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ABSTRACT: Hybrid supercapacitors that follow a “rocking-
chair’-type mechanism were developed by coupling divalent
metal and activated carbon electrodes in nonaqueous electro-
lytes. Conventional supercapacitors require a large amount of
electrolyte to provide a sufficient quantity of ions to the
electrodes, due to their Daniell-type mechanism that depletes
the ions from the electrolyte while charging. The alternative
“rocking-chair”-type mechanism effectively enhances the
energy density of supercapacitors by minimizing the necessary
amount of electrolyte, because the ion is replenished from the
metal anode while it is adsorbed to the cathode. Newly
developed nonaqueous electrolytes for Mg and Zn electro-
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chemistry, based on bis(trifluoromethylsulfonyl)imide (TFSI) salts, made the metal hybrid supercapacitors possible by enabling
reversible deposition on the metal anodes and reversible adsorption on an activated carbon cathode. Factoring in gains through
the cell design, the energy density of the metal hybrid supercapacitors is projected to be a factor of 7 higher than conventional
devices thanks to both the “rocking-chair’-type mechanism that minimizes total electrolyte volume and the use of metal anodes,
which have substantial merits in capacity and voltage. Self-discharge was also substantially alleviated compared to conventional
supercapacitors. This concept offers a route to build supercapacitors that meet dual criteria of power and energy densities with a

simple cell design.
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B INTRODUCTION

Cheap, efficient, and reliable energy storage devices can help
balance and regulate intermittent and distributed renewable
energy sources. Among many energy storage devices, super-
capacitors can store pulse power efficiently because of their
high rate capability and long-term cyclability. The origin of this
efficiency is their simple mechanism of operation that is based
on the adsorption and desorption of ions on the surface of
porous electrodes.” It is possible to charge or discharge
supercapacitor cells in minutes for over a half million cycles
without substantial performance degradation.” On the basis of
their high power characteristics, supercapacitors can assist
batteries or fuel cells proposed for electric vehicles and
electricity grids to release and harness peak power surges.”
However, wide application of such devices has been hindered in
part due to the low energy density currently achievable, which
stems from the symmetric configuration of activated carbon
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(AC) as the positive and negative electrodes (Figure 1a). First,
the specific capacitance of the cell is 25% of the electrode’s
capacitance; the serial connection of two identical electrodes
makes the total capacitance half the value of either one, while
the total mass is doubled.” Second, conventional super-
capacitors follow a Daniell-type mechanism,’ where ions are
depleted from the electrolyte upon charge and replenished to
the electrolyte upon discharge (Figure 1a). In this mechanism,
the electrolyte serves as an ionic reservoir, from which cations
and anions are supplied to negative and positive electrodes,
respectively. Consequently, substantial volume of electrolyte is
required for Daniell-type cell to function properly.” ™" The
requirement of ionic reservoir leads to severe limitations in the
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Figure 1. Scheme (top) and mechanism (bottom) for (a) AC/AC symmetric, (b) AC/graphite hybrid, and (c) AC/metal hybrid capacitors,
highlighting the features of (a, b) Daniell-type and (c) rocking-chair-type mechanisms, respectively.

energy density attainable by the supercapacitor and to an
increase in the internal resistance during charging due to
depletion of salts in the electrolyte.""

Hybrid supercapacitors (Figure 1b) substitute one of the
supercapacitor electrodes with a battery electrode such as lead
dioxide (PbO,), nickel oxyhydroxide (NiO(OH)), lithiated
graphite (Li,Cg), lithium titanate (Li,TisOy,), transition metal
oxides, electroactive polymers, or lithium manganese oxide
(LiMn,0,)."*™" A hybrid supercapacitor that utilizes a Mg
metal anode has been suggested,5 but addition of Li salt was
required as the Mg organo-haloaluminate complex ions in the
electrolyte were too large to be adsorbed on the AC electrode.
These alternative approaches can enhance the energy density of
the cell versus the traditional supercapacitor cell design (i.e.,
AC/AC), because the battery electrode provides a large specific
capacitance (it is semi-infinite compared to the activated
carbon) and higher voltage (Figure 1b). However, the energy
density is still limited by the volume of electrolyte since the cell
is still based on the Daniell-type mechanism of charge
transport, which depletes the electrolyte on charging (Figure
1b).

