]* (aq) or
9.5 mM [Fe(CN)e]*~ (aq) solutions fully supported
with 0.50 M KNO:s (aq) were used to study the effect
of mass transport enhancement when the working

electrode was modified with magnetic NPs.

The redox species were first subjected to cyclic
voltammetry in the absence of a magnetic field to
measure the values of the formal and peak poten-
tials, and provide a guide for the overpotential re-
quired in chronoamperometric measurements. Cy-
clic voltammetry was performed at a scan rate of
0.1 V s in the potential window of -0.15 V to 0.60 V
vs. SCE.

3.3.4 Chronoamperometry

Chronoamperometry was chosen to study mass
transport in electrolyte solution since a sufficiently
high overpotential can be applied so all the redox
species of interest which reaches the electrode is
immediately consumed. The chronoamperometric
currents are therefore controlled by mass transport
alone which in this case arises from diffusion and
magnetic field-induced forced convection. Migra-
tion is negligible in the presence of excess support-
ing inert electrolyte (0.50 M KNOs). Natural convec-
tion due to a temperature gradient is excluded by
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thermostating the electrochemical cell and natural
convection due to density gradients can be neglect-
ed for the short experimental times of no longer
than 10 s for the electrochemical system considered
(9.5 mM [Fe(CN)s]*/* (aq)) as described elsewhere
[40, 41].

The comparison of currents at 10 s in the presence
and absence of the magnetic fields is therefore in-
dicative of the effect of magnetic field on mass
transport. For the systems of [Fe(CN)s]* (aq) and
[Fe(CN)s]*~ (aq), the potentials of 0.35 V and 0.06 V

were applied respectively.

Repeated application and removal of the external
rectangular 50x50x25 mm? NdFeB permanent mag-
net (45 MG Oe) were used to turn ‘on” and ‘off’ the
magnetic field effects (fu and fm). The same modi-
fied electrode was used in the presence and absence
the magnetic field. This was to ensure the surface
geometry of the electrode was the same throughout
each experiment, allowing direct probing of the
magnetic field effects under identical NPs coverage

and their arrangement on the electrode surface.

The chemical stability and adhesion of FesOs NPs
throughout each set of experiments was evidenced
by electrochemical stripping of the surface immobi-
lized Fe3O4 NPs from the GC electrode in 0.1 M HCl
either directly after the electrode modification or
after subjecting them to at least five chronoam-
perometric measurements in the presence and ab-
sence of a magnetic field. In both cases the charac-
teristic reductive stripping peak at 0.1 V vs SCE
confirmed the presence of FesOs NPs on the elec-
trode surface. A small peak at -0.1 V vs SCE was
also observed, showing the presence of ca. 6% of
Fe20s in both cases and thus confirming the chemi-
cal stability of the nanoparticles during the magne-
to-electrochemical studies.

4 Results and discussion

4.1 Results

First, experiments utilising diamagnetic Au or Ag
NP modified electrodes were performed in com-
parison with bare electrodes. This delineates the
effects of NP modification of electrodes such as the
change in electrode geometries from the magnetic
contribution arising from the ‘quasi-homogeneous’
fields (with low magnetic gradients) generated from

an external NdFeB permanent magnet (fr).

Next, FesOs NP modified electrodes were employed.
Due to the high magnetic field gradients generated
at the surface of the NPs, both fu and fn act in this
case. By comparing the results obtained in this case
to that of the diamagnetic NP modified electrodes
(the low-gradient fi-only case), the contributions of

fu and fm can be separated.
4.1.1 NP-modified electrodes — surface coverage

In order to compare the effect on mass transport
when the working electrodes were modified with
different NPs, either the electrode surface coverage
(6, see eq. (6)) or the amount (moles) of NPs immo-
bilized on the surface (1) can be used as a fixed pa-
rameter (see Fig. 3). Since the sizes and densities of
the different NPs used were different, it was not
possible to fix both of these parameters (0 and n) at
the same time. Both parameters were studied sepa-

rately.

Surface coverages (0) are calculated as the fractions

of electrode surface area covered with NPs:

(6)

where Nnr is the number of NPs (moles) on the
surface calculated according to [42], r~r is the radius
of a NP and r. is the radius of a disc GC electrode.

www.editorialmanager.com/nare/default.asp



As the concentrations and sizes of the NPs in each
suspension are known (Au: 0.05 gL, Ag: 0.1 gL
and FesOu: 3.5 g L), 2 puL of each is expected to give
approximately 50-60% surface coverage (0) for Ag
and Fes3Os or the number of NPs immobilized on
electrode surface (1) of 4-5x1071° moles for Au and
FesOu. This was confirmed by electrochemical strip-
ping experiments in 0.1 M HCI solution. The re-
sulting stripping voltammograms are shown in
Fig. 4.

