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Abstract: Energy-storage concentration cells are based on the
concentration gradient of redox-active reactants; the increased
entropy is transformed into electric energy as the concentration
gradient reaches equilibrium between two half cells. A
recyclable and flow-controlled magnetic electrolyte concen-
tration cell is now presented. The hybrid inorganic—organic
nanocrystal-based electrolyte, consisting of molecular redox-
active ligands adsorbed on the surface of magnetic nano-
crystals, leads to a magnetic-field-driven concentration gra-
dient of redox molecules. The energy storage performance of
concentration cells is dictated by magnetic characteristics of
cobalt ferrite nanocrystal carriers. The enhanced conductivity
and kinetics of redox-active electrolytes could further induce
a sharp concentration gradient to improve the energy density
and voltage switching of magnetic electrolyte concentration
cells.

I nterest in the concentration cell has grown rapidly over the
last decade, because of their decoupling nature between
energy and power.'” The voltage generated from the
concentration cell follows the Nernst equation and has
a linear relation with the logarithm of equilibrium concen-
tration ratios. However, the erasing of concentration gradient
by diffusion and the electrode corrosion from hazardous
byproducts make it challenging to reach a stable energy
density, therefore, limiting many applications of concentra-
tion cells towards large-scale energy conversion and stor-
age.""3 In the meantime, it has been reported that magnetic
electrolyte concentration cells (MECCs) utilizes the hybrid
interaction between surface redox-active ligands and mag-
netic nanocrystals as electrolytes, which could readily gen-
erate a sharp concentration gradient driven by an external
magnetic field."™ In fact, magnetic nanocrystals are not
directly involved in the redox reaction and hence can be
recycled as the carrier for redox-active molecules. This
prevents the production of any hazardous chemicals, as
observed in the conventional concentration cell. Moreover,
there is no application of ion-selective membranes which
further makes the system cost-effective. High energy density
and fast voltage-switching are indispensable for the practical
significance of MECCs, which are dictated by the surface
coverage density of molecular redox-active ligands, and
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magnetic characteristics of colloidal nanocrystal carriers."!

The controllable synthesis of magnetic nanocrystals provides
a versatile platform to obtain the optimum particle size and
surface features for the adsorption of different redox-active
ligands.

Herein, magnetically hard CoFe,O, (CFO) nanocrystals
are used as the surface carrier for the redox-active citric acid
ligands to construct the magnetic electrolyte concentration
cell. The oriented attachment (OA) mechanism is utilized to
control the growth and magnetic characteristics of CFO
nanocrystals, which determine surface attachment of molec-
ular redox-active citric acid ligands and the corresponding
concentration gradient under external magnetic field, leading
to the tunable voltage output of MECCs. The dimension and
crystallinity of CFO nanocrystals largely control their mag-
netic characteristics, such as saturation magnetization (M),
remnant magnetization (M,), and coercivity (H,, as shown in
Figure 1a—). The remnant magnetization of hard CFO
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Figure 1. a),b) The CFO nanocrystals with the average diameter of
100 nm and 20 nm, respectively. c) The magnetic hysteresis loops of
CFO nanocrystals with the average diameter of 100 nm (light gray
curve) and 20 nm (dark gray curve). d) The working principle of
MECCs. e) The corresponding voltage output of MECCs with CFO
nanocrystal carriers at the average diameter of 100 nm and 20 nm.

nanocrystals maintains the concentration gradient even after
removing external magnetic field, and hence energy con-
version and storage of MECCs occurs with a very small loss in
the total energy. The equilibrium concentration gradient of
redox-active citric acid molecules is established by re-
distribution of magnetic CFO nanocrystals under external
magnetic field. The concentration distribution of CFO nano-
crystals can be resolved as: C=xexp(AMH), where A is
a constant given as uy/kgT (u, is vacuum permeability, kg is
Boltzmann constant, and 7'is the temperature), H is external
magnetic field, and M is magnetic moment of CFO nano-
crystals.'"¥ A constant concentration gradient is established
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between two electrodes when the diffusion of citric acid
adhered CFO nanocrystals is outweighed by external mag-
netic force. This also enables the voltage switching (positive to
negative) by flipping external magnetic flux (Figure 1d,e).
Based on the Nernst equation, the potential E (V) of
MECCs can be expressed as E=E,—(0.0592/n)*logQ, in
which n represents the moles of electrons and Q is the
concentration ratio between products and reactants.¥

