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High surface area porous carbon frameworks exhibit potential ZTC (Cathode) &@‘ gg Aluminum (Anode)
advantages over crystalline graphite as an electrochemical energy storage
material owing to the possibility of faster ion transport and up to double the 2 AlCl; <> AlCl7 + 0l
ion capacity, assuming a surface-based mechanism of storage. When ‘f (Electrolyte)

detrimental surface-related effects such as irreversible capacity loss due to

interphase formation (known as solid-electrolyte interphase, SEI) can be

mitigated or altogether avoided, the greatest advantage can be achieved by maximizing the gravimetric and volumetric
surface area and by tailoring the porosity to accommodate the relevant ion species. We investigate this concept by
employing zeolite-templated carbon (ZTC) as the cathode in an aluminum battery based on a chloroaluminate ionic liquid
electrolyte. Its ultrahigh surface area and dense, conductive network of homogeneous channels (12 A in width) render ZTC
suitable for the fast, dense storage of AICl,” ions (6 A in ionic diameter). With aluminum as the anode, full cells were
prepared which simultaneously exhibited both high specific energy (up to 64 Wh kg™, 30 Wh L") and specific power (up to
290 W kg™', 93 W L"), highly stable cycling performance, and complete reversibility within the potential range of 0.01—
220 V.

aluminum, battery, ion, adsorption, porous materials, microporous, carbon, surface area, energy storage

arbon comprises many attributes of an ideal battery battery comprising a graphitic cathode, metallic aluminum
electrode material due to its natural abundance, wide anode, and an ionic liquid chloroaluminate electroly‘ce.g_11 In
variety of structures and bonding motifs, robustness this report, we refer to such a battery simply as an “aluminum
toward a wide range of working conditions, and tunable redox battery” (AB) to avoid the misconception that it is an
properties. In principle, it can be employed as either an anode “aluminum-ion battery”, since bare AI** ions are not in fact
or cathode material by reducing (adding electrons) or oxidizing the inserted species at the cathode. To the best of our
(removing electrons) during the charging step, respectively. knowledge, reversible AI’* insertion has not been conclusively
The charge balance must then be maintained by associating the reported in any material, presumably due to difficulties in
electron-rich or electron-deficient carbon structure with a diffusion caused by the high charge density of the triply charged

mobile ion of the opposite sign. Carbon materials have
primarily been investigated in the context of anodic use; for
example, the reduction of graphite followed by intercalation
with lithium ions culminates in the formation of LiCg, the
foremost anode material for lithium-ion batteries (LIBs). The
capacity of graphite as an active electrode material is, however,
ultimately limited by the maximum number of ions that can be
stored in each gallery between graphitic layers, i.e., on a single-
sided sheet of graphene. Expanded graphite-like hard carbon
structures with larger interlayer spacing can conceptually reach
up to twice that capacity (as in double-sided graphene) or even
more, depending on the nature (eg, H-terminations) and
relative content of edge-sites.' > In sodium-ion batteries
(SIBs), the intercalation of Na* into crystalline graphite is
not possible under practical conditions, and porous hard
carbons with larger interlayer spacings have therefore been a

ions. On the contrary, when AI** is converted into AICI,” or
AL Cl,~, such larger, singly charged ions can easily be
intercalated into a graphitic material upon charging (by
nondestructive oxidation of the carbon structure). In this
case, the electrolyte is not merely a transmitter of the active
ions, as in LIBs or a hypothetical aluminum-ion battery; rather,
it plays a broader role as the source of chlorine for the
formation of chloroaluminate species that are then inserted into
the carbon cathode (as explained in detail below).

Although functioning galvanic cells based on the three-
electron redox chemistry of aluminum were first reported in
1855'% (the first Al anode in 1857'"), practical rechargeable
batteries were not demonstrated until recently'”'> owing to the
detrimental formation of aluminum oxide films in the presence