In this paper, we introduce a metal hybrid supercapacitor that
follows a “rocking-chair’-type mechanism. This hybrid super-
capacitor is composed of a metal negative electrode””** and an
activated carbon positive electrode (Figure 1c). Recently
developed nonaqueous electrolytes for Zn and Mg based on
bis(triftuoromethylsulfonyl)imide (TFSI) salts enable this
construct,”*™*” as these electrolytes permit both metal
deposition/dissolution and metal-ion adsorption/desorption
in an electrolgrte solution. According to the “rocking-chair”-type
mechanism,” upon discharge of a cell, the metal (M) anode
dissolves giving the M" ions to the solution, which are
transferred into and adsorbed on the pores of the AC cathode,
while upon charge, the cathode expels the adsorbed M"" ions,
which are transferred to and deposited on the metal anode
(Figure 1c). As a result, only a minimum amount of electrolyte
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is required to operate the cell since the electrolyte serves only
to transport M" ions. The use of metal electrodes further
increases the energy densities at the cell level, due to their high
intrinsic volumetric capacity (e.g, 3837 and 5853 Ah L' for
Mg and Zn, respectively). In addition, the self-discharge was
substantially alleviated compared to conventional super-
capacitors because the mechanism of operation pins the
maximum potential of the AC cathode close to the point of
zero charge (pzc). Therefore, the “rocking-chair”-type metal
hybrid supercapacitors provide a fundamental solution to the
low energy density and severe self-discharge of conventional
supercapacitors, which are their most pressing issues.

B EXPERIMENTAL SECTION

Preparation of Electrolytes. Zinc bis(trifluoromethylsulfonyl)-
imide (Zn(TFSI),, Solvionic, 99.5%) salt was dried in a vacuum oven
at 125 °C and mixed with anhydrous acetonitrile (Sigma-Aldrich,
99.8%) in hermetically sealed glass vials and stirred to form a
homogeneous solution of 0.5 M Zn(TFSI), in acetonitrile.””
Magnesium bis(trifluoromethylsulfonyl)imide (Mg(TFSI),, Solvionic,
99.5%) and magnesium chloride (MgCl,, Sigma-Aldrich, 99.99%) salts
were used after drying at 150 °C in a vacuum oven. Diethylene glycol
dimethyl ether (diglyme or G2, Sigma-Aldrich, spectrophotometric
grade) was dried over activated basic ALO,, filtered, and vacuum
distilled over liquid Na/K alloy using a Vigreux column. The 0.3 M
Mg(TFSI), and 0.15 M MgCl, were mixed together with diglyme in
hermetically sealed glass vials and stirred to form homogeneous
solutions. Addition of MgCl, was critical for reversible Mg deposition/
dissolution, either because of the formation of active species such as
MgCI* or Mg,Cl;**** or due to the modification of the electrode—
electrolyte interface by the adsorption of free chloride ions.”**° Then,
the electrolyte solution was further dried by molecular sieves. All-
phenyl-complex (APC) electrolyte was prepared by carefully adding
0.8 M phenylmagnesium chloride into 0.4 M AICI; in tetrahydrofuran
(THF), as described elsewhere.> Lithium chloride (LiCl) was added
to APC solution until it was saturated, at 0.4—0.5 M, to prepare an
APC electrolyte containing Li-ions. Note that only ethereal solvents
(e.g, diglyme or THF) can be used for Mg hybrid supercapacitors
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Figure 2. (a) Cyclic voltammogram on Pt collected at 25 mV s™". (b) Cyclic voltammograms of microporous carbon (ACC, black line) and
mesoporous carbon (CNF, blue dash) as the working electrodes in a TFSI-based electrolyte at 0.1 mV s™". Different scan rates were used for Pt and
AC electrodes because of the different characteristic time (or response time) of the electrodes: a few milliseconds and a few hundred seconds for Pt

and AC electrodes, respectively.

because other kinds of solvents (e.g., acetonitrile or carbonates) are
reduced on the surface of Mg metal, forming a passivation film that is
insulating toward Mg®* ions.”> All materials were handled in an Ar-
filled glovebox (<0.5 ppm of H,O and <0.5 ppm of O,). The water
content of the electrolytes was verified to be <30 ppm using a Mettler
Toledo DL39 Karl Fischer coulometer. Ionic conductivity was
determined by measuring the impedance of the electrolytes in a
homemade two electrode cell at 25 °C.** At least three measurements
were made with a fresh sample after each analysis.