The CFO nanocrystals play the critical role of carriers for
the redox-active citric acid, which makes it essential to
synthesize the CFO nanocrystals with controlled size and
surface geometry. The typical growth patterns of CFO
nanocrystals based on the OA mechanism include three
basic steps (Figure 2a): 1) the formation of primary nano-
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Figure 2. a) The OA growth mechanism of CFO nanocrystals. b)—d),
e)-g), h)—j), and k-m) TEM, HRTEM, and SAED images of 20 nm,
100 nm, 200 nm, and 225 nm CFO nanocrystals prepared by the
reaction time of 30 min, 120 min, 240 min, and 360 min, respectively.
n) Magnetic hysteresis loops of the corresponding CFO nanocrystals.

cluster seeds; 2) collision of higher energy surfaces forming
the intermediate phases; and 3) formation of monocrystalline
structure by coalescence and recrystallization.>?" There are
two key synthetic parameters based on the OA mechanism,
namely reaction temperature and time, governing the struc-
tural and morphological evolution of CFO nanocrystals. The
effect of the reaction time on the CFO nanocrystal growth is
shown in Figure 2b-d (30 min), Figure 2e-g (120 min), Fig-
ure 2h—j (240 min), and Figure 2k-m (360 min) at 593 K. It
should be noted that the seeds with average diameter of
20 nm are formed when the reaction takes place for 30 min
(Figure 2b,c). The low crystallinity of the CFO seeds induces
the amorphous-like diffraction pattern (Figure 2d), while
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{111} surface facets with high surface energy dominate the
CFO seed nanocrystals.[m As the reaction takes place further,
the collision among the CFO seeds aggregates along {111}
surface facets to minimize the surface energy. The TEM and
corresponding selected area electron diffraction (SAED)
patterns for the CFO nanocrystals with the average diameter
of 100 nm and 200 nm are formed for the reaction time being
120 min and 240 min, respectively (Figure 2e,h), while the
absence of {111} surface facet in the CFO nanocrystals from
the XRD spectrum further confirms the collision along high
surface energy facets. The corresponding polycrystalline
electron diffraction patterns show the aggregation of seeds
with different orientations (Figure 2g—j), which confirm the
observation from the TEM images (Figure 2e,h). The coa-
lescence and recrystallization of CFO nanocrystals take place
as the reaction time exceeds to 360 min, forming mono-
crystalline structures (Figure 2k-m). The dimension and
crystallinity of the CFO nanocrystals largely affect the
corresponding magnetic properties, where the CFO nano-
crystals formed at 120 min show optimum magnetic perfor-
mance with M of 69 emug™', M, of 28.8 emug™', and H, of
1045 Oe (Figure 2n).

To further understand the OA-controlled CFO nano-
crystal growth, we studied the effects of reaction temperature
to control the geometry and dimension of the CFO nano-
crystals, which enables the tuning of their magnetic behavior.
Figure 3a—c displays TEM images of the reaction-temper-
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Figure 3. a)—c) TEM images of CFO nanocrystals prepared at different
temperatures of 533 K, 573 K, and 593 K. d) The kinetic and dipole—
dipole potential energy versus temperature. ) Magnetic hysteresis
loops of CFO nanocrystals prepared at different temperatures.

ature-dependent size distribution of CFO nanocrystals pre-
pared at 533 K, 573 K, and 593 K, respectively. No crystal
formation was observed at the reaction temperature of 533 K.
Moreover, the reaction temperature also affects the average
dimension of CFO nanocrystals, where a higher reaction
temperature induces the smaller CFO nanocrystals (Fig-
ure 3b,c). According to the OA growth mechanism, the short-
range and long-range interactions between the CFO nano-
crystals are responsible for the collision and coalescence,
which is dominated by the reaction temperature. According
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to the results of Leite et al.,!'® there exists an intersection
point between the dipole—dipole potentials (V) and kinetic
energy (Figure 3d), representing a critical temperature (7, =
564 K). If the reaction temperature exceeds T, the kinetic-
energy-induced coalescence dominates the OA growth pro-
cess (Figure 3¢), leading to a smaller size of CFO nanocrystals
than that of reaction temperature lower than 7, (Figure 3b).
Room-temperature magnetic hysteresis loops (Figure 3e)
show the optimum magnetic performance (M, of 69 emug ',
M, of 28.8 emug™', and H, of 1045 Oe¢) of CFO nanocrystals
synthesized at 593 K.

