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ABSTRACT: Dual-ion batteries (DIBs) are electrochemical energy storage devices that operate by the simultaneous partici-
pation of two different ion species at the anode and the cathode and rely on the use of an electrolyte that can withstand the
high operation potential of the cathode. Under such conditions at the cathode, issues associated with irreversible capacity
loss and the formation of solid-electrolyte interphase (SEI) at the surface of highly porous electrode materials are far less
significant than at lower potentials, permitting the exploration of high surface area, permanently porous framework materials
as effective charge storage media. This concept is investigated herein by employing zeolite-templated carbon (ZTC) as the
cathode in a dual-ion battery based on a potassium bis(fluorosulfonyl)imide (KFSI) electrolyte. Anion (FSI-) insertion within
the pore network during electrochemical cycling is confirmed by NMR spectroscopy, and the maximum charge capacity is
found to be proportional to surface area and micropore volume by comparison to other microporous carbon materials. Full-
cells based on ZTC as the cathode exhibit both high specific energy (up to 176 Wh kg1, 79.8 Wh L-1) and high specific power
(up to 3945 W kg1, 1095 W L), stable cycling performance over hundreds of cycles, and reversibility within the potential

range of 2.65-4.7 V vs. K/K*.
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INTRODUCTION

Dual-ion batteries!-> (DIBs) are an emerging class of electro-
chemical energy storage devices that are distinguished from
common “shuttle-type” or “rocking chair” batteries such as
lithium-ion batteries (LIBs) that rely on the participation of
only a single type of ion (e.g., Li*) at both electrodes. In a DIB
cell, two types of ions (a cation and anion pair) co-mingle in
the bulk electrolyte in the discharged state. Upon charging,
the large (typically polyatomic) anions are oxidatively in-
serted into the cathode material, a process that occurs at high
potential relative to the reversible electroplating, alloying, or
insertion reaction of the cation at the anode. The mainstay of
research into compounds that can readily host anionic species
has remained focused on nonporous solids such as graphite¢-
15, nanostructured graphitic materials!6-29, amorphous carbon
materials (e.g., hard carbon?!, mesocarbon microbeads??, and
microbead films?3), hydrocarbons (e.g., polycyclic aromatic
hydrocarbons?* 25 and aromatic diamines?¢), conductive poly-
mers?7-2%, and some metals (e.g., metal fluorides3°?). A 3D po-
rous carbon has been investigated as a high stability current
collector for graphite-based DIBs.31 On the contrary, little at-
tention has been paid to the use of high surface area mi-
croporous3? materials as exclusively capacitive-type cathode

materials in DIBs (although redox-active metal-organic
frameworks (MOFs) have indeed begun to be explored33-35).

In this work, we draw attention to two key features of DIBs
that lend great potential promise to conductive microporous
materials carrying a large accessible inner surface to serve as
a high-capacity and high-rate capability, purely capacitive
cathode material: (i) the high working potential of the ca-
thodic reaction occurring at the porous material surface and
(ii) the large size of the anions typically employed. The high
potential of anion insertion/de-insertion significantly miti-
gates the irreversible loss of energy density associated with
excessive solid-electrolyte interphase (SEI) formation during
the first several cycles, a well-known problem associated with
the low potential adsorption of cations at the surface of po-
rous anode materials in shuttle-type batteries.3¢-3° Further-
more, the oxidative insertion of anions is, in general, a notori-
ously challenging reaction to perform reversibly and/or at
high rates within condensed solid-state media (as compared
to the reductive insertion of smaller cations). This observa-
tion is often attributed mainly to the larger size of the anions
employed,*® although such size effects have been shown to be
complexly related to other electrolyte effects, such as ion-pair
formation and self-aggregation.#! These observations to-

ether strongly incentivize the exploration of highly porous
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materials that are both conductive and that can easily accom-
modate large, polyatomic anions by adsorption on their inner
surfaces as both high energy- and power-density electrodes
in DIBs.

While some MOFs are redox-active and/or electrically con-
ductive, most are neither.42 Carbon-based porous materials
such as activated carbon, on the other hand, are known to ex-
hibit very large surface areas and micropore volumes, akin to
MOFs, and to exhibit modest electrical conductivity, while also
remaining inexpensive to produce and only consisting of highly
Earth-abundant constituent elements. Indeed, activated car-
bons serve as the standard electrode materials in electrochem-
ical capacitors (i.e., supercapacitors) for these reasons, and ow-
ing to their ability to be both oxidized and reduced. Capacitive
charge storage increases as a function of surface area,*3 44 and
the highest surface area carbon materials exhibit benchmark
electrochemical capacitance in both aqueous and organic elec-
trolytes.36

Zeolite-templated carbon (ZTC) represents an extreme limit
of ultra-high surface area, carbon-based framework materi-
als. ZTC is synthesized within a crystalline microporous sili-
cate (zeolite) template, exhibiting an ordered network of
pores with an extremely narrow pore size distribution made
up exclusively of micropores.?® The most well-understood
ZTC structure is the variant derived from faujasite (FAU-ZTC)
which features ~1.2 nm pores separated by curved graphene-
like struts composed of disordered and irregular polycyclic
carbon fragments.*> While the atomic-level structure of FAU-
ZTC is disordered, the pore-to-pore regularity (imparted by
the zeolite template during synthesis) is very high, and the
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volumetric density of homogeneous micropores is higher
than that of any other predominantly sp?-hybridized carbon-
based material. Importantly, the three-dimensionally con-
nected structure of ZTC is sufficiently conductive*¢ to permit
its use as a bare (capacitive- or pseudocapacitive-type) elec-
trode material in electrochemical capacitors*’->4 (supercapac-
itors) and batteries®®, even at very high current rates*® and
low temperaturest. These traits make ZTC an ideal material
for hosting large, polyatomic anionic species via a capacitive
storage mechanism on its inner surface.