Electrochemical stripping of the thus surface im-
mobilized NPs from the GCE gave the stripping
charges of 80+17 uC, 180427 uC and 96+15 puC for
Au, Ag and Fe3Os NPs respectively.

Figure 3 Glassy carbon working electrodes modified with (top
right): Au NPs with the same amount of NPs immobilized on
the surface (n) as for the Fe;O4 NPs and (bottom right): Ag
NPs with the same electrode surface coverage (6) as for the

Fe3O04 NPs

The total charges (Q) obtained from linear sweep

voltammetry are given by eq. (7):

@)

where n denotes the amount of particles (moles)
undergoing electrochemical processes, z is the
number of electrons exchange per formula unit and
F is the Faraday constant. The number of electrons
exchanged per formula unit (z) are 1.9 for the oxi-
dation of Au [43], 1 for the oxidation of Ag [44] and
2 for the reduction of FesO4[37, 39, 45].

For Au and FesOs NPs, these charges corresponded
to 4.4+0.9 x107° moles and 5.0+0.8 x107® moles of
particles immobilized on the electrode surface re-

spectively.

While for Ag and FesOs NPs, the electrode surface
coverages calculated from the stripping charges
according to eq. (6) were found to be 60+9% and
61+9% respectively. More details on the calculation

of surface coverages are given in the SI.

4.1.2 Cyclic voltammetry of the
[Fe(CN)sl*/[Fe(CN)¢]*~ redox couple

For bare electrodes, cyclic voltammetry (CV) at a
scan rate of 0.1 V s7! was studied for the oxidation of
[Fe(CN)s]+~ and reduction of [Fe(CN)s]*~ in fully
supported (0.50 M KNOs) aqueous electrolyte in the
absence of a magnetic field. The peak potentials for
the oxidation and reduction processes were ob-
served at 0.26 V and 0.16 V vs. SCE respectively (see
Fig. 5).

Figure 4 Linear sweep voltammograms of the electrochemical stripping of NPs supported on GC electrodes in 0.1 M HCI,

dE/dt=0.01 V!
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Accordingly, potentials significantly higher than
0.26 V and lower than 0.16 V vs. SCE were consid-
ered as large enough to overcome kinetic limita-
tions in the oxidation of [Fe(CN)s]*" and reduction
of [Fe(CN)s]*~ respectively; allowing the study of

mass transport in chronoamperometry.

For FesOs NP-modified electrodes, the CV was first
run in 0.50 M KNO:s electrolyte, without the redox
active [Fe(CN)s]*~ or [Fe(CN)s]*~ species. No peak
was observed, indicating that FesOsNPs were
chemically and electrochemically stable in this me-
dium in the potential range of -0.15V to 0.60 V vs.
SCE. Cyclic voltammetry of the oxidation of
[Fe(CN)s]* and reduction of [Fe(CN)¢]*~ in fully
supported (0.50 M KNOs) aqueous electrolyte in the
absence of a magnetic field was also done using the
FesOs NP-modified electrodes. Similar CVs as for

the bare electrodes were observed.

Figure 5 CVs of 9.5 mM [Fe(CN)s]* aqueous solution (blue)
and 9.5 mM [Fe(CN)s]*~ aqueous solution (brown), fully sup-
ported with 0.5 M KNOs3 (aq), dE/dt = 0.1 V57!

4.1.3 Chronoamperometry

The effects of the magnetic field on the mass
transport were studied by running chronoam-
perometric measurements for 10 s in the presence
and absence of an external NdFeB permanent mag-

net.

Figure 6 chronoamperograms of 9.5 mM [Fe(CN)s]*~ (aq) and 9.5 mM [Fe(CN)s]>~ (aq) in the presence (red) and in the absence of a

magnetic field (black)



First, the effects of ‘low gradient’ magnetic fields
(fr-only case) were studied using bare WE and WE
modified with diamagnetic Au or Ag NPs. Second,
additional effects from ‘high gradient’ magnetic
fields (fu+ fm) created by modification of the WE
with superparamagnetic FesOs NPs were investi-

gated.