topic of active investigation as the anode material."~’ November 29, 2016
A primary example of an emerging cathodic application of January 30, 2017
carbon, and also the subject of this study, is a nonaqueous January 30, 2017
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of aqueous electrolytes, and the development of suitable
electrolytes for secondary ABs has been the technological crux
in their realization. Thus far, the most common electrolyte for
rechargeable ABs is an ionic liquid prepared by mixing AICI,
and 1-ethyl-3-methylimidazolium chloride, [EMIm]CI, sub-
sequently forming AICl,~ and ALCl,~ ions."® This can be
considered a Lewis acid—base reaction leading to a “neutral
melt” at a 1:1 molar mixing ratio of AlCl;/[EMIm]CI. Efficient
electroplating and stripping of aluminum requires an acidic
melt, ie, an excess of AICl;. The voltage stability window of
such an electrolyte is limited by the oxidative stability of the
chloride ion: at potentials above 2.6 V vs Al/AIY, it oxidizes
into Cl,. The key property of interest in such an ionic liquid AB
using a carbon-based cathode is that it comprises exclusively
highly abundant chemical elements, contrary to most LIBs and
SIBs which contain lithium or comparably low-abundance
transition metals (Co, Ni, etc.). Aluminum and chlorine are
more abundant elements in the Earth’s crust than lithium
(>1000 and ~10 times more, respectively), and their practical
natural sources are vastly more widespread, making such ABs a
possible alternative to LIBs for certain large-scale applications
such as grid storage.

Graphite is a promising cathode material for ABs due to its
high voltage (up to 2.45 V vs Al/AI**) and stable capacity over
thousands of cycles; however, its rather modest capacity of 60—
70 mAh g is significantly lower than that as a LIB anode (372
mAh g7'), suggesting that either the larger size of the AICl,~
ions hinders intercalation or that oxidation of graphite is less
favorable than reduction. Furthermore, its capacity decreases
sharply at current densities greater than ~100 mA g~." Such an
intercalation-type storage mechanism is expected to be slower
for AICl,” ions than for Li* ions due to the former’s much
larger ionic radius (295 pm for AICl,” compared to 90 pm for
Li*),"” a fundamental hurdle that is faced by all batteries based
on the intercalation of polyatomic and/or anionic charge
carriers. The slow rate capability of graphite ABs was remedied
via engineering of the graphite morphology and specifically by
the introduction of macroscopic voids (using ultralow density
“graphitic foam”),” accompanied by a reduction in bulk density
of a factor of ~1000 (to ~0.005 mg mL™"). Higher accessibility
of the electrolyte to the interlayer space as well as significantly
increased flexibility of the few-layered graphitic struts'® were
later speculated to enable the stable cycling of graphitic foam
ABs at full capacity (66 mAh g™') even at extraordinary current
rates up to 4 A g_l.8 However, it is also important to note that
the high volumetric energy and power densities of graphite
were completely forfeited upon replacement by low-density
graphitic foam. It is reasonable to assume that an intermediate
porous carbon material exists between bulk graphite and
macroporous graphitic foam which can retain both high
volumetric and gravimetric performance while still addressing
rate and capacity issues.

In an effort to improve rechargeable ABs based on AlCl; in
[EMIm]CI as the electrolyte, we propose to employ a
microporous, sp>-hybridized carbon electrode material that
exhibits a high specific surface area (to ensure high gravimetric
capacity) as well as the highest density of pores capable of
accommodating the relevant ions (to ensure high volumetric
capacity). The pore network should be ordered and non-
tortuous to ensure high specific power, and the framework must
be conductive; zeolite-templated carbon represents the closest
realization of such an ideal electrode material for ABs.
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Zeolite-templated carbon (ZTC) is a hard carbon material
with the narrowest pore size distribution and highest density of
micropores within the class of ordered porous carbons;
faujasite-templated ZTC (FAU-ZTC) contains ~1.2 nm
pores separated by molecularly thin walls across particle
dimensions as large as microns."” Its carbon framework is
conductive™ and exhibits the highest surface area of all such
materials known; however, it has largely been overlooked as an
electrode material in rechargeable batteries. Early reports on the
high irreversible capacity associated with ZTC-like materials”'
were consistent with the understanding that high surface area
porous carbons are not suitable cathode materials for LIBs
containing typical organic lithium salts as the electrolyte due to
the formation of an interphase layer that blocks the pores.”> We
consider these early, ZTC-like materials®' not to be true ZTC
since they were not adequately templated, as indicated by low
specific surface areas of <1000 m* g~' and no demonstration of
structural ordering by XRD or TEM. Therefore, it is reasonable
to suggest that no thorough report of the application of ZTC as
a rechargeable battery electrode material has been made to
date, although its application as an anode material in LIBs has
certainly been discussed as unsuitable.”” On the other hand, the
impressive performance of fully replicate ZTC as a capacitive
energy storage material has been thoroughly investigated, e.g,
exhibiting a electrochemical capacitance of 300—315 F ¢ in
aqueous electrolytes” and up to 240 F g~' in organic
electrolytes,” showinég remarkable performance even at
ultrafast current rates” and low temperatures.”® The highly
ordered, three-connected channels of ZTC are unique amon
other predominantly sp>-hybridized carbonaceous materials,’
differentiating ZTC from activated carbons (containing random
pore networks and/or regions of graphitic stacking), carbide-
derived carbons®” (containing narrower, tortuous pores and
lower pore densities), and porous aromatic frameworks”®
(exhibiting conductively interrupted, sp>-hybridized nodes).