In this work, potassium bis(fluorosulfonyl)imide (KFSI) DIB
cells based on ZTC along with several other bare porous car-
bon materials were prepared and characterized as a proof-of-
principle, and to determine the dependence of the charge
storage capacity (i.e., anion uptake) on the surface area and
micropore volume. Bis(fluorosulfonyl)imide (FSI-) was cho-
sen as an optimal anion due to its demonstrated successful
use in DIBs,*157 high oxidative stability,5® and solubility even
in high concentrations in mixtures of ethylene carbonate (EC)
and dimethyl carbonate (DMC), permitting high energy and
power densities in full-cell DIB prototypes. Potassium was
chosen as a suitable counter ion owing to its high natural
abundance and good electroplating/stripping characteristics
under the conditions necessary for FSI- insertion into ZTC
(imparting a similarly high cell voltage to lithium but being
>100x more abundant in Earth’s upper crust). The full-cell is
thus comprised only of highly abundant elements (C, K, N, S,
0, and F) and a schematic of the working principle of this KFSI
DIB concept is shown in Figure 1, depicting FSI- insertion into
ZTC during charging.
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Figure 1. Schematic Depiction of the Working Principle of a KFSI DIB Employing ZTC as the Active Cathode Material. (a) In the as-
prepared cell, pristine (unoccupied) ZTC is dispersed onto a TiN-coated stainless steel current collector and the electrolyte solution
(KFSI in EC/DMC) is allowed to wet all components freely. (b) Upon charging of the cell, K* cations combine with electrons at the
anode and electroplating of metallic potassium occurs. Concomitantly, FSI- anions insert into the oxidized ZTC framework and
[FSI]J@ZTC is formed in the fully charged state. (c¢) Upon discharge, K* cations are stripped from the anode back into solution and
electrons travel to the cathode, recombining with the ZTC framework; most of the FSI- anions leave the ZTC and redissolve into the
electrolyte, while some remain irreversibly adsorbed within the ZTC.
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KFSI DIBs based on ZTC as the cathode were found herein to
exhibit a high reversible specific gravimetric capacity (up to
141 mAh g1) even at high current rates, over hundreds of cy-
cles. Importantly, the average voltage was found to be 3.0-3.5
V vs. K/K* (depending on the current rate), leading to very
high specific energy densities (up to 485 Wh kg') and power
densities (up to 5785 W kg1) for the ZTC itself as a bare cath-
ode. In full-cells, DIBs employing ZTC as the cathode are esti-
mated to achieve values of 176 Wh kg and 3945 W kg under
the conditions investigated herein, which compare favorably
to state-of-the-art LIBs. As in previous work exploring both
microporous carbons5® and other carbon-based materials!6 2%
59-61 35 electrodes in aluminum batteries (ABs) , the irreversi-
ble capacity loss associated with formation of SEI in the first
several charge/discharge cycles was greatly mitigated. Unlike
past work, on the other hand, significantly higher energy and
power densities could be achieved in ZTC-based KFSI DIBs,
owing to a much higher operating voltage and a higher con-
centration of electrolyte in the cell. This work lays a founda-
tion for further pursuits of electrode/electrolyte combina-
tions that provide stable, high-voltage operation by anion in-
sertion within the microporous networks of high surface area
carbonaceous materials such as ZTC.

RESULTS AND DISCUSSION

Synthesis of ZTC. The faujasite variant of zeolite-templated
carbon (FAU-ZTC) was synthesized by the well-established
two-step method, comprising the liquid-phase impregnation
of a Y-type zeolite with furfuryl alcohol and gas-phase impreg-
nation of propylene. The chemical vapor deposition (CVD)
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conditions employed for propylene insertion and pyrolysis
within the zeolite were optimized for high template fidelity

(high surface area and pore-to-pore regularity and minimal
graphitic content) based on previous results.>> Heat treat-
ment at 900 °C to anneal the underlying carbon framework
was followed by cooling and dissolution in aqueous HF to free
the final ZTC product. Detailed synthetic methods are given in
the Supporting Information.

Materials Characterization. The high template-fidelity na-
ture of the FAU-ZTC structure (and hence high surface area
and pore regularity) was evidenced by X-ray powder diffrac-
tion (XRD), nitrogen adsorption, and electron microscopy
(see Figure 2). The intense XRD reflection centered at 26 =
6.5° (d-spacing = 1.36 nm) indicates the high pore-to-pore
regularity of FAU-ZTC inherited from the zeolite NaY tem-
plate, while the absence of higher order peaks is indicative of
its generally amorphous local atomic structure (Figure 2a).62
Pore-to-pore regularity was also clearly observed in trans-
mission electron microscopy (TEM) investigations, with peri-
odic contrast patterns parallel to the ZTC particle edges exhib-
iting an average spacing of ~1.4 nm (Figures 2c-2d, Figures
$2-S3). Scanning electron microscopy (SEM) studies at lower
magnification confirm that the size and shape of the ZTC par-
ticles are identical to the microcrystalline zeolite NaY tem-
plate (see Figure S1).

Nitrogen adsorption/desorption isotherms at 77 K confirm
the exclusively microporous structure and high surface area
of ZTC (Figure 2b). The isotherms exhibit a pronounced knee
atP/Po=~0.12, arelatively flat adsorption uptake plateau be-
tween 780-920 mLste g1, and no apparent adsorption/ de-
sorption hysteresis, all indicative of exclusively microporous
structure.

