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Rechargeable aluminum-graphite batteries using chloroaluminate-containing electrolytes have been the focus of significant
research, particularly due to their high-rate capabilities. Engineered graphite electrodes have been shown to exhibit supercapacitor-
like rate performance, despite the fact they store charge via the electrochemical intercalation of polyatomic AICl,  anions.
However, the origins of such rate capabilities are not well understood. Here, using electrochemical techniques, we disentangle
quantitatively the diffusion-limited Faradaic, pseudocapacitive, and capacitive contributions to charge storage, revealing that
AICl,  anions intercalate into graphite with significant pseudocapacitive characteristics due to low ion diffusion limitations.
Pristine and mildly exfoliated graphites are compared, where exfoliation resulted in significantly higher pseudocapacitive AICl, ™
intercalation at the highest potential redox pair as well as higher galvanostatic capacity retention at faster discharge rates. The
relationships between graphite structure, ion mass transport, and the overall rate of electrochemical AICl, intercalation are
discussed. Ton diffusion within the electrolyte phase of the porous electrode is shown to play a key role in controlling the rate of
intercalation at higher potentials and faster rates, which can be enhanced by reducing electrode tortuosity. The results establish that
chloroaluminate anion intercalation into graphite exhibits non-diffusion-limited pseudocapacitive contributions that are tunable by
modifying the graphite structure.
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Rechargeable aluminum-graphite batteries using chloroalumi-
nate-containing electrolytes are promising candidates for next-
generation energy storage: they utilize highly abundant, low cost
and inherently safe electrode materials, exhibit an average discharge
potential of ca. 2V vs. AI/AI(IIl), and are able to to charge and
discharge ultrafast.'™ The graphite positive electrodes store charge
when chloroaluminate AICl,” anions electrochemically intercalate
(during charge) and deintercalate (during discharge) via

charge
C, + AICI; =—=
discharge

Cu[AICL] + e (11

where C,[AICly] indicates a graphite-chloroaluminate intercalation
compound with a composition that depends on state-of-charge.
Researchers have shown that electrochemical properties depend
significantly on graphite structure,® though the relationship between
graphite structure and particular properties of interest, such as rate
capability (i.e., capacity retention when cycled at a particular
specific current), are still poorly understood. Al-graphite cells using
different pristine graphites exhibit varying specific capacities, cycle
lifetimes, and rate capabilities, such as pyrolytic graphite foil
(66 mAh g~' at 66 mA g~")! and natural graphite (120 mAh g~
at 60mA g~ ").%7 Most recently, it has been shown that by
engineering the graphite structure and/or the composite electrode
architecture, the rate capability in particular can be further enhanced,
approaching supercapacitor-like performance. For example, Lin et al."
developed a vapor-deposited graphitic foam electrode that yielded a
capacity of 60 mAh g and over 7500 cycles at 4 A g~ ', while Chen
et al’ demonstrated a high-temperature-annealed “graphene film”
electrode that yielded a capacity of 111 mAh g~ with 91.7% retention
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after 250,000 cycles while claiming extremely high specific currents up
to 400 A gfl. Later, Shen et al. demonstrated rates as fast as 1,000 A
g~ ' using a graphene cathode that was extensively processed via vapor
deposition, acid treatment, and supercritical CO, drying, while also
modifying the Al anode’s grain boundaries with Galinstan “liquid
metal.”® Another economical and scalable method to modify the
graphite structure is to exfoliate bulk graphite to decrease the c-axis
crystallinity.”'® For example, Zhang et al. ultrasonicated natural flake-
like graphite to exfoliate them into “few-layered graphene,” which were
used as electrodes that exhibited significantly higher capacity of
75 mAh g~' (compared to 11 mAh g™ for non-exfoliated) at elevated
cycling rates of 4800 mA ¢!, Graphite exfoliation has also been carried
out electrochemically in a sulfate-containing solution, yielding im-
proved lrzﬁe capabilities with a discharge capacity of 120 mAh g™' at
2A g .