In this work, AB cells based on microporous carbons were
prepared, a working demonstration of rechargeable battery
electrodes based on ion insertion within a narrow, permanent
microporosity comprising a high surface area for adsorption.
These cells were characterized to determine the correlation
between surface area and ion storage capacity in the cathode.
The highest surface area material, ZTC, was found to exhibit
very high capacities (up to >380 mAh g™') in addition to high
rate capabilities, even after hundreds of cycles. Further, an
analysis of the energy and power density of the corresponding
full-cells was performed to determine if such an increase in
capacity within the cathode renders a significant improvement
in performance to the overall cell. The electrolyte itself plays a
large role in the charge storage mechanism(s) at play, indicating
that a range of ultimate energy and power densities can be
achieved; ZTC was found to enable high volumetric and
gravimetric energy/power densities simultaneously, exhibiting
properties intermediate between graphite and low-density
graphitic foam.

RESULTS AND DISCUSSION

Synthesis of ZTC. Samples of highly replicate zeolite-
templated carbon (FAU-ZTC) were prepared via the
impregnation of Na'-exchanged zeolite Y (zeolite Nay,
framework type code FAU) with furfuryl alcohol and
propylene. A custom, reduced-pressure chemical vapor
deposition (CVD) apparatus was used to obtain samples with
both high pore-to-pore regularity and high specific surface area,
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Figure 1. Ordered microporous structure of zeolite-templated carbon (ZTC). (a) X-ray diffraction pattern of ZTC (black) compared to its
template (zeolite NaY, yellow) and the theoretical FAU structure (red). (b) N, adsorption/desorption isotherm at 77 K of ZTC (black)
compared to its template (yellow). (c) Transmission electron micrograph at the edge of a typical particle of ZTC, showing distinct pore-to-
pore structural order perpendicular to the edge, as confirmed by (d) the Fourier transform of the image.

and the CVD time was optimized to maximize carbon
deposition within the template while reducing the undesirable
deposition of carbon on the external surface. The product, heat-
treated at 900 °C, cooled, freed by dissolution in HF, and dried,
is referred to herein as ZTC.

The ordered structure of ZTC was confirmed primarily by X-
ray powder diffraction (XRD) measurements, which show an
intense reflection centered at 20 = 6.5° (d-spacing = 1.36 nm)
and no intensity above background corresponding to graphitic
carbon (see Figure 1a). The high intensity of the main peak,
corresponding to the (111) reflection in the native zeolite
template, is indicative of the highly replicate nature of ZTC.* A
weaker (220) reflection was also observed at 20 = 10.6°, further
confirmation of the highly ordered nature of ZTC synthesized
in this work.” Pore-to-pore regularity was observed in
transmission electron microscopy (TEM) investigations, as
demonstrated in Figure 1c,d, with a measured repeat distance of
1.4 nm. Under lower magnification, the size and shape of the
ZTC particles were observed to be identical to that of the
native template.

The exclusively microporous nature and exceptionally high
surface area of ZTC were confirmed by investigations of N,
adsorption at 77 K, showing a sharp knee at low pressure
(below P/P, = 0.2) and a plateau at ~1000 mLgp g~ (see
Figure 1b). This corresponds to a homogeneous pore-size
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distribution of ~1.2 nm in width (by nonlocal density
functional theory (NLDFT) methods), a Dubinin—Radushke-
vich (DR) micropore volume of 1.40 mL g™', and a Brunauer—
Emmett—Teller (BET) surface area of >3500 m* g~' (see
Figures S1—S3). Such an extremely high N, adsorption capacity
can only be obtained in fully replicate ZTC with open, double-
sided “bladelike” connecting structures'’ as opposed to the
rarer alternate ZTC structure composed of closed, tubelike
connectors.”’ Elemental analysis of ZTC by the combustion
method indicated a chemical composition of approximately
C,sH;0, consistent with previous reports of fully replicate
samples.'” Altogether, the structural characterization of ZTC
indicates the existence of a dense network of 1.2 nm pores
organized in a cubic structure with a repeat distance of ~1.4
nm, implying the existence of molecularly thin walls and a very
high surface area for adsorption.