Potentials of 0.35 V and 0.06 V vs. SCE were chosen
for chronoamperometric studies of 9.5mM
[Fe(CN)¢]* and 9.5 mM [Fe(CN)s]*~ aqueous solu-
tions respectively to ensure that the systems were
under mass transport control. Chronoamperograms
for the oxidation of 9.5 mM [Fe(CN)s]+~ aqueous
solution and the reduction of 9.5 mM [Fe(CN)e]*>
aqueous solution in the presence and absence of a
magnetic field are shown in Fig. 6 for bare elec-
trodes and electrodes modified with diamagnetic
NPs (Au and Ag) and in Fig. 7 for FesOs
NP-modified electrodes.

Figure 7 chronoamperograms of a) 9.5 mM [Fe(CN)s]* (aq)
solution, b) 9.5 mM [Fe(CN)s]*~ (aq) solution in the presence

of magnet (red) and in the absence of magnet (black)

The currents and charges observed for the oxidation
of [Fe(CN)e]* and reduction of [Fe(CN)e]*>" in fully
supported (0.5 M KNOs) aqueous electrolytes in the
absence of a magnetic field are summarized in Table

1 and 2 respectively.

The time-dependent currents (I) and the current
integrals over time (charges, Q) were used to quan-

tify the magnetic field effect on mass transport.

The current enhancement (y;) was quantified using

the following expression:

8)

where Is and Io are the currents measured at the
same experimental times in the presence and ab-

sence of an external NdFeB magnet respectively.

Similarly, the charge enhancement (yp) was calcu-
lated by

)

where Qs and Qo are the total charges measured at
the same experimental timescale in the presence and

absence of an external NdFeB magnet respectively.

It was found that when a bare glassy carbon elec-
trode was employed as the working electrode, the
current and charge enhancement was no greater
than ca. 2% for both the oxidation of [Fe(CN)e]*™ and
the reduction of [Fe(CN)s]>~ (see Fig. 6).

When a glassy carbon electrode modified with di-
amagnetic NPs (Au or Ag NPs) was used, the lim-
iting currents and current integrals increased by no
greater than ca.2% in the presence of magnet for
both the oxidation of [Fe(CN)s]*~ and the reduction
of [Fe(CN)s]*~ (see Fig. 6). The y; and yp values show
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that there was no significant difference from the
bare electrode, and therefore modification of elec-
trodes with diamagnetic NPs was demonstrated as
having no effect in the current and charge en-

hancement of electrochemical processes.

For FesOsmodified glassy carbon electrode, ~8 %
increase in currents and charges were observed for
both [Fe(CN)s]*~ and [Fe(CN)s]*~ systems (see Fig. 7
for chronoamperograms). Note that upon the re-
moval of the external NdFeB magnet, the chrono-
amperometric currents return to their initial values
before the first placement of the magnet as shown
in Fig. 8 for the oxidation of 9.5 mM [Fe(CN)s]*.

Figure 8 Chronoamperograms of the oxidation of 9.5 mM
[Fe(CN)s]* (aq) solution utilising the Fe3O4-modified glassy
carbon electrode with an external NdFeB magnet acting as a

switch turning ‘on’ and ‘off” the magnetic fields

4.2 Discussion

The magnetic fields applied in the bare electrodes
and electrodes modified with diamagnetic NPs
systems were quasi-homogeneous; that is the mag-
netic field gradients were small (VB ~1x10' T m™,
see SI for details) and hence insignificant. The small
current and charge enhancements observed for
these systems can thus be attributed to the Lorentz
force (fi, see eq. (1)) driven magnetohydrodynamic
effect (MHD) which has been previously reported
in many systems [21, 27, 46-48].

On the contrary, significantly greater current en-
hancements were observed for the FesOs-modified
electrodes compared to those obtained from dia-
magnetic NP modified electrodes. This is the result
of large magnetic gradient forces due to the high
magnetic gradients created at magnetic FesOs NPs
in addition to the Lorentz force from the external
NdFeB magnet.

The effects of magnetic gradient force have been
previously reported for macro- and microscopic
magnetic features [22, 23, 26, 31, 49-54]. For the
electrochemical set-up presented in this paper (a
closed cell), the potential (irrotational) part of the
force would “press” against the wall and hence
have no effect on electrolyte motion [55]. Only the
rotational part of the force can cause any change to
the system by inducing convective flow which ef-
fectively reduces the diffusion layer thickness, and
therefore increases mass transport to the electrode

surface.