Figure 2. Structure of Zeolite-Templated Carbon (ZTC). (a) X-ray diffraction (XRD) pattern of ZTC (black) compared to that of the
native zeolite template (red) and the calculated FAU zeolite crystal structure (purple). (b) Equilibrium N2 adsorption/desorption
isotherms at 77 K of ZTC (black) compared to its template (red) and corresponding non-local density functional theory (NLDFT)
pore-size distributions compared to the theoretical diameter of the theoretical FAU 12-ring pore openings (purple dashed). (c) Zero-
loss filtered transmission electron micrograph of a ZTC particle revealing the long-range pore ordering. The pores are aligned per-
pendicular to the image plane and oriented perpendicular to the particle edge as confirmed by (d) the corresponding Fourier trans-

form image.
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The adsorption branch was fitted to the Brunauer-Emmett-
Teller (BET) isotherm equation between P/Po = 0.02-0.8 ac-
cording to the standard consistency criteria for microporous
materials®3, yielding a monolayer capacity of 760 mLstr g1 and
a BET surface area of 3310 m2 g'! (see Figure S4). It should be
noted that this value is significantly higher than that of a pris-
tine double-sided sheet of graphene (2650 m? g'1) owing to
significant edge-character of the ZTC structure. The mi-
cropore volume of ZTC was found to be 1.41 mL g, as deter-
mined by Dubinin-Radushkevich (DR) analysis (see Figure
S5). Non-local density functional theory (NLDFT) analysis of
the adsorption branch reveals a narrow pore-size distribution
centered at a diameter of 1.19 nm (Figure 2c). The slightly
longer overall pore-to-pore regularity of ~1.4 nm measured
by XRD and TEM indicates that the pore walls in ZTC are
atomically thin (<0.3 nm) and that all carbon surfaces are ex-
posed on both sides. Together, these results are consistent
with the open, double-sided graphene-fragment based molec-
ular model of archetypical FAU-ZTC.45

Electrochemical Oxidation of ZTC in KFSI Electrolyte.
The electrochemical oxidation of ZTC in the presence of KFSI
electrolyte was assessed in an analogous way as for recent in-
vestigations of FSI- intercalation in graphite.®* The relevant
electrochemical reactions proceed as follows (where the for-
ward direction occurs during charging):

Anode: K*+e oK €8]
Cathode: x C+FSI” & [FSI|C, + e~ (2)

For graphite, it was found that the upper limit of FSI- incorpo-
ration corresponds to a stage 1 intercalation compound with
a composition of [FSI]Ci2 (i.e., x = 12 in Equation 2) and the
charge/discharge voltage plateau is at 4.7-4.8 V vs. K/K*.64

The charging process ends when all of the K* cations or FSI-
anions are depleted in the electrolyte, or when the ZTC cath-
ode reaches its maximum charge storage capacity. In this
work, anticipating a similarly high voltage of operation as in
graphite, a range of electrolyte compositions in several or-
ganic solvents and mixtures thereof were investigated with
the goal of determining a solution with an appropriate voltage
stability and the highest possible concentration of KFSI. It
should be noted that the KFSI solution serves as both an elec-
trolyte (i.e., ion conduction medium) and as the source of elec-
troactive species; the concentration of the electrolyte is a lim-
iting factor in the energy density of the final cell (see Support-
ing Information for details) and must be maximized. Prelimi-
nary experimental results on the electrochemical perfor-
mance of ZTC-based KFSI DIBs with different electrolyte con-
centrations also revealed that higher concentration was cor-
related with higher charge storage capacity (Figure S7).
Therefore, there is a two-fold contribution of the electrolyte
concentration to energy and power density due to the higher
ZTC cathodic capacity contribution. Based on these consider-
ations, all electrochemical experiments carried out in this
work were performed using a high concentration electrolyte:
4.8 M KFSIin EC/DMC (1:1 by weight). It should be noted that
the large volume expansion of the electrolyte solution upon
dissolution of KFSI leads to a significantly lower actual con-
centration than initially mixed (e.g., the true concentration of
a nominally 10 M solution is only 4.84 M when measured by
final volume). Higher concentrations of the KFSI salt in the
EC/DMC mixture are possible, but were found to result in

4
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viscosities that serve to significantly reduce ionic conductivity
as well as long wetting times, and were therefore abandoned.

The type of charge storage mechanism®® as well as the sta-
bility window?®¢ of electrochemical oxidation of ZTC were as-
sessed by cyclic voltammetry (CV) measurements carried out
in 4.8 M KFSI in EC/DMC (1:1 by weight). Early experiments
suggested that the electrochemical oxidation behavior of pris-
tine ZTC in the presence of KFSI was markedly different dur-
ing the first several (typically six) electrochemical cycles, in-
dicating some irreversibility in the electrochemical reactions
undergone during the early stages of oxidation of the ZTC
framework, and likely SEI formation at the surface. The spe-
cific nature of these first six cycles (scan rate, voltage range,
etc.) was found to play a significant role in the eventual re-
versible electrochemical characteristics of the ZTC. Hence, a
specific pretreatment regimen needed to be established that
optimally prepared the ZTC for further electrochemical char-
acterization and eventually for optimal electrode preparation
(see Supporting Information for details). The optimal pre-
treatment regimen was determined to consist of six galvanos-
tatic cycles between 2.65-4.7 V vs. K/K* at 120 mA gt after
which all other electrochemical characterization was carried
out.