Preparation of Electrodes. An activated carbon cloth (ACC-
5092-20, Kynol Co., surface area = 2000 m? g_l) was dried at 80 °C
under vacuum overnight and used as the cathode. The activated
carbon cloth was punched to a circle with an area of 1.0 cm® and
corresponding mass of 15.1 mg. Carbon nanofoam (Grade I,
Marketech Intl Inc., surface area = ~400 m*> g') paper was used
for mesoporous carbon aerogel. For the metal electrode, a magnesium
foil (99.95%, GalliumSource LLC, S0 um thick) or a zinc foil (99.98%,
Alfa Aesar, 250 ym thick) was abraded inside the glovebox to expose a
fresh metal surface.

Electrochemical Measurements. Electrochemical characteriza-
tion was performed using custom-made 3-electrode glass cells or 2032
coin-type cells. For the 3-electrode cell test, a piece of activated carbon
cloth (ACC) attached to a platinum wire was used as the working
electrode and metal foils served as both counter and reference
electrodes. The three electrodes were introduced in a hermetically
sealed glass cell that contains ca. S mL of electrolyte. In the coin-type
cells, the ACC cathode and metal anode were separated with a
microporous membrane made with polypropylene (Celgard 2400, 25
pum thick) and a glass fiber membrane (grade 691, VWR Co., 210 ym
thick). The amount of electrolyte in the coin cells was ca. 200 uL
unless otherwise specified. Cyclic voltammetry, galvanostatic, and
impedance measurements were performed using a galvanostat/
potentiostat (VMP3, Biologic Co.) at room temperature. It was
found that the potential of Mg reference electrode shifts to about 0.1 V
higher than Mg/Mgz* due to formation of a passivation layer on its
surface, which happens spontaneously upon immersion into the
electrolyte. Similar phenomena were observed in a previous study of a
calcium-ion electrolyte.’”® Therefore, the electrode potentials were
corrected with respect to the open circuit potential of the Mg counter
electrode with a freshly exposed Mg surface immediately after the Mg
deposition or stripping.

Molecular Dynamics (MD) Simulations. Classical MD simu-
lations are performed using GROMACS MD simulation package
version 5.1.2.°° The initial structures with periodic boundary
conditions in XYZ directions are prepared using PACKMOL. All
systems are first minimized using the steepest descent followed by
conjugated-gradient energy minimization scheme. We first performed
NPT simulations for 2 ns followed by heating the systems in NVT at
400 K for 2 ns and then quenching to 298 K in 3 ns. The cluster size in
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each case is obtained using the final production runs in NVT ensemble
with 10 ns long trajectories. Force field parameters and other
simulation details closely follow that described in our previous
publications.””*®

Calculation of Energy and Power Densities. The specific
energy (Wh kg™') and energy density (Wh L™') were calculated
following a method reported in the literature.”® Energy (E) was
calculated by integrating the voltage profile (E = /VdQ in voltage (V)
vs charge (Q) curve) of each cell. Then, the energy was divided by the
total mass (m,) or volume () of the cell to give specific energy or
energy density, respectively. The total mass and volume of the cell was
calculated assuming an ideal cell that comprises electrodes and
electrolyte only, without peripherals such as cases and separators. In all
calculations, the mass of AC electrode (m,) was set to 1 g for
simplicity. In a symmetric AC/AC capacitor, the mass of the anode
(m_) is also 1 g. For the asymmetric AC/LIB and AC/M (M is metal,

Q.

e.g., Mg) cells, the mass of anode is given as m_ = , where Q, is

.
the specific capacity of the cathode and Q_; is the specific capacity of
the anode. For Daniell-type cells, the volume of electrolyte (v;) was