With the structural and magnetic control of CFO nano-
crystals, their surfaces are further passivated by the redox-
active citric acid molecules through the ligand exchange
process.”?! The concentration gradient of redox-active mole-
cules is created when an applied magnetic field outweighs the
free distribution of the citric acid carrying nanocrystals. The
working MECC device under an external magnetic field
applied by a pair of Helmholtz coils is shown in Figure 4 a.
The redox reaction of citric acid takes place at the anode of
MECC, and the resulting products include acetonedicarbox-
ylic acid, oxalic acid, and CO, (Figure 4b). The O, in water is
reduced at the cathode to generate OH ™, which is neutralized
by H" from the oxidation of citrate anion. The overall
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Figure 4. a) Photograph of a working MECC under a magnetic field.
b) Diagram of the MECC under magnetic field. c) The voltage output
of MECCs based on different sizes of CFO nanocrystals. d) The
magnetic field dependent voltage output. e) The voltage output of
MECCs based on the citric acid coated CFO and citric acid. f) The
stability of MECCs, where each measurement is regenerated by coating
the fresh citric acid ligands onto the collected CFO. Insets: corre-

sponding TEM images after the recycling measurement.

Angew. Chem. Int. Ed. 2016, 55, 10439 -10443

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

electrochemical reaction of citric acid is expressed by HOC-
(COONH,)(CH,COONH,), +30,—3HOOC(COONH,) +

H,0."" A voltage output is observed as the magnetic field is
applied to the cell. The performance of the device (voltage
output) can be notably controlled by tuning the size of CFO
nanocarriers (Figure 4 c), which modify surface concentration
of citric acid ligands. Furthermore, the sign of voltage output
can be switched when the direction of magnetic field is
reversed. It is observed that about 60 mV can be obtained for
CFO nanocrystals with the average diameter of 10 nm, while
the voltage output decreases to 20 mV for 110 nm CFO
nanocrystals. The larger surface areas of the smaller nano-
crystals improve the device performance as more citric acid
can be adsorbed onto the surface of the CFO nanocrystals,
which consequently leads to a larger concentration gradient
and voltage output. Additionally, the magnetic nanocrystals
also enable the response time enhancement of voltage output
by varying external magnetic field (Figure 4d). It can be
observed that the shortest voltage ramping time, which is
determined by the diffusion of CFO nanocrystals under
external magnetic field, to reach the maximum voltage output
is achieved with an external magnetic field of 5000 Oe. A
small magnetic field causes a slow diffusion of CFO nano-
crystals, leading to a longer ramping time, and vice versa. As
decreasing the applied magnetic field, the maximum voltage
output decreases which is attributed to the weak attraction of
CFO nanocrystals by a small magnetic field, which, as a result,
creates a reduced concentration gradient. It was also observed
that the voltage output of MECCs immediately drops by one-
third and gets saturated, after the permanent removal of
external magnetic field (Figure 4¢). This unique feature of
MECCs is due to the magnetically hard nature of CFO
carriers, which maintains a constant potential difference for
a long time between two electrodes without the presence of
an external magnetic field. The MECC does not have any
voltage output when the citric acid is present in the device in
the absence of CFO carriers (Figure 4¢), confirming the
origin of the voltage output to be possible only when hybrid
citric acid—-magnetic CFO carriers are present in the electro-
lyte. Furthermore, to test the recyclability of magnetic CFO
carriers, they were re-used after washing and recoating by the
citric acid ligands, where both the voltage output and the
morphology of CFO nanocrystals remained unchanged (Fig-
ure 4 f). Therefore, the MECC can be revitalized by just
replacing the used citric acid with a fresh batch and there is no
need for further synthesizing more CFO nanocrystals for the
same cell.