Successive CV measurements within incrementally widen-
ing voltage windows were then used to determine the limits
of reversible oxidation (FSI- insertion) and reduction (K* in-
sertion) of ZTC (with further details provided in the Support-
ing Information). An overall “stability window” of ~1.0-4.8 V
vs. K/K* was determined for ZTC (Figure S8); this is con-
sistent with previous reports of the electrochemical stability
of ZTC in other electrolytes (e.g., 1.2 to 4.7 Vvs. Li/Li*in 1 M
LiPFs in EC/DEC).3° However, it should be noted that there is
a difference between the “stability window” and the optimal
window of operation in a full-cell KFSI DIB. Galvanostatic dis-
charge and differential capacity measurements of ZTC within
the full voltage range of 1.0-4.7 V vs. K/K* show a sharp de-
cline in dQ/dV intensity below 2.65 V indicating the start of
(undesirable) K* ion insertion within ZTC (Figure S9). There-
fore, the optimal window of operation of a KFSI DIB cell em-
ploying ZTC as the active cathode material for the exclusive
insertion/removal of FSI- ions was determined to be 2.65-4.7
V vs. K/K*. Within this range, “cycled” ZTC shows highly re-
versible behavior even at slow scan rates down to 0.1 mV st
and a strictly capacitive mechanism of charge storage (Figure
$10).

ZTC as the Cathode in a KFSI DIB Cell. Electrochemical
cells comprising pristine ZTC as the cathode (and a thin layer
of potassium on stainless steel as the anode) in 4.8 M KFSI in
EC/DMC (1:1 by weight) were prepared and galvanostatically
cycled between 2.65-4.7 V vs. K/K* (see Figure 3). At the low-
est current rate investigated (120 mA g1), the specific dis-
charge capacity of ZTC was measured to be 139.5 mAh g* dur-
ing the 6t cycle, representing a ~40% increase over graph-
ite®4, at an average voltage of 3.49 V vs. K/K*. For comparison,
identical KFSI DIB cells comprising several other porous car-
bon cathode materials were also tested within the same volt-
age window (Figure 3a). The reversible specific discharge ca-
pacity of each cathode material was found to be linearly de-
pendent on both the BET specific surface area and the DR spe-
cific micropore volume of the bare porous carbon (see Figure
$6). With regard to surface area, this corresponds to a packing
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density of 0.947 FSI- anions per nm? of nitrogen-accessible
surface at 120 mA g-1. Having the highest specific surface area
and largest micropore volume, ZTC was selected, as expected,
for all further detailed electrochemical analyses.

Upon extended electrochemical cycling, it was observed
that reversible operation (coulombic efficiency of >99%) of
ZTC as the cathode in a KFSI DIB was achieved after the first
six cycles (see Figure S11) and could be maintained for sev-
eral hundred cycles (Figure 3b). At 120 mA g, the stable dis-
charge capacity was increased slightly up to 141 mAh g1 after
>300 cycles. The dependence of the specific discharge capac-
ity and average discharge voltage on current density were de-
termined by variable current cycling as shown in Figures 3c-
3d. At 480 mA g1, the stable discharge capacity was reduced
to 97 mAh g1, ~70% of the initial stable discharge capacity at
120 mA g The charge/discharge voltage profiles at all cur-
rent rates were found to be continuously sloped and do not

exhibit any insertion/de-insertion plateaux, which is
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consistent with the capacitive mechanism of charge storage as
determined by cyclic voltammetry.

At a current rate of 120 mA g, the cathode-specific energy
and power density of ZTC are calculated to be 485 Wh kg and
418 W kg, respectively, as detailed in the Supporting Infor-
mation. The energy density was found to increase linearly
with specific surface area while power density was approxi-
mately constant across all of the porous carbon cathode ma-
terials investigated (see Figure $16). Some scatter in the data
is observed, indicating the likely relevance of other materials
properties such as pore size, chemical composition, and edge
contribution of the surface, as has been investigated in poly-
aromatic hydrocarbon molecular solids25. On the other hand,
the energy density of ZTC was found to decrease linearly with
increasing current rate (modestly, as expected) while power
density increased linearly with current rate (between 120-
1920 mA g1).
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Figure 3. Electrochemical Characterization of Microporous Carbon Materials as the Cathode in Dual-Ion KFSI Batteries. (a) Galvanos-
tatic charge/discharge voltage profiles of ZTC (black), and two lower surface area porous carbon materials (green and light green)
during the 20th cycle, at a current rate of 120 mA g-1. The capacity (at 2.65 V during discharge) is proportional to BET specific surface
area (BET SA), related by a factor of 37.8 mAh per 1000 m2 of nitrogen-accessible surface area. (b) Discharge capacity (open dia-
monds) and coulombic efficiency (filled circles) over 300 cycles for ZTC KFSI DIBs cycled between 2.65-4.7 V at 120 mA gL (c)
Galvanostatic charge/discharge voltage profiles of ZTC during the 12th, 17th, 22nd, 27th and 32nd cycles, at various current rates be-
tween 120-1920 mA gt as specified by color. (d) Discharge capacity retention (open diamonds) and coulombic efficiency (filled

circles) over the same 50 cycles at the current rates indicated.
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This is an indication that the mechanism of charge storage
is not limited by diffusion within the porous framework of
ZTC.

Evidence for Insertion of FSI' into ZTC. A combination of
19F and 13C solid-state NMR experiments were carried out to
verify the successful insertion of FSI- anions within the pore
structure of ZTC during charge/discharge cycling of the above
described cells. A series of samples consisting of pristine (un-
occupied) and solution-impregnated [FSI|@ZTC were com-
pared to ex situ recovered samples of electrochemically-cy-
cled ZTC (in either the fully charged or fully discharged state).
To assist in distinguishing the contributions from adsorbed
FSI- and free FSI- dissolved in solution (potentially a contami-
nant on the outer surfaces of the ex situ recovered samples),
a washing regimen was established that consists of carefully
rinsing the ZTC particles with EC/DMC (1:1 by weight) after
which the samples could be compared with and without
washing (details given in Supporting Information).

Static and magic angle spinning (MAS) '°F solid-state NMR
experiments showed several common features in all spectra,
including two strong signals at -148 ppm and -84 ppm that
can be attributed to instrument-related background, as
shown in Figure 4 and Figure S13. In the spectra for all sam-
ples except the pristine ZTC, a distinct signal at 52 ppm is ob-
served, corresponding to the presence of freely tumbling FSI-
(as confirmed by solution-state NMR of the neat liquid elec-
trolyte solution).

