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Prototype cells of hybrid capacitor were developed, comprising activated carbon (AC) cloth and magnesium (Mg) foil as the positive
and negative electrodes, respectively. The electrolyte solution included ether solvent (THF) and a magnesium organo-halo-aluminate
complex 0.25 M Mg, Cl3*-Phy AICI, ~. In this solution Mg can be deposited/dissolved reversibly for thousands of cycles with high
reversibility (100% cycling efficiency). The main barrier for integrating porous AC electrodes with this electrolyte solution was the
saturation of the pores with the large ions in the AC prior to reaching the potential limit. This is due to the existence of bulky Mg and
Al based ionic complexes consisting Cl, alkyl or aryl (R), and THF ligands. This problem was resolved by adding 0.5 M of lithium
chloride (LiCl), thus introducing smaller ionic species to the solution. This Mg hybrid capacitor system demonstrated a stable cycle
performance for many thousands of cycles with a specific capacitance of 90 F g~ for the AC positive electrodes along a potential

range of 2.4 V.
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Hybrid capacitors aim at possessing the most important charac-
teristics of super-capacitors, namely high power capabilities and pro-
longed cycle-life, while having higher specific energy density than
that of symmetric super-capacitors, which both electrodes involve
only electrostatic interactions. Usually this is realized by assembling
an asymmetric cell with an electric double-layer capacitor (EDLC)
electrode and a red-ox battery electrode. Ideally, the specific capaci-
tance of a battery electrode (Cparr) can be regarded as semi-infinite.
Therefore, the full-cell specific capacitance (Cyy) of a hybrid capac-
itor is dominated by the EDLC electrode. Usually EDLC electrodes
are based on high surface area activated carbons (AC) and there-
fore, the EDLC electrode’s capacitance can be approximated to the
specific capacitance of the activated carbon (Cac) from which it is
made. Consequently, the specific capacitance of hybrid, asymmetric
super-capacitor, Cy, is close to that of the activated carbon, Cac.

The relevant formula is: 1/(myCyo) = 1/(macCac) +
1/(mparr Cearr), Where my is the mass of component x.

On the other hand, for symmetrical super-capacitors C is limited
t0 0.25 Cxc because the relevant formula is: 1/(m,Cio) = 2/(macCac),
with my,, being 2mac in this case.

Conducting polymers and metal oxides that utilize redox reac-
tions have been suggested as the asymmetric counterpart for AC elec-
trodes in hybrid super-capacitors."> To further increase the specific
capacity, both the positive (e.g. LiMn,0,4) and negative (e.g. graphite,
Li4TisOy,) intercalation electrodes of lithium-ion batteries (LIB) have
been utilized, while graphite (i.e. Li,Cg) seems to have the most
widespread and practical usage.>”” The introduction of LIB electrodes
to hybrid capacitors gave rise to two major complications: 1) sluggish
insertion reactions (i.e. the rate is lower by at least an order of magni-
tude compared to other hybrid capacitors) and 2) the need for Li* pre-
intercalation of graphite, what significantly complicates elaborating
hybrid capacitors with Li-graphite negative electrodes. An effective
solution has been made by nano-sizing lithium titanate (Li;TisO;)
on carbon nanofiber with up to 70% of active material mass loading,
which leads to high rate and stable cycle performances.>’

Magnesium is a unique active metal for negative electrodes for bat-
teries, with a volumetric capacity of 3833 mAh cc™! that far exceeds
that of lithium (2046 mAh cc™!). Moreover Mg deposition, when the
right solutions are used (to be discussed later), does not form dendrites,
which is the major issue regarding the use of lithium metal anodes in
rechargeable batteries.® Owing to its great abundance in the earth’s
crust (the 8th most abundant element), Mg can serve as an active el-
ement for sustainable energy storage.!? Because the passivation films
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formed on Mg anodes are not permeable to Mg”* ions, reversible
Mg deposition/dissolution requires special kinds of solutions based
on ether solvents and Mg organo-haloaluminate complex electrolytes
that does not form passivation films on Mg electrodes.!! Matching
these complex electrolyte solutions with positive electrodes is ex-
tremely challenging because of compatibility issues; the Mg organo-
haloaluminate electrolytes are often nucleophilic and chemically re-
active toward electrophilic oxide electrodes. Furthermore, the large
ionic size of the Mg ionic complexes limits the usage of porous car-
bon positive electrodes in the Mg organo-haloaluminate electrolytes.