The amount of citric acid adsorbed onto CFO nano-
crystals, the internal resistance, and the cell dimensions are
also the key factors in determining the energy storage
performance of MECCs. The voltage output increases with
the increase of the molar ratio between magnetic CFO
carriers and citric acid ligands (from 1:10 to 1:40; Figure 5 a).
However, when the CFO carriers reach their surface adsorp-
tion limit, any further increase of the citric acid molecules
hinders the surface attachment due to the steric effect. As
further increasing the concentration of citric acid molecules,
this results in a notable decrease in the voltage output of the
cell due to the reduced concentration gradient. The addition
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Figure 5. a) Voltage output of MECCs based on different ratios
between CFO nanocrystals and citric acid. Inset: mechanism of the
excess critic acid, leading to the reduced performance. b) The voltage
and current output of MECCs with and without ionic liquid. c) The
voltage output of MECCs based on different A/L values. d) The
switching time of the voltage output under different A/L.

of an ionic liquid (1-butyl-3-methylimidazolium iodide) into
the electrolyte reduces the internal resistance which, con-
sequently, increases the current output of MECCs by 5 times,
0.02 mA —0.1 mA (Figure 5b), while the voltage output is
almost the same, indicating that the increased conductivity of
the ionic liquid based electrolyte. Furthermore, the voltage
output decreases as the cell length increases, which is resulted
from a lower concentration gradient from a weak attraction
between CFO nanocrystals and external magnetic field. The
effect of the cell dimension (constant volume) on the device
performance is shown in Figure 5c, in which the optimum cell
dimension is determined to be 21 mmx 11 mmx 12 mm
(length x width x height). The voltage switching is associated
with the redistribution of concentration gradient under
different ratios of the surface area of the cell (A) and the
cell length (L) while maintaining the external magnetic field
at 5000 Oe. The time for voltage switching, which is induced
by the switching of the polarity of the nanocrystals, increases
either by decreasing the ratio A/L length of the cell or
decreasing external magnetic field. Moreover, the kink-type
voltage switching behavior is observed as reversing the
direction of magnetic flux (Figure 5d), which would drive
the re-distribution of citric acid coated magnetic carriers. A
weaker magnetic field increases the time for voltage switching
as a longer time is needed to re-establish the concentration
gradient equilibrium.

Magnetic CoFe,0O, nanocrystals with controlled dimen-
sions are utilized as the carrier for the surface attachment of
redox-active citric acid molecules to construct energy storage
magnetic electrolyte concentration cells with fast voltage
switching and recyclability. The dimension and crystallinity of
CFO nanocrystals are controlled by the OA growth mecha-
nism, in which the tunable magnetic characteristics of CFO
nanocrystals dictate the concentration gradient of citric acid
and corresponding energy storage performance. Owing to the
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fact that MECC only requires an external magnetic field to
drive the ions in the electrolyte, it can potentially eliminate
the use of expensive membranes and pumps to drive the ions,
making the conventional flow battery system cost-efficient
and feasible for large-scale energy storage.

Experimental Section

The CFO nanocrystals were synthesized by a Schlenk line method. In
a typical synthesis, Co(acac), (1 mmol) was added in a mixture of
oleic acid (5 mL), oleylamine (5 mL), and octadecene (ODE; 5 mL).
The resulting solution was degased and purged with Ar gas three
times and heated. Fe(acac); (2 mmol) in ODE (5 mL) was added in
the above solution as the temperature was increased to 433 K. Then
degas and purge was applied to the solution. The temperature of the
solution was raised to 573 K or 593 K and kept for 2 h, then cooled
down to room temperature. After reaction, particles are washed with
toluene and acetone three times. Powders were obtained after sample
was dried by a nitrogen glovebox.

Room-temperature X-ray powder patterns were obtained by
a Bruker D8 advance X-ray powder diffractomer and transmission
electron microscope (TEM) images were obtained using a FEOL
JEM-1400 microscope. The magnetic hysteresis (M-H) loops were
obtained with a Microsense EZ7 vibrating sample magnetometer.

A 3D-printed plastic container was built for the cell. 0.2 mm-thick
copper sheets were used as electrodes. An electromagnet was used to
supply the magnetic field. A CH electrometer was utilized to collect
voltage and current signals. In the measurement, the magnetic field
was held for 30 s for each direction. The voltage/current output also
varies with the magnetic field.
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