—Pristine ZTC

—Impregnated

—~Fully Charged

240 180 120 60 0 -60 -120
19F MAS Shift (ppm)

Figure 4. 19F MAS NMR (10 kHz) spectra of pristine, impreg-
nated, and electrochemically cycled ZTC. The gray shaded re-
gion indicates signal originating from instrument background.
The starred peaks surrounding the signal at 57 ppm are spin-
ning sidebands resulting from a large chemical shift anisotropy
(CSA), demonstrating immobilized FSI- anions. This species is
present in the spectra of charged and discharged ZTC, which
indicates its origin as irreversibly adsorbed FSI- anions in-
serted during the first six cycles of cell operation. The very in-
tense and broad (405 Hz) signal at 52 ppm in charged ZTC, cor-
responding to semi-mobile adsorbed FSI- anions, is evidence of
the reversibly adsorbed FSI- species inserted during each cycle.
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This indicates that despite the washing treatment, some sol-
ubilized FSI- does remain in/on all samples, although far less
significantly in the case of the washed samples (Figure S13).
The linewidths of this signal in the second set of 1°F solid-state
NMR experiments under MAS conditions (90°-one-pulse se-
quence at 10 kHz) can be directly compared to determine the
relative mobility of the solubilized FSI- species (see Figure 4).
The narrow signal at 52 ppm (exhibiting a linewidth of 74 Hz)
for the solution-impregnated (and washed) ZTC is associated
with dissolved FSI- as in the neat liquid electrolyte solution
(likely on the outer surfaces of the ZTC particles, as consistent
with the results from static NMR experiments). For fully
charged ZTC, an intense signal at 52 ppm is accompanied by
another centered at 57 ppm that also exhibits several spin-
ning sidebands, both corresponding to the presence of FSI-.
The primary signal at 52 ppm, exhibiting a linewidth of 405
Hz, is significantly broader than that for solubilized FSI- in
neat solution (5 Hz), indicating that the majority FSI- species
in charged ZTC are less mobile than in the solution state. This
serves as direct evidence of adsorption of FSI- within the pore
network of ZTC during electrochemical charging. The second-
ary signal at 57 ppm, accompanied by spinning sidebands,
must arise from a distinct FSI- species that exhibits significant
chemical shift anisotropy (CSA). This indicates the presence
of a second, fully immobilized FSI- species, attributable to the
irreversibly inserted FSI- detected during the first several
electrochemical cycles, as previously mentioned. For fully dis-
charged ZTC, the signal at 52 ppm was found to be greatly re-
duced in intensity and once again relatively narrow (74 Hz),
similarly to the impregnated (and washed) ZTC containing
only highly mobile FSI- anions in solution on the outer sur-
faces of the ZTC particles. The discharged sample also shows
the signal at 57 ppm with obvious spinning sidebands indicat-
ing that the portion of inserted FSI- that is immobilized within
the ZTC pore network during charging is indeed not removed
during discharge.

The mobility of adsorbed FSI- ions within the pores of fully
charged ZTC, while restricted compared to the bulk liquid
electrolyte, was still relatively high for an adsorbed phase
confined within a narrow, microporous network. This was
further investigated by 13C MAS solid-state NMR experiments
to determine if EC or DMC were also incorporated along with
FSI' during cycling (see Figure S14). Under the conditions
employed, no signals originating from the ZTC framework it-
self were detected, owing to very long relaxation times asso-
ciated with the weakly conductive and rather amorphous na-
ture of the material. For all samples exposed to the EC/DMC
electrolyte mixture and then thoroughly washed (including a
drying step at 25 °C under vacuum), only EC was observed in
the 13C NMR spectra (at 66 and 157 ppm). This implies that,
due to its higher boiling point (248 °C as compared to 90 °C
for DMC), EC did not fully evaporate from all of the external
surfaces prior to NMR measurements. It also serves to sup-
port the possibility of EC being inserted into the pores of ZTC
along with FSI- during charging. If co-inserted during charg-
ing, this would permit some (restricted) mobility of the FSI-
ions adsorbed on the inner pore surfaces, and would explain
the narrower linewidth than expected for adsorbed FSI- in
fully charged ZTC and the absence of spinning sidebands as-
sociated with the signal at 52 ppm. Finally, elemental analysis
was also carried out on solution-impregnated and electro-
chemically cycled ZTC, and the results (Table S5 and Figure
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$15) are consistent with the conclusions drawn by NMR anal-
ysis (within statistical error).

Pore-Filling Considerations of FSI- Insertion in ZTC. The
FSI- anion inserted/de-inserted at the ZTC cathode in a KFSI
DIB is relatively large when compared to a Li* cation (1.8 A in
diameter), consisting of two [SO2F]- ligands bridged by an im-
ide. Its non-spherical shape makes estimation of its effective
size more difficult than for other anions such as AlCls-and PFs
that have previously been studied in the pores of ZTC. The up-
per limit of its longer ellipsoidal dimension can be estimated
to be as large as 8.6-8.8 A (based on 2x that of SO3F¢7). Its
overall size is estimated to be significantly smaller in other
previous work (5.4x2.6 A), though a methodology is not
given.*! Anion size can also be estimated by analysis of the
crystal structure of LiFSI, which exhibits a unit cell volume of
779.8(2) A3 (containing 6 formula units);8 each FSI- anion oc-
cupies 130 A3 (larger than PFs at 88.9 A3 but smaller than
TFSI- at 212 A3), corresponding to a cube with a side length of
5.1 A. Based on this volume per FSI- anion, the first cycle dis-
charge capacity of ZTC (203 mAh g at 120 mA g') corre-
sponds to ~42% pore filling of the ZTC framework (based on
its measured DR micropore volume of 1.41 mL g1). The stable
capacity after 200 cycles (141 mAh gt at 120 mA g!) corre-
sponds to a reversible filling of ~29% of the micropore vol-
ume of ZTC. Meanwhile, the total irreversible discharge ca-
pacity associated with the first six cycles corresponds to the
insertion of 7.3 mmol FSI- per gram of ZTC compared to the
total of ~5 mmol g! inserted and de-inserted per charge/dis-
charge cycle (assuming all of the discharge capacity is a result
of FSI- insertion). These calculations indicate that a significant
fraction of the total micropore volume of ZTC (~28%), even
upon maximum insertion of FSI-, remains either unoccupied
or occupied with solvent under the conditions investigated
herein. While lower current rates would likely lead to higher
capacities, this direction was not of interest in this work since
it was observed that coulombic efficiency was reduced to
<99% upon cycling at current rates below 120 mA g..