This paper focuses on the ionic size issue, aiming to develop a
prototype of Mg hybrid capacitor (MHC) cells. Previous studies have
revealed that LiCl or tetraalkylammonium-chloride can be dissolved in
the ethereal Mg organo-haloaluminate complex solutions, enhancing
the kinetics and efficiency of Mg deposition/dissolution processes. '?
We adopted this strategy to modify selected ethereal complex elec-
trolyte solutions by introducing smaller ionic species to the solution.
We elaborated MHC cells comprising monolithic AC cloth capac-
itive positive electrodes, Mg foil negative electrodes and modified
ethereal-Mg organo-haloaluminate complex electrolyte solutions. The
cells developed in this work exhibited up to 90 F g=! of AC’s specific
capacitance within a 0.5-2.4 V potential range (vs. Mg?*/Mg) with a
stable cycle performance (>4000 cycles measured).

Experimental

Material preparations.— ACC-5092-20 (Kynol, BET surface area
= 2000 m? g!) activated carbon cloth was used as the positive elec-
trode, after drying it under vacuum at 120°C overnight. The overall
pore diameter is less than 2 nm (from nitrogen gas adsorption mea-
surements and related pore size distribution using the DFT model)."?
The Mg foil negative electrodes were scratched by a slide glass until
fresh surface was exposed just before introducing it to glove box. 3 V
class Mg complex electrolyte solutions were synthesized as follows:'*
1) predetermined amount of aluminum chloride (AlCl;) powder was
added very slowly (slow enough to avoid the continuous evolution of a
white fog) into THF under vigorous stirring, followed by an overnight
stirring. 2) The AICl;/THF solution was added slowly into a pre de-
termined amount of 2 M phenyl-magnesium-chloride (PhMgCl)/THF
solution under vigorous stirring, followed by an overnight stirring.
The precursors for the synthesis of Mg complex electrolyte solutions,
2 M PhMgCIl/THF solution, AICl; anhydrous powder (99.999%), and
THF (anhydrous, >99.9%), were purchased from Aldrich. From pre-
vious studies'* we know that this synthesis involves trans-metalation
reactions in which all the organic ligands are bonded with the Al
cations while Mg cations are bound to chloride moieties and are stabi-
lized by THF solutions. The solutions thus prepared contained 0.25 M
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of Mg,Cl; " cations and AIPh,Cl,™ anions in THF (solvent molecules
are involved as coordinating agents that stabilize these ions). These
solutions were further modified by adding to them 0.5 M lithium
chloride (LiCl) with stirring during 6 hours. Ionic conductivity was
measured by Metrohm 644 conductometer and conductivity measur-
ing cell (6.0908.110, cell constant = 0.8 cm™!).