As the potential part has no effect on the electrolyte
flow, only the change in electrolyte susceptibilities
needs to be taken into account [23]. These suscepti-
bility changes are mostly due to the change in con-
centrations of paramagnetic species, which in our
case is [Fe(CN)s]*~ ions with one unpaired electrons
(Xmol ~ 6.5x107 m? mol™? [56]). The influence of dia-
magnetic species, [Fe(CN)s]* ions and H20 mole-
cules (no unpaired electrons,
Xmol =-1.6x10710 m3 mol™ [29]), can be neglected as
magnetic susceptibilities of diamagnetic species are

significantly smaller than paramagnetic species.

Note that this redox system was chosen as it only
has one unpaired electron (upe) and hence has a
small magnetic susceptibility so as to demonstrate
that the magnetic gradient force effect is significant
even for weakly paramagnetic species. For species
with more unpaired electrons and hence higher
paramagnetic susceptibilities such as high-spin
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transition metal complexes Co? (3 upe), Ni** (2 upe)
or Mn? (5 upe), greater mass transport enhance-
ment is expected.

According to Mutschke et al. [23], the rotational part
of the force calculated by taking the curl of the force
(Vxfm) given in eq. (4) can be simplified to

(10)

where Ac denotes the concentration change in the

diffusion layer of thickness 6.

It is recognized that this rotational part of the mag-
netic gradient force will enhance mass transport
within the diffusion layer (6c) because the concen-
tration gradient (Vc) is significant only in the diffu-
sion layer and tends towards zero in the bulk solu-
tion. At the same time, the magnetic field gradient
(VB) is only significant in the close vicinity of the
FesOs NPs as shown in Fig. 9 for the variation of B
with distance away from the NPs. The values of VB
drop from >108 Tm™ at z<10nm to <1 Tm™ at
z>40 nm (see SI for details). The magnetic field gra-
dient force is therefore optimized in the diffusion
layer and hence the flux to the electrode surface is

increased by this phenomenon.

Figure 9 Simulation of a decay of magnetic flux densities gen-
erated from a fully magnetized 4 nm Fe;0s4 NP with
B(z =4 nm) = 0.53 T in an electrolyte solution of pr = 1; see SM

for simulation details

As described in the Theory section, eq. (5) can be
used to assign which of the two magnetic forces is
dominant. The FesOs NPs have a specific magnetic
length scale of ~7 orders of magnitude smaller than

11

the external NdFeB magnet. The measured currents,
however, did not show such a significant difference.
This is because, as mentioned above, the magnetic
gradient force only plays a significant role close to
the surface of the FesOs NPs. At this distance, the
frictions between walls and the moving solution are
very large that the effects of the force on mass
transport are restricted, despite the force being ex-
traordinarily large. The exact, quantitative predic-
tions of the magnetic force-driven mass transport
enhancement therefore have to be done via numer-

ical simulation and are subjected to future work.

Additionally, opposed to one’s intuition that the
systems having paramagnetic species as starting
materials such as the reduction of [Fe(CN)s]>~ would
result in greater magnetic-driven mass transport
enhancement than having them as reaction prod-
ucts, the observed current and charge enhancements
are in the same order (~8%) for both the oxidation of
[Fe(CN)s]*~ and the reduction of [Fe(CN)¢]*~. This
can be explained using equation (10). An important
parameter that gives rise to the convective flow is
the change in concentration of paramagnetic species,
which upon 1-electron transfer processes, it is a
given that either reactants or products would have
unpaired electrons and hence would be paramag-
netic. The magnetic field effects on mass transport
are therefore similar for an oxidation or reduction
of the same redox couples as demonstrated by the
[Fe(CN)s]¢/[Fe(CN)s]*~ redox couple in this paper.

The FesOs NPs are magnetized in the presence of
external magnetic field and hence result in an en-
hanced mass transport as explained above. On the
removal of an external NbFeB magnet, it is found
that the chronoamperometric currents return to
their initial values before the first placement of the
magnet (see Fig. 8). This is consistent with FesOxs
NPs being superparamagnetic which means that
their magnetization shifted back to near zero upon
the removal of an external magnetic field [57],

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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demonstrating that the enhanced mass transport
can be turned ‘on’ or “off’. This allows for controlled
alteration of the mass transport to the electrode by a

simple external switch.