3Q . .
calculated as 1, = 7;, where ¢ is the concentration of the electrolyte

(e.g, 1 M for AC/AC and AC/LIB), z is the charge of the ion (e.g., +1
for Li*), and F is Faraday constant (96485 C mol™'). We add a
multiplier of 3 to the minimally required volume, z—;, to account for
the excess of electrolyte needed to maintain 80% ionic conductivity at
the point of highest ion storage in the electrodes.>” In the case of the
rocking-chair-type cells, the minimum volume of electrolyte is the pore
volume of AC electrode (me = 0.69 cm®/g), which must be filled
with electrolyte for the double-layer charging. The interconversion
between mass and volume used the reported density values of
electrolyte (1.2 g em™),® carbon (2.2 g em™3), Mg (1.74 ¢ cm™), Zn
(7.14 g cm™), and Li (0.534 g cm™). ® Then, m,,, and v, is given as
My = m, + m_ + m; and v, = v, + v_ + v;. The relationship between
energy and power (ie, the Ragone plot) was estimated from the
experimental rate performance data, either from this work for AC/Mg
and ggo/Zn cells or from the literature for AC/AC and AC/LIB
cells.”™

B RESULTS AND DISCUSSION

The cyclic voltammogram of the Mg** electrolyte on a Pt
electrode shows reversible Mg deposition/stripping with
Coulombic efficiency of 93% and an overpotential of 0.26 V
(Figure 2a and the lower inset).”*”® The anodic limit of
stability is approximately 2.5—3.0 V vs Mg/Mg*" as shown in
the upper inset of Figure 2a. The ACC electrode was
electrochemically characterized in the same cell (Figure 2b).
It exhibits a capacitance of about 100 F g_1 at 1.0—2.9 Vvs Mg/
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Figure 3. Galvanostatic charge—discharge profiles collected in a 3-electrode full cell: (a) at 50 #A cm™ and (b) at varied current density from 0.1 to
S mA cm™ The potential (E) of AC (black line) and Mg (red line) electrodes were traced simultaneously.
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Figure 4. Electrochemical impedance collected at different applied voltages for (a) AC/AC symmetric and (b) AC/Mg hybrid cells. The insets
depict a full galvanostatic cycle for these devices. The electrolyte for AC/AC cell was 0.3 M Mg(TFSI), in diglyme.

Mg®". The voltammogram in Figure 2b exhibits a local minima
at about 2.3 V vs Mg/Mg*", which corresponds to the point of
zero charge (pzc)." Mg®* ions are adsorbed/desorbed at
potentials negative of the pzc, while the counteranions
accumulate at potentials positive of the pzc. Interestingly, the
capacitance plot of ACC in Figure 2b exhibits a local maximum
at ca. 1.0 V, a feature not found when a mesoporous carbon
aerogel (CNF) is utilized as the electrode. Voltage hysteresis at
the low potentials in Figure 2b can be due to kinetic reasons,
e.g,, saturation or trapping of ions in the AC pores.*”*’ This
feature is present even at the smallest charge/discharge rates
(Figure 3a), suggesting a possible thermodynamic origin. We
suggest the maximum in capacitance is associated with stronger
adsorption of Mg®" at potentials below ca. 1.0 V due to the
presence of active sites, such as —OH, on the ACC. This
behavior suggests that the operational voltage should be
carefully selected to avoid possible hindrances. However,
careful control of the ACC pore chemistry could also alleviate
this apparent limitation.

The Mg hybrid supercapacitor cell was characterized by
galvanostatic charge—discharge at SO A cm™* (Figure 3a). The
voltage profiles of both ACC and Mg electrodes were recorded
simultaneously with respect to the reference electrode. The
voltage profile of the ACC cathode exhibits a linear slope,
which signifies the presence of nearly constant capacitance over
the potential range from 0.7 to 2.7 V vs Mg/Mg**. The Mg
metal anode shows a constant potential of approximately 0.0 V
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vs Mg/Mg*" with an overpotential of 0.1 V for the deposition
and stripping of Mg. Since the slope of the Mg deposition and
stripping voltage profile is nearly zero, the specific capacitance
approaches semi-infinity. The specific capacitance of a super-
capacitor cell (C,) is given by the function of specific
capacitance (C,, C_) and mass (m,, m_) of positive and
negative electrodes according to the following equation:

mam_ CC_

m, + m_mC + m_C_ (1)