Several porous hard carbon materials of different pore size
and relative structural ordering were also prepared for
comparison to ZTC. Zeolite-derived carbons synthesized in a
similar manner to ZTC except at under-deposited CVD
conditions typically exhibited slightly lower surface area (eg,
~3370 m* g~' for ZDC25) and reduced pore-to-pore order as
indicated by weaker and broader diffraction intensity at 20 =
6.5° (see Figure S4). Overdeposited samples gave rise to dense
graphitic content in the final material and were not investigated
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Figure 2. Electrochemical characterization of rechargeable porous carbon ABs. (a) Galvanostatic charge/discharge voltage profiles of ZTC
during the fifth cycle at current rates between 50 and 1000 mA g™' as specified by color (discharge shown as solid lines). (b) Galvanostatic
charge/discharge voltage profiles of ZTC (black), and two lower surface area porous carbon materials (dark and light gray) during the 20th
cycle at a current rate of 100 mA g™'. The maximum capacity (at 0.01 V during discharge) is proportional to BET specific surface area (SSA).

as porous electrode materials in this work. By varying the
template, samples with larger ordered porosities up to ~4 nm
in width were also investigated (eg, MTC21 and MTC3],
1250—1500 m?> g'); for consistency, furfuryl alcohol and
propylene were used as the carbon precursors, and the
deposition temperature was maintained at 700 °C (with heat
treatment at 900 °C) throughout all the syntheses. Lastly, a
commercially available sample of CMK-3 was obtained as a
standard of reference (~650 m* g™!, see Table S1).

ZTC as the Cathode in ABs. Electrochemical cells were
prepared by employing metallic aluminum as the anode, dry
porous carbon as the cathode (without any binder or
conductive additive), and an ionic liquid electrolyte: AlCl; in
[EMIm]CI (1.3:1 molar ratio). In direct analogy to the
corresponding graphite-based system,*”"" a simplified descrip-
tion of the charge storage mechanism upon charge (forward)
and discharge (reverse) can be expressed as

anode: 4AL,Cl; + 3e” « 7AICI, + Al

(1)
)

The theoretical capacity of graphite is reported to correspond
to x = 19—21 based on this mechanism (107, 105, and 116
mAh g_1 at intercalation stages 4, 3, and 2, respectively).18 This
is a comparable limit to that of other polyatomic acceptor-type
graphite intercalants such as BF,”, PF¢~, SbF4~, and
[(CF;S0,),N]~ (TFSI™), which each yield intercalation
compounds corresponding to maximum charge capacities of
no more than 120—140 mAh g~'.>>7** At highest capacity
(stage 2, in the case of AICl,”), this corresponds to a maximum
density of one AICI,” ion per ~50 A? of area on each graphene
sheet facing into the intercalant gallery. Contrary to rocking-
chair LIBs where the electrolyte is primarily employed as an ion
conductor, the ionic liquid electrolyte in rechargeable
chloroaluminate ABs acts additionally as an “active” charge
storage material itself, as seen by the interconversion between
AICl,” and ALCl,~ during cycling in eq 1.

The optimal voltage range for extended electrochemical
cycling of porous carbon-based ABs was found to be 0.01—-2.20
V, with two initial cycles between 0.01 and 2.30 V to ensure
complete activation of the initially dry surface. The resulting

cathode: xC + AICIL, < [AICL]C, + e
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charge/discharge capacity of the ZTC cathode is dependent on
the current rate, as shown in Figure 2a. The fifth cycle capacity
at 50 mA g~' was 382 mAh g/, while at 1 A g it was reduced
to 186 mAh g~'. The voltage profile during galvanostatic
cycling remained approximately the same at all current rates
investigated; both charge and discharge showed capacitive
(non-Faradaic) behavior without any discernible plateau,
yielding an average voltage of 1.05 V.