Electrochemical characterizations.— 3-electrode flooded cells
were prepared using the three components: AC cloth (1.5 cm? size, ca.
21 mg, positive electrode), Mg foils (3 cm? size for a negative elec-
trode and a strip for a reference electrode), and the above described
complex electrolyte solutions. A platinum wire served as the current
collector for the AC cloth. To minimize the Ohmic resistance, the
AC cloth and the Mg foil were sandwiched using glass fiber paper
(Pall, 300 wm thick) as the separator with applying light compression.
Cyclic voltammetry (CV), electrochemical impedance, and galvano-
static charge-discharge tests were carried out in 0.5-2.5 V range vs.
Mg>+/Mg (VMP-2 potentiostat, Biologic). The cells were operated in
a heating bath that ensures a constant temperature of 30°C. Electro-
chemical impedance was measured by applying 5 mV rms amplitude
in the frequency range of 1 mHz-200 kHz. For rate capability tests, the
discharge (or, charge) current was varied from 0.1 to 20 mA after the
full charge (or, discharge). A full charge/discharge cycle was ascer-
tained by a constant current step (I/l = 1 mA) followed by a constant
potential step until [/l < 0.1 mA. For cycleability tests, two operational
modes were applied: 1) slower (2 mA) and shallower (1.2-2.2 V
vs. Mg?*/Mg) charge-discharge and 2) faster (5 mA) and deeper
(0.9-2.4 V vs. Mg?*/Mg) charge-discharge. The cell rested for 10 s
before and after each step to check the open circuit potential.

Results and Discussion

Fundamental studies on the electrolyte solutions and the AC
electrodes.— The 0.25 M Mg organo-haloaluminate complex elec-
trolyte (in THF) solution, and the 0.25 M complex solution contain-
ing 0.5 M LiCl, were initially analyzed by cyclic voltammetry with
Pt electrodes (Fig. 1). Mg is reversibly deposited and dissolved in
these solutions. While similar voltage windows were obtained with
both solutions, the LiCl containing solution shows a better Mg deposi-
tion/dissolution performance in terms of lower over-potential for Mg
deposition. Similar phenomenon has been observed upon the addition
of LiCl in another Mg complex electrolyte, 0.25 M Mg(AICl,BuEt),
in THF.'?
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Figure 1. (Color online) Cyclic voltammograms of Pt electrode in solution
comprising THF and 0.25 M Mg,Cl3* - AlIPh,Cl,~ complex electrolyte (de-
noted as APC — all phenyl complex solution) and in THF solution containing
the same complex electrolyte 4 0.5 M LiCl (scan rate = 25 mV s~ ).
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Figure 2. (Color online) Cyclic voltammogram of the AC cloth electrode
in 0.25 M MgTFSI, in acetonitrile (AN) with respect to Ag quasi-reference
electrode (scan rate = 1 mV s~ ).

Also, the random current spikes usually seen in the voltammo-
grams of Pt electrodes in these complex solutions, attributed to a
break-and-repair mechanism of specifically adsorbed anionic species
on the Pt surface,'® are mitigated with the LiCl containing solution
(inset of Fig. 1). A suitable electrolyte solution for porous electrodes
must be absolutely stable at the operational potentials. Faradaic side
reactions if exist even to a minor extent are amplified by the high sur-
face area. In order to ensure the lack of side reactions in these systems,
the operational potential of the porous carbon electrodes was limited
to <2.5 V vs. Mg>*/Mg, considering the anodic stability window of
the solutions used herein (inset of Fig. 1).

The AC electrode’s electrochemical properties were also stud-
ied in a ‘conventional’ organic electrolyte solution containing
a ‘simple’ inorganic Mg salt namely 0.25 M magnesium(Il)
bis(trifluoromethanesulfonyl)imide (MgTFSI,) in acetonitrile (AN).
Cyclic voltammetry was performed between 0.5 V to 2.0 V vs. a
Ag quasi-reference electrode (the open circuit potential of an Ag wire
electrode in this solution is ca. 2.5 V vs. Mg?*/Mg),'® while the poten-
tial sweep started at 0.5 V vs. Ag toward the negative direction (Fig.
2). Typical rectangular shape cyclic voltammograms are obtained in
the range of —1.25 to 0.5 V vs. Ag (reflecting a purely capacitive be-
havior), with ca. 100 F g~! of specific capacitance. The potential of
zero charge (pzc) was measured to be around —0.1 V vs. Ag (2.4 V vs.
Mg?*/Mg) from the local minimum of the cyclic voltammograms. At
E < pzc, cations are adsorbed on the carbon surface and into its pores.
The triangular shape of the voltammograms at the lower potentials
(< -1.3 V) reflects a sieving behavior of the carbon electrodes to-
ward solvated magnesium ions that cannot enter into too small pores.
Hence, this knob-shaped cyclic voltammogram of the porous carbon
electrode in this solution is attributed to the saturation of pores with
ions before reaching the potential limit.!” Even if the AC electrode
would work well at lower potentials, Mg metal electrodes do not work
in this electrolyte solution due to the instant formation of passivation
films that block them and avoid any possible Mg ions transport.'®