C

tot —

In the case of a symmetric supercapacitor cell, where C = C,
~ C_and m & m, = m_, the specific capacitance is 25% of each
electrode’s specific capacitance (Cy, = 0.25 C). This means that
only 25% of the electrode’s capacitance is utilized at the cell
level. On the other hand, the capacitance of a metal electrode
can be regarded as infinitely large compared to the capacitance
of activated carbon (C, < C_). Thus, the total specific

capacitance of a hybrid supercapacitor is %Qf, which can
my+m_

be made close to the specific capacitance of the activated
carbon (C,) if the mass of Mg anode (m_) is minimized by
proper engineering. This strategy creates a path toward utilizing
the full theoretical capacitance of the activated carbon
electrode.

The rate capability of the Mg hybrid supercapacitor cell was
analyzed by varying the current density from 0.1 to 5 mA cm™>
upon charge and discharge (Figure 3b). The capacitance of the
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ACC, which is the reciprocal of the slope in the galvanostatic
voltage profile, is nearly constant at 90 F g™' for various current
densities within 2.6—1.5 V vs Mg/Mg>". However, at lower
potentials (ie, 1.5-0.3 V vs Mg/Mg*"), the capacitance is
significantly decreased at the higher current densities. The Mg
metal anode shows flat voltage profiles near 0.0 V vs Mg/ Mg2+
for all current densities. The overpotential is less than 0.15 V up
to 0.1 mA cm™” and increases to 0.35 V at S mA cm 2. These
results suggest that the Mg metal anode exhibits facile and
reversible deposition/stripping kinetics under these conditions
and, thus, can couple with a capacitive electrode at current
densities as high as 2—5 mA cm™

To demonstrate the advantage of the rocking-chair-type
mechanism in the necessary volume of electrolyte, AC/AC and
AC/Mg coin-type cells were fabricated using a limited volume
of electrolytes. The Nyquist plots in Figure 4 show the changes
in the impedance of the coin-type cells at different potentials
for both the AC/AC symmetric and the AC/Mg hybrid
configurations. In Figure 4, the resistance of the electrolyte is
denoted by the x-abscissa value of the impedance (i.e., the real
part of the impedance (Z’) at the highest frequency), assuming
a simplified Randles circuit model for the cell."* The amount of
Mg** electrolytes was adjusted so that there was a 100% excess
of Mg*" relative to the amount required to fully charge or
discharge the AC electrode. This amount of Mg*" implies that
the resistance of the electrolyte should become twice as great
when the AC electrodes fully adsorb the ions. Indeed, Figure 4a
shows that the electrolyte resistance increases by a factor of 2.3
(i, from SS to 128 ) upon charging the AC/AC cell to 2.0
V. Conversely, the electrolyte’s resistance is kept constant at
about 28 Q at different voltages of the AC/Mg hybrid cell
(Figure 4b), as expected. This effect is a consequence of the
Mg*" ions adsorbed to the AC electrode being replenished by
the Mg metal anode, so that the Mg*" concentration is
effectively kept constant. This observation supports the concept
that the AC/Mg hybrid supercapacitor follows a “rocking-
chair”-type mechanism for the operation of the cell. Practically,
this fact creates a means to maximize the energy density of the
hybrid supercapacitors by minimizing the amount of electrolyte,
bypassing depletion of the ions in the electrolyte.''

The TFSI-based electrolyte enables superior device perform-
ance compared to conventional Grignard-based Mg electro-
lyte.”*"*> The TFSI-based electrolyte exhibits improved
specific capacitance and a larger usable voltage window for
the adsorption/desorption of Mg*" ions relative to the
Grignard-based electrolytes. Indeed, the carbon electrode in a
Grignard-based electrolyte had a specific capacitance less than
79 F g7', with the voltammogram exhibiting little capacitance
below 2.0 V vs Mg/Mg** as the pores were saturated by the
relatively large ions.” In this case, addition of Li* to the
electrolyte was required to increase the specific capacitance of
the ACC, a consequence of which was that the cell then
followed a Daniell-type mechanism.” The improved behavior of
the TFSI-based electrolyte suggests that the solvated Mg ions
are significantly smaller, creating access to the small pores in
the ACC. From the above results, the resulting Mg hybrid
supercapacitor cell follows a “rocking-chair”-type mechanism if
it is operated below the pzc, which is about 2.3 V vs Mg/Mg>*
(Figure 2b). If the cell is operated beyond 2.3 V vs Mg/Mg*", a
higher capacity and voltage would be expected; but, in this
region, the cell would operate under a Daniell-type mechanism
with anions acting as the ionic carrier. We note there are other
possible Mg electrolytes available, including MACC,” alk-