The same surface-based behavior was observed for all the
porous carbon materials investigated herein within a range of
different characteristic pore size and surface area (see Figure 2b
and Figure SS). The reversible charge storage capacity of all
such materials at a fixed current rate was found to be linearly
dependent on surface area (e.g,, 74 mAh g~ discharge capacity
per 1000 m* g~' of BET surface area at a current rate of 100
mA g, Figure S6) and did not show any particular
dependence on pore size within the range investigated (1.2—
4 nm). The thermochemical ionic diameter of AICl,” is 0.59
nm,"” implying that pore widths of 1.2 nm and higher are not
necessarily expected to give rise to significantly different effects
if the bare ions are adsorbed in an unsolvated state within the
pores. We note that a comparison of ZTC to activated carbons
containing a disordered network of pores (eg, CNS-201 and
Maxsorb MSC-30) was also performed herein, and ZTC was
found to be superior in maximum charge storage capacity and
in capacity retention in all cases. The highest capacity achieved
(382 mAh g in ZTC at a current rate of S0 mA g™'),
assuming a purely surface-based adsorption mechanism as per
eq 1, corresponds to a packing density of 2.4 monovalent ions
per nm” (or 14.3 mmol g™'). This density is slightly less than
that of hexagonally close-packed spheres of 5.9 nm in diameter:
3.3 per nm?.

The ZTC structure underwent a slight expansion upon
charge/discharge cycling, as indicated by a shift in the (111)
XRD reflection from 26 = 6.48° to 6.44° (a d-spacing shift of
0.1 A, see Figure S7), but not a significant reduction in pore-to-
pore order or N, accessible surface area. At all current rates
investigated (50—1000 mA g~'), cycling occurred with high
Coulombic efficiency (99—100%) and with excellent capacity
retention over hundreds of cycles (see Figure 3). Impressively,
at a current rate of 1 A ¢!, a capacity of 157 mAh g~ was
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Figure 3. Discharge capacity retention (colored symbols) and
Coulombic efficiency (black symbols) over 500 cycles for ZTC ABs
cycled between 0.01 and 2.20 V at various current rates: (a) 100
mA ¢, (b) 500 mA g”', and (c) 1000 mA g~'. For comparison, the
reversible capacity of pyrolytic graphite (66 mAh g™’, as reported
elsewhere®) is also shown (dotted lines).

retained after 1000 cycles (86% of the initial capacity, < 0.02%
loss per cycle). This corresponds to a volumetric capacity of 94
Ah L7, significantly higher than that of graphitic foam® which
(as a cathode) exhibits <1 Ah L™" due to its ultralow density.”
Cells with high areal mass loadings of ZTC (up to 28 mg cm™2)
were also prepared to simulate a commercialized AB. In such
conditions, at a rate of 100 mA g, a capacity of 178.1 mAh g™
was retained after 500 cycles and the reversible areal capacity
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was 5.09 mAh cm™ The lack of any significant features in
cyclic voltammetry measurements (see Figure S8a) is
consistent with a predominantly non-Faradaic mechanism of
ion insertion in ZTC, leading to stable performance even at
high current rates. However, the fifth cycle capacity retention as
a function of increasing current rate (see Figure S8b) is more
akin to that expected for a battery, owing to a hybrid
mechanism of charge storage (the anode side of the system is
based on aluminum electroplating/stripping, a purely Faradaic
redox reaction). The reduced capacity retention and
Coulombic efliciency upon cycling at lower current rates can
be attributed to side reactions, perhaps at oxygen-containing
functionalities'® within the ZTC or decomposition of the
electrolyte.

Gravimetric energy and power densities of ZTC (as a bare
cathode) in rechargeable ABs based on chloroaluminate jonic
liquid electrolyte are significantly higher than those reported for
graphite, despite a lower average voltage corresponding to
charge and discharge (1.05 V in ZTC versus 2.0 V in graphite).
A gravimetric Ragone plot (Figure 4a) demonstrates the
difference between the specific energy and power for cathodes
consisting of pyrolytic graphite and graphitic foam (as reported
elsewhere®) and ZTC (this work). Graphitic foam, a material
benefiting from excessive reductions in material density to
overcome the slow bulk diffusion of the intercalant species,
shows the highest gravimetric power performance but does not
demonstrate improved specific energy over graphite or ZTC.
Importantly, all gains in specific power achieved by the
remarkably fast graphitic foam AB system are lost in terms of
volumetric performance; a volumetric Ragone plot is shown in
Figure 4b. Both the specific energy and power of graphitic foam
(considering the cathode only) are reduced to values below 1
Wh L™ and 10 W L7}, respectively, due to its extremely low
bulk density (taken herein to be 0.00S g mL™, as reported
elsewhere™). Pyrolytic graphite, on the other hand, demon-
strates the highest specific energy and power on a volumetric
basis (e.g, ~ 100 Wh L™ and ~1000 W L"), owing to its high
bulk density (2.1 ¢ mL™") and high charge/discharge potential
relative to Al/AI".