To summarize the observed effect of magnetic fields
on mass transport in the electrochemical systems
under studies, the bar graphs in Fig. 10 combine the
experimental results showing the evident enhanced
mass transport in electrolyte solution when the
electrodes are modified with FesOs NPs in compar-
ison with bare electrodes or electrodes modified
with diamagnetic NPs, quantified by mass
transport controlled currents and total charges
measured via chronoamperometry. Figure 11 shows
schematic representations of magnetic forces in-
volved in the system when electrodes are modified
with diamagnetic Au or Ag NPs (Fig. 11a) and
magnetic FesOs NPs (Fig. 11b).

Figure 10 bar graphs displaying (a) current and (b)
charge enhancements in the chronoamperometric meas-

urements

Figure 11 schematic representations of the magnetic

forces involved

5 Conclusions

A new method has been developed to enhance mass
transport in electrolyte solution using the magnetic
gradient force as an alternative to high energy con-
sumption flow cells, rotating disc electrodes or clas-
sical magnetohydrodynamics. Superparamagnetic
iron oxide (magnetite, FesOs) nanoparticles are im-
mobilized onto the electrode surface, allowing the
generation of an ultra-high magnetic gradient
(108 T m™) near the electrode. Magnetite nanoparti-
cles are easy to make, non-toxic and chemically sta-
ble in many reaction conditions, benefiting practical
uses in comparison to corrosive permanent mag-
nets. Thanks to the superparamagnetic properties of
these nanoparticles, mass transport can conven-
iently be controlled using an external magnetic field
as a switch to turn the magnetic field gradient force
on and off. This method is expected to be particu-
larly interesting in spatially strongly confined sys-
tems, such as micro- and nanofluidic devices, where
the implementation of conventional (mechanical)

means of mass transport control is challenging.

Importantly, the magnetic gradient driven mass
transport enhancement is not limited to paramag-
netic reactants, but only requires that at least one of

www.editorialmanager.com/nare/default.asp



the reaction partners has at least one unpaired elec-
tron — a condition that is fulfilled for almost any
one-electron  electrochemical The
proof-of-concept redox couple used herein
[Fe(CN)e]>/[Fe(CN)e]* comprises one and zero un-
paired electrons, respectively, and an evident mag-
netic gradient field effect was observed even in the
case of the thus comparably low paramagnetic sus-
ceptibilities. Reactants with larger number of un-
paired spins, such as high-spin transition metal

reaction.

complexes Co?%, Ni%*, Mn?, comprise much larger
paramagnetic susceptibilities and are therefore ex-
pected to show greater magnetic gradient force en-
hanced mass transport - an effect that will be ex-
plored in future work.
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S1: Characterization of nanoparticles

) Fes0O4

A representative TEM image of the FesOs nanoparticles used and the analysis of their size distribution are
given in Fig. 2e and 2f in the main text. A high-resolution TEM image of FesOs nanoparticles is displayed in
Fig. S1. The lattice parameters (d) observed were d = 0.257 nm, 0.245 nm and 0.210 nm, corresponding to the
lattice parameters of FesOu (from the Powder Diffraction File database) in the (3,1,1), (2,2,2) and (4,0,0) planes,

respectively.

Figure S1 High-resolution TEM image of Fe3O4 nanoparticles; the lattice parameters observed were: Nanoparticle 1: d = 0.257 nm

- d311 = 0.253 nm; Nanoparticle 2: d = 0.245 nm > d222 = 0.242 nm; Nanoparticle 3: d = 0.210 nm = d4o0 = 0.210 nm

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



o Au

The TEM analysis of the Au nanoparticles shown in Fig. 2a and 2b in the main text yields the size distribu-
tion of 12.943.5 nm radius. The size of the Au nanoparticles was confirmed using UV-Vis absorption spec-
troscopy. The absorption peak was observed at 519 nm (see Fig. S52), a wavelength of which has been reported
by Ly et al. [1] using the same batch of Au nanoparticles to correspond to the size of 9.6+6 nm radius. Ly et al.
also reported the DLS data revealing the size of Au nanoparticles to be 14.2 nm in radius, consistent with the

TEM and UV-Vis measurements.

Figure S2 UV-Vis absorption spectrum of the Au nanoparticles

* Ag
The TEM analysis of the Ag nanoparticles shown in Fig. 2c and 2d in the main text yields the size distribu-

tion of 3.4+2.2 nm radius. These size distributions were in very good agreement with the UV-Vis and DLS

data reported elsewhere [2].