Energy and Power Density of Full-Cell KFSI DIBs. A full-
cell KFSI DIB consists of a thin metallic potassium film
pressed onto stainless steel as the anode, bare ZTC (without
any binder or conductive additive) pressed onto TiN-coated
stainless steel as the cathode, and 4.8 M KFSI in EC/DMC (1:1
by weight) as both the electrolyte and source of electroactive
ions. The majority of the cell’s mass lies in the electrolyte so-
lution, which includes both active ion species and the neces-
sary quantity of organic solvent to dissolve them. The specific
gravimetric and volumetric full-cell energy and power density
can be calculated in several ways but must always account for
the crucial mass and volume associated with the electrolyte
solution, and also varies depending on the desired
charge/discharge current rate (see Supporting Information,
especially Tables S6-S9).

A Ragone plot comparing the calculated gravimetric energy
and power densities of KFSI DIBs based on ZTC as the cathode
in 4.8 M KFSI electrolyte to previously reported DIBs and po-
rous material cathodes is shown in Figure 5. While the bare
ZTC cathode material exhibits energy densities of up to 485
Wh kg1 and power densities of up to 5785 W kg! (shown as
blue symbols), the corresponding values for full-cells are re-
duced to 176 Wh kg! and 3945 W kg1, respectively, for an
ideal cell with negligible mass of additional components (the
cell case, current collectors, separator, etc.). With simplistic
estimates of the mass of these components, the energy and
power densities of full cells are further reduced to 164 Wh kg-
Tand 3471 W kgt however, it should be emphasized that such
estimates do not represent accurate end-user values but
serve only as a comparison to previous work5s. In Figure 5,
the estimated range of full-cell energy and power densities of
ZTC KFSI DIBs (with and without consideration of the addi-
tional components) is shown by a solid blue line boundary.
Multi-ion batteries based on AlCls in 1-ethyl-3-methylimidaz-
oliumchloride ([EMIm]CI) as the electrolyte (referred to as
ABs, where AlCls, Al2Cl7, and Cl- make up the active anions of
insertion at the

10000 Full-Cell ABs %
G XX
x Commercial LIBs
Tk s et
R % >s¢(x X — ull-Ce
2 % X GF AB Cathode
2 x X —GF AB Full-Cell
> 100 F X
G ; X X ZTC KFSI DIB Cathode
c F % X
K : —ZTC KFSI DIB Full-Cell
g - X X MOF NaPF, DIB Cathode
& 10 Full-Cell X MOF LiPF, DIB Cathode
: KFSI DIBs
(this work)
1 1 1 1 1 Ll Ll
5 50 500

Energy Density (W h kg?)

Figure 5. Gravimetric Ragone Plot comparing ZTC,55 two MOFs33.34, and graphitic foam (GF)16 as porous cathode materials in several
dual-ion battery (DIB) chemistries: AlCl3-based aluminum batteries (ABs), LiPF¢- and NaPFs-based DIBs, and KFSI DIBs as reported
herein. Cathode-specific quantities (symbols) are shown in comparison to estimated full-cell quantities (solid lines) that depend on
the precise charge storage mechanism and other factors such as the mass of additional components (cell case, current collectors, and
separator). Typical values for commercial lithium-ion batteries (LIBs) are also shown (shaded gray region).
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cathode) comprising ZTC as the cathode are also shown.>>
Comparatively, KFSI DIBs based on ZTC represent a signifi-
cantimprovement in both specific energy and power. This im-
provement is also extended to volumetric energy and power
densities, whose values depend significantly on the maximum
packing density of the porous ZTC cathode. This stark im-
provement over AlCls-based ABs is primarily a consequence
of the high electrolyte concentrations accessible to KFSI in
EC/DMC solvent (up to 4.8 M in this work) and the much
higher operational voltage (3.0-3.5 V vs. K/K* in KFSI DIBs as
compared to 1.05 V vs. Al/Al3* in ABs). Furthermore, the
range of estimated full-cell energy and power densities in ABs
is much larger since the precise mechanism of charge storage
remains unknown, and enacts a significant difference to the
amount of electrolyte required for operation.

By contrast, the average operational voltage of ZTC-based
KFSI DIBs is slightly lower than that of analogous cells based
on graphite as the cathode (4.7 V);%* this is consistent with the
pattern already reported for ABs based on ZTC and graph-
ite.14 18,55 Therefore, despite exhibiting a higher charge capac-
ity, ZTC-based DIBs and ABs garner lower overall energy den-
sities (a factor that is indeed assisted by the subsequent re-
quirement for less total electrolyte owing to a lower quantity
of exchanged ions during cycling). However, ZTC-based DIBs
and ABs compensate for this lower energy density by exhibit-
ing significantly higher rate capability and, therefore, power
density, similarly to recently emerging devices commonly re-
ferred to as hybrid capacitors.®® Overall, KFSI DIBs based on a
ZTC cathode have comparable energy density (176 Wh kg1,
79.8 Wh L1) to analogous graphite cells and much higher
power density (3945 W kgt and 1095 W L-1). A comparison of
gravimetric energy and power densities of ZTC-based KFSI
DIBs to similar batteries comprising other porous materials
such as MOFs and macroporous graphitic foam is shown in
Figure 5.