The electrochemical behavior of the AC electrode in the complex
electrolyte solutions.— After the preparatory analyses, the AC cloth
electrodes were studied in the complex electrolyte solutions (Fig. 3).
Their pzc value was ca. 2.3 V vs. Mg?*/Mg, which agrees with the
value measured in 0.25 M MgTFSI,/AN solution. For the solution
without LiCl the adsorption/desorption currents start to diminish at
2.0 V vs. Mg?*/Mg, and the knob-shape (i.e. the sieving effect) is
clearly seen at potentials below 1.5 V vs. Mg**/Mg (solid line of
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Figure 3. (Color online) Typical cyclic voltammograms of AC cloth electrode
in 0.25 M APC solution with or without 0.5 M LiCl (scan rate = 0.1 mV s~ ).

Fig. 3). In comparison with the cyclic voltammogram in AN
electrolyte, the ‘saturation of the pores’ appears at much higher poten-
tials (by 1 V) in the complex electrolyte solution. This can be attributed
to the larger ionic size of the Mg complex ions compared to that of Mg
ions in conventional electrolyte solutions. Therefore this problem can
be overcome either by increasing the pore size or by decreasing the
ions’ size. In the modified complex electrolyte solutions that contain
Li* and CI~ (relatively small) ions the cyclic voltammograms of the
AC electrodes exhibit a rectangular, capacitive shape in the potential
range 2.5-0.5 V vs. Mg?*/Mg (dashed line in Fig. 3).

The specific capacitance is ca. 90 F g=!, which is close to the
specific capacitance that can be obtained with the same AC elec-
trode in the tetra-alkyl ammonium salt solutions in AN or propylene
carbonate (PC) that are used in non-aqueous super-capacitors (100-
120 F g~')."® In addition, the AC electrode’s impedance in the LiCl
free complex electrolyte solution is 3 times larger than that in the
LiCl containing solution both at highest and lowest frequency limits
(Fig. 4). This effect of the presence of LiCl in solutions is attributed to
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Figure 4. (Color online) Impedance profiles of AC cloth electrode at 2.0 V
vs. Mg?* /Mg in solutions comprising THF and 0.25 M Mg, Cl3 T - AIPh,Cl,~
complex electrolyte (APC solution) with or without 0.5 M LiCl.
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Figure 5. (Color online) EIS spectra of AC cloth electrode in solution com-
prising THF and 0.25 M Mg,Cl3* - AIPh,Cl,~ complex electrolyte (APC
solution) 4+ 0.5 M LiCl.

a smaller diffusional resistance in the pores for Li and Cl ions (in the
low frequency region) as well as to a lower bulk solution resistance (at
the highest frequency). The ionic conductivity values of 0.25 M APC
with and without 0.5 M LiCl were measured as 2.7 and 2.1 mS cm ™',
respectively. It is noteworthy that LiCl is strongly associated in THF
and the conductivity of the 0.5 M LiCl in THF solution is negligible
(<1072 mS cm™"). Therefore, the increase in the ionic conductivity
by the addition of LiCl can be explained by a reaction of LiCl with Mg
complex electrolyte, which results in dissociated Li ionic species.?
Throughout this comparative analysis, LiCl added Mg complex elec-
trolyte solution was chosen to construct and demonstrate Mg hybrid
capacitors.