Full-Cell ABs Based on ZTC. The corresponding values of
energy and power density for a complete working cell must be
calculated based on the nominal additional mass required for
the cell body, anode, and current collectors as well as the
significant additional mass of the electrolyte. It is notable that a
large proportion of the total mass of chloroaluminate-based AB
cells is stored in the form of electrolyte, and the precise
required amount depends on the charge/discharge reaction
mechanism. The charge storage mechanism proposed in eq 1
assumes that the only active intercalant species is AlCl,".
However, the electrolyte contains a mixture of AlCl,~, AL,Cl,",
and free Cl” ions™ of varying composition during the
charging/discharging processes, and chlorine is known to
form intercalation compounds with graphite (albeit slowly and
typically at subambient temperature or in cointercalation
conditions’”). The starting composition of the electrolyte is
determined by the ratio of AICl, to [EMIm]CI, r, which in this
work is a fixed constant: r = 1.3. At equilibrium, some chloride
ions will always exist in an acidic melt (when r < 2), expressed
as

2AICI, < ALCL; + CI7 (3)
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function of energy density. The amount of electrolyte needed must be known for conversions from cathode to full-cell values, which depends
on the mechanism of charge storage (the entire range of mechanisms corresponding to 4 > n > 1 are shown).

The equilibrium constant of this reaction has been studied in
detail for AICl;/NaCl melts at elevated temperature in both
acidic and neutral/basic conditions.>®

Herein, we therefore address the possibility of an additional
role of chloride (Cl7) ions to the charge storage mechanism of
a chloroaluminate AB cell, applicable to both graphitic- and
porous carbon-based systems. Electrodeposition of aluminum
can potentially occur over a range of mechanisms at the anode,
and likewise the insertion of both CI” and AICl,” can be
considered at the cathode, summarized as follows:

anode:
nALCL + 3e” < (2n — 1)AICL, + (4 — n)Cl” + Al
(4)
cathode: (x(2n — 1) + y(4 — n))C + (2n — 1)AICI,

+ (4= n)CI” o (2n — DIAICL]C, + (4 - w[CIIC,

+ (n+ 3)e” (5)

The relative role of chloride ions is expressed as “4 — n”
where 4 > n > 1: n = 4 corresponding to no contribution from
CI7, and n = 1 corresponding to maximum contribution. The
mechanism corresponding to no contribution from chloride
ions (n = 4) is the same as that previously proposed for
graphite ABs® (egs 1 and 2). The mechanism corresponding to
a large contribution from chloride ions (n = 1) is a variation of
that reported for aluminum-chlorine rechargeable cells,” taking
into consideration the additional inclusion of AICl,”. The
parameters x and y denote the relative quantity of each ion
inserted into the carbon cathode. It is directly apparent that the
increasing role of Cl~ (decreasing value of n) leads to a higher
number of electrons transferred per AL, Cl,” ion, ie., per mass of
electrolyte, leading to a very significant effect on energy/power
storage density calculations in the full-cell. In order to fairly
compensate for such possible effects, all calculations were
performed identically for graphite- and ZTC-based ABs, based
on the possibility of the range of different charge-storage
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mechanisms between 4 > n > 1 (see the Supporting
Information for details).

Full-cell energy and power densities of graphite- and porous
carbon-based ABs are presented in Figure 4, showing a
nontrivial dependence of the theoretical cell capacity on the
as-measured capacity of the cathode. The factor of conversion
from cathode to cell depends both on the total capacity of the
cathode material (increased capacity requires an increased mass
of electrolyte), the average potential upon discharge, and the
role of Cl™ as a charge carrier (n). Despite the low capacity of
graphite, for example, the high average potential of ion
insertion/removal allows less electrolyte mass to be added to
the cell while still exhibiting a high overall specific energy. This
effect is clearly apparent in the case of graphitic foam-based ABs
where, on a volumetric basis, cathode and cell values are almost
identical (although in this case, both very low). On the other
hand, large amounts of electrolyte are necessary to accom-
modate the high capacity of ZTC, which together with the
lower average cell potential results in a larger energy/power
density reduction during cathode to cell conversions. Cells
consisting of densified ZTC as the cathode (at a maximum
practical bulk density of 0.9 g¢ mL™", as reported elsewhere*’)
are also shown in Figure 4 to estimate the ultimate volumetric
performance for ZTC-based ABs.