oxide,*® and carborane, among others,*” which might also
function well in the rocking-chair configuration.

To compare the TFSI-based electrolyte with the Grignard-
based electrolyte, AC/Mg coin cells were fabricated with three
different Mg electrolytes: Grignard-based all-phenyl complex
(APC) electrolyte without and with the addition of LiCl and
the TFSI-based electrolyte. The coin cells were cycled
galvanostatically within 0.2—2.0 V at S0 A cm™> (Figure Sa).
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Figure S. (a) Galvanostatic charge—discharge profiles collected in
coin-type AC/Mg cells with different electrolytes: Grignard-based
APC solution (red dots), APC solution saturated with Li-ion (blue
dash), and the TFSI-based Mg** electrolyte solution (green line). (b)
Comparison of the size of solvated and desolvated Mg-ions with
respect to the micropore size of AC: Mg** and [Mg,Cl;-6THF]* ions
in TFSI-based and Grignard-based electrolytes, respectively. Mg** and
CI™ are depicted in pink and green space-filling format, respectively,
and diglyme and THF are depicted in ball and stick format.

Coin-type cells with pure APC electrolyte show negligible
capacity of 2.5 mAh g~', which corresponds to 5.6 F g'. The
coin-type cells with APC electrolyte saturated with LiCl show
19.2 mAh g™, which corresponds to 43.2 F g~'. As the coin-
type cells can accommodate limited volume of electrolyte (ca.
200 L), the cells that depend on the Daniell-type mechanism
show limited capacity because of the depletion of active ions.
On the other hand, coin-type cells made with TFSI-based
electrolyte show the capacity of 364 mAh g™', which
corresponds to 104.5 F g~', with a linear voltage profile that
is a representative characteristic of supercapacitors. Even
though limited volume of electrolyte is used, the rocking-
chair-type mechanism makes the normal operation possible for
the coin-type cells made with TFSI-based Mg>* electrolyte.
Molecular dynamics (MD) simulations revealed a significant
difference in the size of magnesium ions in Grignard- and TFSI-
based electrolytes (Figure Sb). The diameter of [Mg,Cl,-
6THF]* cations in Grignard-based electrolytes is found to be
ca. 12.85 A, and the solvated diameter can reach 18.5 A. On the
other hand, the diameter of solvated Mg®* cations with
diglymes in a TFSI-based electrolyte is calculated to be about
10 A, whereas the diameter of Mg*" cation itself is 1.72 A
Since the pore size of the AC is less than 20 A,* pores in AC
can barely accommodate magnesium ions in Grignard-based
electrolytes, in contrast to TFSI-based electrolytes. This finding
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explains the different electrochemical behavior of the
corresponding electrochemical cells (Figure Sa).

Self-discharge is also one of the limiting factors in the
application of supercapacitors.”” In the case of conventional
supercapacitors, large leakage currents can lead to severe losses
such that ~30% of the initial capacity is retained after 72 h.>'~>
These leakage currents originate from faradaic reactions that
make AC electrodes nonideally polarizable as potentials are set
far above or far below the pzc upon charging.”*™° On the
contrary, for the rocking-chair-type metal hybrid super-
capacitors, the charging cutoff potential of the AC electrode
is pinned to the potential close to pzc, which was ~2.3 V vs
Mg/Mg** in this case. Therefore, one can expect significantly
reduced leakage current and self-discharge in rocking-chair-type
supercapacitors. Figure 6 shows that 94% and 98% retention of
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Figure 6. Trends of open circuit potential over the rest time of 72 h at
25 °C for AC electrode after charging at 2.7 V (black) and 2.2 V (red)
vs Mg/Mg*". The potential was measured with respect to Mg metal as
the reference electrode in a 3-electrode cell.

potential was observed in the AC electrode after 72 h under
open circuit conditions when charging was stopped at 2.7 and
22 V vs Mg/Mg™, respectively. This result supports our
hypothesis and evidences substantially lower self-discharge
compared to conventional supercapacitors.