A hurdle facing all DIBs and ABs employing microporous,
high surface area materials as the cathode is the sloping volt-
age profile with no apparent plateaux, culminating in a vary-
ing discharge potential of the prepared cell. Such a charge-
storage mechanism is typical of capacitive electrode materi-
als, even including highly ordered MOFs that contain crystal-
lographically distinct redox-active sites within their pores
(e.g., at the open iron coordination centers in Fez(dobpdc)).
This seems to imply that improving the regularity of the ZTC
framework will not likely lead to a dramatic change in the
shape of the voltage profile for large anion storage; rather, a
sensible choice of insertion anion could instead lead to a
higher and flatter voltage profile. In several recent methodo-
logical studies, for example, it has been reported that larger
anions lead to higher average insertion/intercalation voltages
in both porous DIB cathodes33 and graphite,’® although size-
related effects in anion intercalation in graphite are also
known to be complexly related to other electrolyte effects,
such as ion-pair formation and self-aggregation.*! Future
work remains to methodologically assess anion-size effects in
ZTC-based DIBs and further establish electrolyte/solvent
mixtures that will lead to higher energy and power densities
yet.

8

ACS Applied Materials & Interfaces

CONCLUSIONS

Zeolite-templated carbon, an exclusively microporous, or-
dered carbon-based framework material, was demonstrated
to reversibly oxidize and reduce between 2.65-4.7 V vs. K/K*
and concomitantly undergo insertion and de-insertion of FSI-
anions, respectively. This reaction permits ZTC to be em-
ployed as the cathode material in high energy density KFSI
dual-ion battery (DIB) cells, which are found to be compara-
ble to state-of-the-art lithium-ion batteries despite being
comprised of only highly abundant elements (C, K, N, S, O, and
F). Full-cells based on a ZTC cathode and electroplating/strip-
ping of potassium metal at the anode demonstrate high volu-
metric and gravimetric capacities (up to 176 Wh kg-* and 79.8
Wh L%, respectively) after hundreds of cycles. The corre-
sponding full-cell power densities (up to 3945 W kg and
1095 W L'1) remain much higher than those of equivalent cells
based on graphite, where anion insertion/de-insertion is sig-
nificantly slower than within the ~1.2 nm micropores of ZTC.
Furthermore, both the energy and power densities of KFSI
DIBs are significantly improved over analogous aluminum
batteries owing to a much higher stable average voltage of op-
eration (3.0-3.5 Vvs. K/K*) and high-concentration of electro-
lyte employed. The insertion of both solvent and FSI- anions
within the pores of ZTC was evidenced by solid-state NMR
spectroscopy studies. In future work, zeolite-templated car-
bon is also likely to be an excellent model material for eluci-
dating the mechanism of conductance of ions (and the extent
to which they remain solvated or unsolvated) in nanometer-
scale pore spaces, a topic that remains poorly understood but
which is crucial for the optimization of myriad electrochemi-
cal energy storage devices, ranging from supercapacitors to
dual-ion batteries.

EXPERIMENTAL SECTION

Materials Synthesis. Pristine ZTC was prepared according
to the established two-step method®? 7! via liquid impregna-
tion of zeolite NaY with furfuryl alcohol at room temperature
and then chemical vapor deposition of propylene at 700 °C;
the zeolite template was removed upon repeated dissolution
in aqueous HF. For comparison, two mesoporous templated
carbons with larger characteristic pore sizes (MTC21 and
MTC31) were also prepared by similar methods from MSU-H,
an ordered mesoporous silica template. The synthesis meth-
ods are described in detail in the Supporting Information.

Materials Characterization. Powder X-ray diffraction
(XRD) measurements were performed on a Rigaku Ultima IV
diffractometer using Cu Ko radiation (A = 1.54 A) in reflection
geometry. Nitrogen adsorption/desorption isotherms were
measured at 77 K between 104-100 kPa using an automated
volumetric instrument (3Flex, Micromeritics Instrument
Corp.). Specific surface areas were calculated by the
Brunauer-Emmett-Teller (BET) method between P/Po =
0.008-0.12 and micropore volumes were calculated by the
Dubinin-Radushkevich (DR) method.”? Pore-size distribu-
tions were determined by non-localized density functional
theory (NLDFT) calculations using a dedicated software pack-
age (MicroActive Share, Micromeritics Instrument Corp.),
with a carbon slit-pore model. Transmission electron micros-
copy (TEM) was performed using a Jeol2200FS microscope
operated at 200 kV equipped with an in-column Omega-type
filter. In order to improve the image contrast, the TEM images
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were acquired by selecting solely the zero-loss peak (zero-
loss filtering) with a 15 eV energy slit. Samples were prepared
for TEM by sonicating the pristine carbon material in ethanol
for 3 min, placing a drop of the suspension on a holey carbon-
coated copper grid, and subsequently activating the material
at 200 °C under vacuum (10-* mbar). Elemental analysis was
performed by the Molecular and Biomolecular Analysis Ser-
vice (MoBiAS) at ETH Ziirich. The elemental composition was
determined by a combination of combustion analysis in Oz us-
ing a CHNS instrument (TruSpec Micro, LECO Corp., with IR
and thermal conductivity detectors) and a chromatograph
equipped with a thermal conductivity detector to determine
the sulfur content (HEKAtech, Eurovector SRL). Fluorine con-
tent was determined by digestion of the sample as per the
Schoniger method and quantification by ion chromatography.