Overall, ABs comprising ordered microporous carbon (ZTC)
as the cathode can be seen as intermediate between those based
on graphite and macroporous graphitic foam. Graphite ABs
exhibit excellent energy and power density in volumetric terms,
while graphitic foam cells exhibit optimal gravimetric perform-
ance (demonstrating ~10 times higher power density than
ZTC-based cells). However, ZTC ABs notably exhibit both
gravimetric (up to 64 Wh kg™' at 50 mA ¢! and 290 W kg™ at
1 A g™") and volumetric (30 Wh L™" at 50 mA ¢! and 93 W

L™ at 1 A g') capability simultaneously in a single device.
Further, AB cells based on densified ZTC are estimated to
exhibit even higher volumetric performance (up to 43 Wh L™
at SO mA g~' and 150 W L™" at 1 A g') than graphite ABs, a
factor that becomes important for portable storage applications
and of less importance for stationary storage.
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Further Considerations. A notable difference between
ZTC (or any permanently porous carbon) as the cathode in
ABs and as an active electrode in LIBs and SIBs lies in the
chemistry occurring at the electrode—electrolyte interface. The
formation of a so-called solid-electrolyte interphase (SEI) layer
on LIB and SIB anodes occurs in nearly all practically useful cell
configurations and electrode—electrolyte formulations in LIBs
and SIBs.”""** The SEI layer, with a thickness of up to ~50 nm,
is Li(Na)-rich as it primarily consists of Li(Na) carbonates and
alkylcarbonates.””~*> While advantageously serving as a
passivating surface layer between the electrode and the
electrolyte, excessive or repetitive formation of SEI during the
life of the battery can be a major problem since every active ion
(Li* or Na*) incorporated into it is lost from the cathode,
reducing the energy density of the cell. Clearly, the amount of
SEI formed is proportional to the surface area, which has been
well reported for both highly porous and nanoparticulate
materials.** ™" Therefore, porous hard carbons with large
specific surface areas are not seen as a practical alternative to
graphite in LIBs or dense hard carbons in SIBs,”' despite the
fact that a hypothetical strategy to increase ion capacity based
on increasing surface area has been well-known for over two
decades." However, SEI forms primarily during the first charge
as a result of reductive decomposition of the electrolyte at the
anode. It is therefore a problem that is specific to the anode and
that is nearly irrelevant at the cathode, as confirmed in this
work on ZTC ABs and in previous work on graphitic carbon
ABs.*”'"** For the high surface area carbon cathodes
investigated herein, the formation of SEI, if relevant, would
have been an unresolvable problem preventing continuous
operation of the cell, by blocking access of the active ions to the
bulk of the surface where ion storage takes place.

CONCLUSIONS

In non-SEI forming battery systems, increasing the charge
storage capacity and rate capability of carbon-based electrodes
is possible by utilizing designed porous structures of high
surface area containing an ordered, high density of pores such
as zeolite-templated carbon (ZTC). This is demonstrated
herein for ionic liquid based aluminum batteries (ABs), where
cells consisting of ZTC as the cathode demonstrated
simultaneous volumetric and gravimetric energy storage
capacities (up to 64 Wh kg™' and 30 Wh L', respectively),
intermediate between graphite and graphitic foam cells which
showed only one or the other. Such AB cells based on ZTC
could be cycled hundreds of times without a significant loss of
capacity (eg, 0.02% loss per cycle), an indication of the
irrelevance of SEI formation to the life of the battery. The lower
average voltage (~1.05 V) that results from a generally non-
Faradaic charge storage mechanism does not significantly
restrict the energy density of the electrode material alone, but
has a significant effect on the overall energy density of the full-
cell since the electrolyte acts secondarily as an active charge
storage medium. Nevertheless, future secondary battery
electrode concepts based on tailored, high surface area porous
materials should be re-examined, especially in light of the
numerous ionic liquid electrolyte battery systems of recent
research interest. Lastly, future efforts to finely control the
homogeneity of the pores in such materials (and therefore
homogenize the ion adsorption sites) could potentially result in
a more constant potential of charge/discharge, aiding in
increasing the average potential of the cell and thereby the
amount of energy stored.
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EXPERIMENTAL METHODS

Materials Synthesis. Samples of FAU-ZTC were prepared
according to the established two-step method””**™>” via impregnation
of zeolite NaY with furfuryl alcohol and then propylene as the carbon
precursors. For comparison, templated carbons with either similar
porosity but less pore-to-pore order (e.g, ZDC25) or larger sized, well-
ordered porosity (eg, MTC21 and MTC31) were also prepared by
equivalent methods. The details of these procedures are described in
the Supporting Information.