The adsorption/desorption kinetics of AC cloth electrodes in the
LiCl containing solutions were studied by electrochemical impedance
spectroscopy (EIS) as a function of the electrodes’ potential. It was
found that the impedance begins to increase at <1 V vs. Mg?*/Mg
and is extremely large at 0.5 V vs. Mg?*/Mg. this can be attributed
to the hindrance for further ions transport by the already adsorbed
ions in the pores (Fig. 5). Even if the pores are not saturated, kinetic
issues still persist due to hindrance and repulsion among co-ions. The
large impedance at 0.5-1.0 V vs. Mg>*/Mg implies that the energy-
efficiency and the mechanical stability of the electrodes may be poor
at too low potentials. Therefore the operational potential should be
E > 0.5V vs. Mg>*/Mg in order to maximize energy-efficiency and
cycling stability.

Operation of AC cathode |LiCl added Mg complex ethereal so-
lution |Mg anode full-cell— Fig. 6 shows discharging and charging
rate capabilities of a prototype full cell of Mg hybrid capacitor (i.e.,
using Mg metal anode and activated carbon cathode). The voltage
profiles of the positive and the negative electrodes were simultane-
ously measured using an Mg reference electrode. Each pair of voltage
profiles were measured upon varied discharge/charge current after a
full charge/discharge, respectively. The charge and discharge cutoff
potentials used were 2.4 and 0.9 V vs. Mg>*/Mg, respectively (black
lines in Fig. 6). I = 0.1 mA and 20 mA corresponded to 6 h and
2 min charge (or discharge), respectively. At I < 0.5 mA, the capac-
itance of the positive electrode reaches 90 F g~! (or, 37.5 mAh g~!
of capacity for the operational potential range) and the voltage drop
is negligible. At higher currents, a voltage drop at the beginning
of the charge/discharge (/R-drop) is observed (up to 0.2 V drop at
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Figure 6. (Color online) Rate capabilities of AC cloth (+) | complex THF
solution (denoted as APC) 4+ 0.5 M LiCl | Mg (RE) | Mg (-) cell upon (a)
discharge and (b) charge after full charge and discharge, respectively.

20 mA) along with a significant drop in utilizable capacitance (down
to 52 F g~! at 20 mA, calculated from the slope). This means that
two parameters are individually affected by the charging/discharging
current: /R-drop and utilizable capacitance. The /R-drop depends on
the internal resistance of the cell (mainly ionic resistance of the elec-
trolyte solution) while the utilizable capacitance is determined by the
kinetics of the ionic movement through the pores.

Even though the potential profiles of the positive electrode is in-
fluenced significantly by the charge/discharge currents, the potential
profiles of the Mg foil negative electrodes (red lines of Fig. 6) is virtu-
ally constant, and close to 0 V vs. Mg?*/Mg regardless of the current
density used. There are some potential spikes at the beginning of the
charge/discharge process, but they stabilize later to a constant value of
<0.2 V and <0.1 V for Mg dissolution and deposition, respectively,
depending on the current magnitude. This finding suggests that the
kinetics of Mg deposition/dissolution is fast enough to be matched
with AC electrodes.

The cycling performance was studied by two different operational
modes: shallower/slower mode and deeper/faster mode.

Shallower/slower mode.—The hybrid Mg/AC cells were cycled at
2 mA within the range of 1.2-2.2 V (Fig. 7). The capacitance reten-
tion was 93% by the 2270" cycle and the coulombic efficiency was
~100%. The linearity of the voltage profile is well-reserved in this
operational mode (in the inset of Fig. 7). The potential of the Mg
electrode was virtually constant, at ~10 mV.