NMR Spectroscopy. '°F and 13C solid-state nuclear mag-
netic resonance (NMR) spectroscopy was performed using a
Bruker 9.4 T spectrometer equipped with an Avance III con-
sole and a double resonance 2.5 mm solid-state probe head
(with which the proton channel could be tuned to '°F frequen-
cies). Samples were prepared for NMR as described in the
Supporting Information, and filled into a 2.5 mm zirconia ro-
tor in an argon glovebox. All experiments were performed at
room temperature, either in static mode or while spinning the
sample at 10 kHz magic angle spinning (MAS) frequency. The
19F chemical shifts were referenced to CFCls and the 13C chem-
ical shifts were referenced to Si(CHz)4. The number of transi-
ents acquired was 1024 for 1°F NMR experiments and 2048
for 13C NMR experiments. All spectra were acquired without
decoupling using one-pulse excitation sequences with pulse
lengths of 5.75 ps for 1°F (corresponding to a 90° pulse) and
1.1 ps for 13C (corresponding to a 30° pulse). The recycle delay
was setto5s.

19F solution-state NMR spectroscopy was performed using a
Bruker 11.7 T spectrometer equipped with a PABBO probe
head and an Avance III console. Samples were filled into con-
ventional 5 mm glass NMR tubes. Sealed glass capillaries con-
taining CeD¢ were added to the sample for locking to the deu-
terium signal of the deuterated benzene. The number of tran-
sients acquired was 256. Inverse gated H-1 pulse sequences
were used with pulse lengths of 15.0 ps for °F. During the ac-
quisition of 1°F NMR spectra, a WALTZ16 decoupling se-
quence was performed using 80 s proton decoupling pulses.

Electrochemical Cell Materials. The following materials
were used in the preparation of electrochemical cells: potas-
sium bis(fluorosulfonyl)imide (KFSI, >99.9%, Suzhou
Fluolyte Co.), ethylene carbonate (EC, battery grade, BASF),
dimethyl carbonate (DMC, battery grade, BASF), potassium
(99.5%, cubes in oil, Sigma-Aldrich), and glass microfiber
discs (0.67 mm x 257 mm, GF/D grade, catalogue number
1823-257, Whatman).

Electrolyte Preparation. The electrolyte was prepared by
slowly mixing KFSI powder and EC/DMC solvent (in a 1:1 ra-
tio, by weight) under inert Ar atmosphere (<0.1 ppm H20/02)
in the concentration specified (typically 4.8 M). A highly exo-
thermic reaction takes place upon mixing, resulting in the
eventual formation of a viscous, transparent liquid.

Current Collector Coating. To improve cycling stability un-
der high-voltage conditions, the stainless steel coin-type cell
caps (316L, Hohsen Corp.) were coated with TiN by pulsed DC
magnetron sputtering using a titanium target under a flowing
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Ar/Nz atmosphere (held at a molar ratio of 3.6:1 at a total flow
rate of 105.5 sccm) at a pressure of 0.5 Pa, similar to a previ-
ously described method.”® 74 The substrate and target were
both pre-sputtered for 5 min in pure Ar before deposition. The
target was then intentionally poisoned under a flowing Ar/N:
atmosphere (held at a molar ratio of 2.75:1 at a total flow rate
0f 112.5 sccm) for 5 min. During deposition, the target power
and temperature were set to 0.58 W cm2 and 200 °C, respec-
tively. The sides of the current collectors, parallel to the sput-
tering beam and thus less covered with TiN were further pro-
tected with a thin layer of Araldite Rapid two-component glue.

Electrochemical Cell Preparation. Stainless steel coin-
type cells (316L, Hohsen Corp.) were assembled in a glovebox
under inert Ar atmosphere (<0.1 ppm H20/03). A thin potas-
sium film pressed onto stainless steel was used as both the
reference and counter electrodes. The working electrode was
prepared without the use of any binder, conductive additive,
or solvent, and the electrolyte was used as prepared above. To
assemble the cell, the cathode material (in dry powder form)
was homogeneously dispersed onto the TiN-coated stainless-
steel cell cap. A single glass microfiber disc was then placed
on top as the separator, and saturated with ~300 pL electro-
lyte, added by wetting the exposed separator at the edge of
the cell. Lastly, a disc of stainless-steel containing a thin layer
of potassium was then placed on top and the cell was shut,
pressing all the components into contact. Each cell contained
loadings of 0.6-4.1 mg of active cathode material.

Electrochemical Measurements. The prepared cells were
electrochemically cycled after a waiting time of 2 h (under
open circuit conditions to allow complete wetting of the car-
bon cathode), typically between 2.65-4.7 V vs. K/K*, on a
multi-channel workstation (CT20014A, 0.005-1 mA, Lanhe
Corp.). Cyclic voltammetry was performed using a separate
multi-channel workstation (MPG-2, Bio-Logic SAS).

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 0.6-
4.1 mg. To determine the corresponding volumetric quanti-
ties, the bulk density of each cathode material was measured
in the dried state: e.g., 0.2 g mL-! for ZTC. Conversions of cath-
ode-specific to full-cell quantities were then made by several
methods to account for the additional mass and volume of the
electrolyte and other components (see the Supporting Infor-
mation for details regarding all calculations).

ASSOCIATED CONTENT

Supporting Information. Synthesis details, SEM and TEM im-
aging, N2 adsorption analysis, cyclic voltammetry, additional
galvanostatic cycling, 19F static NMR and 13C MAS NMR spectra,
elemental analysis, and full-cell energy/power density calcula-
tions. This material is available free of charge via the Internet
at http://pubs.acs.org.
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