Materials Characterization. Powder X-ray diffraction (XRD)
measurements were performed on a STOE STADI P diffractometer in
transmission geometry using Cu Ka, radiation (A= 1.54 A). Nitrogen
adsorption isotherms were measured at 77 K between 10~ and 100
kPa using an automated volumetric instrument (BELSORP-Mini, BEL
Japan, Inc.). Surface areas were calculated by the Brunauer—Emmett—
Teller (BET) method between P/P, = 0.005—0.1, and micropore
volumes were calculated by the Dubinin—Radushkevich (DR) method.
Pore-size distributions were determined by nonlocalized density
functional theory (NLDFT) calculations using dedicated software
(BEL-Master, BEL Japan, Inc.), with a carbon slit-pore model.
Transmission electron microscopy (TEM) was performed using a
Tecnai TF30 microscope operated at 300 keV. Samples were prepared
for TEM by dispersing a finely ground mixture of ZTC in acetone on a
holey carbon grid. Thermogravimetric analysis (TGA) was performed
using a Netzsch STA 409 CD instrument under argon or air flow at 40
sccm. The temperature ramp was 10 °C min™" to 1200 °C. Elemental
composition was determined by combustion analysis in O, using a
LECO CHNS instrument.

Electrochemical Cell Materials. The following materials were
used in the preparation of electrochemical cells: 1-ethyl-3-methyl-
imidazolium chloride ([EMIm]Cl, >95%, BASF), AICl; (99%,
granules, Acros Organics), aluminum foil (>99.3%, 15 mm diameter,
15 pum thick, MTI Corp.), tungsten foil (0.1 mm thick, MTI Corp.),
and glass microfiber discs (0.67 mm X 25.7 mm, GF/D grade,
catalogue number 1823—257, Whatman). The as-received [EMIm]CI
was heated to 130 °C under vacuum for 32 h to remove residual water
before use.

Electrolyte Preparation. The electrolyte was prepared by slowly
mixing [EMIm]Cl powder and AICl; granules under inert Ar
atmosphere (<0.1 ppm of H,0/0,) in the molar ratio of 1:1.3. A
highly exothermic reaction takes place upon mixing, resulting in the
formation of a light-yellow ionic liquid. This crude liquid was further
treated by heating at 150 °C in the presence of Al foil for 6 h until an
almost transparent, yellow ionic liquid was obtained.

Electrochemical Cell Preparation. Custom, reusable aluminum—
tungsten electrochemical cells were assembled in a glovebox under
inert Ar atmosphere (<0.1 ppm of H,0/0,). Aluminum foil served as
both the reference and counter electrodes. The working electrode was
prepared without the use of any binder or conductive additive and the
electrolyte was used as prepared above. To assemble the cell, a disk of
aluminum foil was placed on the bottom of the cylindrical aluminum
case, and three glass microfiber discs were placed on top as the
separator. The cathode material (in dry powder form) was then
homogeneously distributed directly on top of the separator (at a
loading of 10 mg cm™2) and covered by a disc of tungsten foil. The
electrolyte (200 L) was added by wetting the exposed separator at
the edge of the cell. A tungsten bar was placed on top of the tungsten
disc, and finally the cell was shut, pressing all the components into
contact.

Electrochemical Measurements. Cells were electrochemically
cycled at 25 °C between 0.01 and 220 V on a multichannel
workstation (BST8-WA, 0.005—1 mA, up to 5V, MTI Corp.). In
certain cases, the cells were cycled between 0.01 and 2.30 V during the
first 2 cycles to activate the porous material. The measured charge
capacities were normalized by the total initial mass of the carbon
material in the cathode (since no binder or conductive additive were
used). Cyclic voltammetry was also performed using a multichannel
workstation (MPG-2, Bio-Logic SAS).
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Energy and Power Density Calculations. To determine the
gravimetric quantities of specific energy and power of the cathode
alone, the measured mass of the dry carbon material (prior to first
charge) was used: typically, ~4 mg. The bulk density of the ZTC
cathode was measured after electrochemical cycling in the dried state:
0.2 g mL™". Conversions of cathode-specific quantities to full-cell
quantities were made according to the combined mass and volume of
the following components: cell casing (of nominal mass), anode,
cathode, electrolyte, separator, and cathodic current collector (as
detailed in the Supporting Information).
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