Deeper/faster mode.—The hybrid Mg/AC cells were cycled at 5 mA
within the range of 0.9-2.4 V (Fig. 8). The capacitance retention was
79% by the 4500™ cycle and the coulombic efficiency was ~100%.
The capacitance retention profile fluctuates periodically, mainly due
to the daily and weekly temperature variances (30~35°C); generally,
the higher the temperature, the higher is the capacitance. It is note-
worthy to mention that the fluctuation due to temperature was not
so significant at the shallower/slower mode, even though the relevant
cells were in a same bath. Ionic mobility is kinetically more demand-
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Figure 7. (Color online) Cycling performance of AC cloth (+) 1 0.25 M APC
solution 4+ 0.5 M LiCl electrolyte | Mg (RE) | Mg () cell. Operating potential
range was from 1.2 V to 2.2 V vs. Mg?>*/Mg. Charge-discharge current was 2
mA. Constant voltage was maintained at 2.2 V vs. Mg?>*/Mg until < 0.2 mA.

ing at deeper/faster operation of AC electrodes, so that the capacitance
is more sensitive toward temperature fluctuations. Upon discharging
the AC electrodes, the slope becomes steeper at potentials <1.5 V vs.
Mg?*/Mg (in the inset of Fig. 8). This finding supports the kinetic hin-
drance at potentials <1.5 V vs. Mg?*/Mg that was observed in the EIS
measurements. The over-potential of Mg dissolution/deposition was
~50 mV. The specific capacitances in Figs. 7 and 8 were calculated
without /R-correction. If they are /R-corrected (i.e., only the slope
is considered for capacitance calculation), the specific capacitance
values are ca. 8O F g~

Since the electric double layer charging is a physical process, it is
generally not affected by temperature. And the observed temperature
dependency can be explained by either 1) the increase in the ionic
conductivity of the electrolyte or 2) the facilitation of ionic diffusion
into the micropores at increased temperature. First possibility was
discarded since the /R-drop is almost constant regardless of the tem-
perature (0.15 V at 5 mA and 0.05 V at 2 mA). It means that the ionic
conductivity of the bulk electrolyte is not so sensitively affected by
the temperature. Rather, the slope at <1.2 V vs. Mg?"/Mg is sensi-
tively changed by temperature, which is in accordance with the larger
impedance at <1.5 V vs. Mg?*/Mg (Fig. 5). Therefore, our best an-
swer for “the reason why the specific capacitance is dependent on the
temperature” will be an Arrhenius type behavior of ionic species’
diffusion into the micropores at the low potential region, where
significant kinetic barrier is involved by the already adsorbed large
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Figure 8. (Color online) Cycling performance of AC cloth (+) 1 0.25 M APC
solution 4+ 0.5 M LiCl electrolyte | Mg (RE) | Mg (-) cell. Operating potential
range was from 0.9 V to 2.4 V vs. Mg?*/Mg. Charge-discharge current was 5
mA. Constant voltage was maintained at 2.4 V vs. Mg?*/Mg until I < 1 mA.
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Figure 9. (Color online) Voltage profiles of carbon aerogel paper (+) | 0.25
M APC solution | Mg (RE) | Mg () cell (I = 0.1 mA). Carbon aerogel paper
was provided by READE (BET surface area = 450 m? g~! and pore diameter
= 20-40 nm).

ionic species that sterically hinder further ionic diffusion into the
pores.

Considerations for further applications: potential use for discov-
ery of the active ions’ size and identity.— Fundamentally, porous
carbon electrodes with controlled pore size can be used to measure
the average ionic size of Mg complex electrolytes. Until now, the
identification of the active ions in the Mg complex electrolytes has
been controversial; some scholars believe that only Mg,Cl; - 6THF*
corresponds to the Mg deposition/dissolution while others consider
also MgCl - 5THF™ cations to be relevant for non-aqueous Mg elec-
trochemistry. Determination of Mg ionic size by porous carbon elec-
trodes with well-defined pore size can shed light on the molecular
structure of the active ions, complementarily with ionic conductivity
measurement.