We also studied the cycling performance of the Mg hybrid
supercapacitor in coin-type cells. Figure 7a shows that 64% of
the initial capacitance was retained after 400 cycles at 1 mA
cm™2 To study the properties of cathode and anode separately,
we cycled the hybrid supercapacitor in a 3-electrode
configuration (Figure 7b). The discharging voltage profiles of
the AC cathode (black lines in Figure 7b) show that the
capacitance at potentials higher than 1.7 V vs Mg/Mg*" is
nearly constant during cycling; most of the capacitance fade
occurs at lower potentials. A plausible explanation for this effect
is the trapping of Mg*" ions in the electrode pores,””” which is
consistent with the doorknob-shaped voltammogram (Figure
2b)." The voltage hysteresis for the desorption process in
Figure 2b also evidences the difficulties of removing the trapped
Mg2+ ions at low potentials. Remarkably, the Mg metal anode
(red lines in Figure 7b) exhibits stable operation up to 300
cycles with an overpotential of 0.23 V, while the potential rises
notably to 0.4—0.9 V vs Mg/Mg*" beyond 300 cycles. The
increase in overpotential may be associated with the
thermodynamic instability of TFSI™ ion at the low
potentials.***® Optimizing the electrolyte may alleviate both
of the issues, capacitance fading at an AC cathode and
overpotential at a Mg anode.

To further establish the metal hybrid supercapacitors
concept, we also evaluated an AC/Zn cell with a TFSI-based
Zn** electrolyte. The TFESI-based Zn>' electrolyte possesses
about ten times higher ionic conductivity compared to the
TFSI-based Mg** electrolyte (i.e., 28.3 vs 3.2 mS cm™') and
exhibits more than 99% Coulombic efficiency for Zn deposition
and stripping.”” Figure 8a shows that both the charge and
discharge voltage profiles were linear even at S mA cm™?, above
which the operation of the Mg hybrid capacitor was limited due
to the emergence of large overpotentials. The box-shaped cyclic
voltammogram from the AC electrode (Figure 8b) is indicative
of facile adsorption/desorption kinetics, and the electrode
exhibits near ideal behavior as a supercapacitor.”” A local
minimum in the current at 0.7 V vs Zn/Zn*" is associated with
the pzc of the AC electrode. The presence of this pzc means
that the rocking chair-type mechanism holds below 0.7 V. The
narrower voltage range for this mechanism of operation arises
from the fact that the redox potential of Zn metal is higher than
Mg by 1.6 V. Since the cell was operated up to 1.8 V vs Zn/
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Zn* and this value is positive of the pzc, anionic adsorption
starts to predominate at above 0.7 V vs Zn/Zn>".
Quantitatively, this approach implies that about 60% of the
ions are stored through the Daniell-type mechanism, thus
depleting/replenishing ions from/to the electrolyte. Nonethe-
less, the high ionic conductivity of the electrolyte leads to a high
rate capability that preserves 80 F g™' at 100 mA cm™?, where
the charge or discharge takes place in 33 s (Figure 8c). Above
98% of the initial capacitance was retained after 10 000 cycles
(Figure 8d), which is due to the facile adsorption/desorption
kinetics and the excellent stability of the electrolyte against Zn
metal. The AC/Zn cell is an exemplary system that has a highly
conductive electrolyte wherein the metal anode is completely
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stable. The example of the AC/Zn system justifies the promise
that other metal hybrid supercapacitors could be designed with
high rate and cycle performances through judicious engineering
of the components of the cell and its design.