S2: Calculation of surface coverage

For a spherical NP, the charge ( ) can be calculated from

(SD)

where  is the Faraday constant,  is the number of electrons exchange per formula unit,  is the density

of the NP material, is the molar mass of the NP material and is the radius of the NP.
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The number of NPs immobilized on the electrode surface is therefore described by

(52)
where  is the total stripping charge obtained from linear sweep voltammetry and is the stripping
charge expected for one spherical NP.
The surface coverage ( ) in equation (6) in the main text can therefore be rearranged to

(S3)

The densities of Ag and FesOs are 10.5 and 5.1 g cm™ respectively [3].

S 3: Simulation of magnetic fields from NdFeB permanent magnet

In order to observe magnetic flux densities created from the permanent NdFeB magnet, simulations were
performed with the numerical simulation software Amperes 9.0, using the 3D field solution, Finite Element

solver in magnetostatic mode. The permanent magnet parameters employed were the remnant magnetic flux

density of Br = 1.35 T for sintered 45 MG Oe NdFeB magnet and the relative magnetic permeability of =1

throughout the rest of the simulation space. The results obtained are shown in Fig. S3.

Figure S3 Magnitude of magnetic flux densities from the 45 MG Oe NdFeB magnet in the area of 15x15 mm? surrounds the position

of the working electrode
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From this simulation, it was found that the magnetic field gradient ( ) of the NdFeB permanent magnet

was in the order of 1x10! T m™ in the region containing the working electrode (15 mm away from the NdFeB

magnet and the electrode is 3 mm in diameter).

S 4: Simulation of magnetic fields from Fe304 nanoparticles

Simulations were performed with an Intel® Xeon® E5-1620 processors (3.70 GHz) using the software pack-
age COMSOL Multiphysics® version 5.0 [4]. The spatial grid densities were set as “Physics-Controlled
Meshing.” The Magnetic Fields, No Currents, 2D axisymmetric model was used to solve the variation of
magnetic flux density as a function of distance away from the surface of the magnetic FesOs NP of size 4 nm

in radius according to eqn. S4 and S5.

(S4)

(S5)

The magnetic flux density at the surface of the FesOs NP was set to 0.53 T and the relative magnetic permea-

bility was set to one throughout the entire simulation space (  =1).

a) b)

Figure S4 a) 2D axisymmetric simulation space b) magnetic flux densities from the 4 nm radius Fe;O4 NP
The simulation shows ultra-high magnetic field gradient ( ) in the close vicinity of the FesOs NPs as the

values of are >108 T m™ at z<10 nm. The gradient drops quickly with distance from the NP surface to <1
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T m™ at z>40 nm, as stated in the main text. Figure 9 was also a result arising from this simulation.

S 5: Derivation of magnetic gradient forces

The magnetic gradient force () is described by [5]

(S6)

where is the vacuum permeability ( =4 %107V s(Am)7). and are the magnetization and

magnetic field strength of magnetic FesOs NPs in the presence of an external NdFeB magnet respectively.

According to the following relations between ,  and

(S7)
and

(S8)
where  is the magnetic flux density (or magnetic induction) and is the total susceptibility of the solu-
tion ( ), equation (S6) can be simplified to [6]

(S9)

For the electrochemical set-up presented in this paper (a closed cell), the potential (irrotational) part of the
force would press against the wall and hence have no effect on electrolyte motion [7]. Only the rotational part
of the force can cause any change to the system by inducing a convective flow which effectively reduces the

diffusion layer thickness, and therefore increases mass transport to the electrode surface.

As the potential part has no effect on the electrolyte flow, only the change in electrolyte susceptibilities needs
to be taken into account [6]. These susceptibility changes are mostly due to the change in concentrations of

paramagnetic species, [Fe(CN)s]*~ in our case ( ~6.5x107° m? mol* [8]), and the diamagnetic influence of

diamagnetic [Fe(CN)s]*" ions and H20 molecules ( =-1.6x1071 m3 mol™ [9]) can be neglected.

According to Mutschke et al. [6], the rotational part of the force calculated by taking the curl of the force
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( ) results in the following expression:
(510)
where and are the molar susceptibility and concentration of the [Fe(CN)s]*~ ions respec-
tively.
Equation S10 can be simplified to [6]
(511)

where denotes the concentration change in the diffusion layer of thickness
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