Considerations for mass production of Mg hybrid capacitors.—
In the Mg hybrid capacitors, the Mg ionic species move in a “shuttle-
cock” mode similar to batteries, while Li ions in the electrolyte so-
lutions are “consumed-recovered” (adsorbed/desorbed), in a capaci-
tive mode as is typical for EDLC. Thus, during discharge of these
cells Mg and Li ions are introduced into the pores of the AC pos-
itive electrode while Mg ions are produced on the surface of the
Mg negative electrode (due to Mg dissolution). During charge, Mg
and Li ions are desorbed from the pores of AC positive electrodes
while Mg ions reduced on the surface of Mg negative electrode to
Mg metallic deposits. Therefore, the total equivalents of Mg and Li
ions is conserved, while the individual concentrations of Li and Mg
ions fluctuate during the periodic charge-discharge processes. In or-
der to prevent Li ions starvation during charge-discharge of the AC
cloth electrode (15 mg/cm?), the electrolyte solution layer thickness
should be 300-460 pm, which can be covered by the free volume
of AC cloth and separator considering their usual practical thickness
values (550 wm and 300 pwm, respectively). In the Mg negative elec-
trode side, chemical/electrochemical pretreatment may be important
for long term operation of Mg metal electrodes in such devices."”

Future works.— The pore structure of the AC cloth electrode used
herein was not optimized for ideal and most effective EDLC appli-
cation. The aim of this work is to demonstrate the Mg-AC hybrid
capacitor concept. Higher rate capability and specific capacitance can
be attained by developing meso-porous carbon electrodes. Ideally, it
would be preferable if there will be no need to include in the solutions
Li ions, by introducing such mesoporous electrodes. For a prelim-
inary example, electrodes comprising meso-porous carbon aerogel
(READE, Sggr = 450 cm? g~', pore diameter = 20-40 nm) showed
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Figure 10. (Color online) Voltage profiles of AC cloth (+) | 0.25 M APC
solutionl Mg foil (-) full-cell.

a straight voltage profile down to 0.5 V vs. Mg?*/Mg even in com-
plex ethereal electrolyte solution that does not contain Li ions at all
(Fig. 9, compare it with the response of the AC cloth electrode pre-
sented in Fig. 10). The capacitance of the aerogel carbon electrode
was relatively low, due to the limited total specific surface area (450
m?/g for this carbon, compared to 2000 m?/g for the AC used herein as
the main positive electrode); however, the shape of the voltage profile
demonstrates the better kinetics of adsorption/desorption of the rela-
tively big ions into the meso-porous carbon electrode. Introduction of
alternative chloride salts other than LiCl is also of interest to realize
non-lithium system. The solubility of NaCl was extremely low in the
Mg complex electrolyte; however, tetraalkylammonium chloride may
be an effective alternative, as it has been known to modify Mg com-
plex electrolyte in a similar way with LiCL.'? Finally, fundamental
innovation can be made by developing Mg electrolyte systems with
smaller ions size and wider voltage window for high energy and power
densities.

Conclusions

The concept of Mg hybrid capacitor (MHC) was successtully
demonstrated for the first time. Powered by a low potential, large ca-
pacity, and the non-dendritic morphology of a preferential Mg metal
negative electrode, MHC can provide higher energy and power densi-
ties compared with other hybrid capacitors. The performance of these
systems could be enhanced significantly by introducing Li ions of
small ion size into the Mg complex ethereal electrolyte solution, so
that higher specific capacitance (90 F g~!) and wider operational volt-
age (0.5-2.4 V) was attained together with kinetic benefits for both
the AC and the Mg electrodes. Thus assembled cells comprising AC
cloth (4) cathodes, Mg foil () anode and electrolyte solution com-
prising THF (solvent) and Mg,Cl;*, AlPh,Cl,~, Cl~ and Li* ions
operated for >4500 cycles with stable cycling performance and 100%
coulombic efficiency. The ionic size or pore size control is the key for
the further development of more advanced MHC systems.
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