The energy densities of the “rocking-chair”-type metal hybrid
supercapacitor cells were estimated to be about 72.9 Wh L™
(45.5 Wh kg™') and 11.6 Wh L™" (8.7 Wh kg™') for AC/Mg
and AC/Zn cells, respectively. The AC/Zn cell has similar
energy density compared to the AC/AC cell because of the
high redox potential of the Zn metal anode. On the other hand,
the values for the AC/Mg cell exceed that of conventional AC/
AC symmetric supercapacitors (9.9 Wh L™ or 7.2 Wh kg™') by
a factor of 7. Also, the AC/Mg hybrid supercapacitor shows 2.4
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Table 1. Comparison of Specific Energy and Energy Density of Nonaqueous Supercapacitors Calculated on the Basis of

Different Configurations and the Operating Mechanism

configuration ACIAC ACILi,Cy AClZn ACIMg
mechanism® D D R-C R-C+D R-C R-C+D
energy density (Wh L™") 9.9 29.3 S.9 11.6 62.3 73.8
specific energy (Wh kg™) 7.2 22.5 3.7 8.8 39.0 462

“D: Daniell-type; R-C: rocking-chair-type; R-C+D: rocking-chair-type with additional Daniell-type.

times larger energy density and an order of magnitude higher
power density compared to AC/Li,C4 asymmetric super-
capacitors that has 29.3 Wh L™" or 22.5 Wh kg™" (Figure 9 and
Table 1). Note that the values were calculated on the basis of
the mass and volume of both the electrodes and the electrolyte.
This increase is due to the large specific and volumetric capacity
of metal electrodes and the decrease in the necessary amount of
electrolyte. These properties are especially beneficial for high-
end supercapacitors that have to provide energy in volume-
restricted applications such as electric vehicles. Importantly, the
abundance of main elements (i.e, Mg, Zn, and C) implies that
these metal hybrid supercapacitors could be competitive for
scale-up in large scale applications.””**~%*

Further development of new electrolytes and porous
electrodes will bring about advanced metal hybrid super-
capacitors with enhanced energy density, cyclability, and rate
capability. For instance, optimizing the microporous carbon
electrodes can increase the capacitance.”* Functionalization by
p-doping of the activated carbon can increase the pzc by about
300 mV®® which, in turn, increases the voltage range where the
rocking chair-type mechanism holds. Metal electrodes with
lower redox potentials such as Li and Na have reduction
potentials 2.5-3.0 V below the pzc of AC. Given these
potentials, we could expect a hybrid supercapacitor device to
attain up to 203.8 Wh L' (132.7 Wh kg™') together with
excellent power capability (Figure 9), which would make these
environmentally benign devices transcend Ni—Cd or lead-acid
batteries.

Bl CONCLUSIONS

Divalent metal and activated carbon electrodes were combined
with new TFSI-based electrolytes to build hybrid super-
capacitors that follow a “rocking-chair”-type mechanism. The
“rocking-chair”-type mechanism overcomes the inherent
limitation in energy density of conventional supercapacitors
that follow a Daniell-type mechanism, that is, the need to
introduce large volume of electrolyte to preserve internal
resistance. The constant internal resistance with respect to
different voltages validated the “rocking-chair”-type mechanism
of these metal hybrid supercapacitors. The electrochemical
reactions of metal and AC electrodes were highly reversible.
The Mg hybrid supercapacitor achieved 90 F g~" up to 2.6 V vs
Mg/Mg*, resulting in a large energy density of 72.9 Wh L™, 7-
fold larger than conventional supercapacitors. As AC electrodes
are fully charged near pzc for Mg hybrid supercapacitor, the
leakage current was substantially alleviated compared to
conventional supercapacitors; the self-discharge was less than
6% after 72 h. Extended cycling at high current density led to
fading in capacitance, which was attributed to the trapping of
Mg** ions in the small micropores of the AC cathode and the
degradation of the Mg metal anode. However, the excellent rate
and cycle performance achieved with Zn hybrid supercapacitor
evidence that improvements can be brought about by more
stable and conductive electrolytes. It also highlights the very
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fast kinetics of plating/stripping in these divalent metal
electrodes, which could also be used in high energy batteries
if appropriate cathodes are discovered. The “rocking-chair™-type
hybrid supercapacitors offer a new path forward toward higher
energy density and high power supercapacitors, through both
the exploration of new chemistries and optimization of the
device construction to minimize unutilized materials.
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