Despite rapid advances in technological performance, researchers
have offered different and sometimes conflicting explanations as to
how modifying the graphite structure can enhance rate performance.
Not surprisingly, the physical origins of such structure-property
relationships remain unclear, including a quantitative understanding
of which processes are rate-limiting. For example, Ejigu et al.
attributed the improved rate capability of electrochemically exfo-
liated graphite electrodes to “faster ion insertion kinetics,” while
employing a CoSO, additive that mitigated surface oxidation.''
However, unless the chemical compositions of the graphite surfaces
are modified significantly, the intrinsic electrochemical kinetics of
AICl,~ anion intercalation is not expected to change. Another
hypothesis that has been offered is that exfoliation increases the
intrinsic diffusion of AICl,~ anions within the graphite interlayers.
Indeed, recent computational studies have suggested that the
diffusion coefficient of intercalated AICl,~ anions in three-layer
graphene (3.4 x 1077 cm?®s™') is ca. 150 times higher than graphite
(2.2 x 1072 em? s~ '), which was ascribed to enhanced structural
flexibility, though AICl, interlayer diffusion approaches bulk
behavior at approximately 6 layers.'? To observe this effect in a
bulk electrode, the majority of graphite particles would need to be
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exfoliated to few-layered graphene (< 6 layers), but this would also
result in a significant decrease in capacity attributed to AICl,~
intercalation due to fewer available interlayers. In addition, sig-
nificant capacity would instead arise from AICl, " electrosorption at
graphite surfaces (basal planes), which would be expected thermo-
dynamically to occur at potentials different than intercalation. Thus,
for many of the Al-graphite systems reported in the literature with
modified graphite electrodes, enhanced rate performance is not a
consequence of either intrinsically faster electrochemical intercala-
tion kinetics or faster solid-state diffusion of AICl,~ anions within
the graphite interlayers.

Faster rate performance due to graphite structure modification
instead lies in enhanced rates of the overall electrochemical
intercalation process, which involves the interplay between ion
mass transport and electrochemical kinetics. Physically, the max-
imum rate is determined by the intrinsic electrochemical kinetics that
govern the AICl,  intercalation reaction. Ion mass transport pro-
cesses can only slow down the overall intercalation process and are
often rate-limiting, yielding a slower “apparent” rate. In terms of
charge storage mechanisms, the electrochemical intercalation of
AlCl,~ anions into graphite is Faradaic charge storage that results
from a redox reaction in which electrons are transferred across an
interface. Faradaic charge storage can be further classified into
diffusion-limited and non-diffusion-limited charge storage, where
the latter is “pseudocapacitive.” Pseudocapacitive charge storage
thus describes a non-diffusion-limited redox reaction such that the
rate of mass transport of the electroactive species to the electrode
surface is very fast, compared to the rate of electrochemical
intercalation reaction, giving rise to electrochemical responses that
have similar characteristics to that of a capacitor. Pseudocapacitive
vs diffusion-limited Faradaic contributions thus depend upon the
system as well as experimental parameters. True capacitive charge
storage, which arises from the physical separation of charges, occurs
here within the electrochemical double layer at the electrode-
electrolyte interface but is small due to the low surface areas of the
graphites.® Ton mass transport is negligible for capacitive charge
storage.

Technologically, there is great interest to control and enhance
pseudocapacitive behavior in batteries to enable energy storage
devices with simultaneous high-power and high-energy.'> Various
electrode materials including transition metal oxides,'* metal or-
ganic framework,'> conductive polymers'® and carbon-based'” have
demonstrated pseudocapacitive behavior. Indeed, we recently de-
monstrated that AICl,~ anion intercalation into pristine graphite
electrodes was not purely diffusion-limited over typical CV scan
ratesf’ in contrast with purely diffusion-limited Li™ cation intercala-
tion into graphite in organic electrolytes.'® Instead, AICl,” inter-
calation was either effectively reaction-limited or within a mixed
reaction/transport-limited regime, depending on the extent of inter-
calation (state-of-charge) and graphite type (e.g., natural vs pyrolytic
graphite).® This result was initially surprising considering the large
size of sterically bulky, polyatomic AICl, ions (5.28 A diameter)'®
compared to atomic ions such as Li* (0.72 A diameter). But the Al-
graphite battery chemistry exhibits many unique features that
indicate that electrochemical intercalation of AICl, is a faster and
more facile process than expected. For example, while there have
been reports of electrolyte degradation products on the graphite
surfaces observed via ex situ characterization methods,? there is no
evidence to date of a true solid electrolyte interphase (SEI) forming
on graphite cathodes in chloroaluminate ionic liquids. Both diffusion
limitations and charge-transfer resistance at the electrolyte-electrode
interface are expected to be lower in the absence of an SEI. In
addition to weak ion desolvation penalties in the electrolyte,21 we
recently revealed via solid-state>> Al NMR spectroscopy that
AICl, "~ anions can intercalate even before the graphite layers expand
to form ordered stages by adapting distorted molecular geometries
that deviate from tetrahedral configurations, which may play a
role in fast rate performance.”> Meanwhile, computational results
predict that solid-state diffusion of AICl,~ within the graphite

interlayers can occur faster than expected, citing favorably low
diffusion barriers,*** the dynamically-changing ion molecular
geometries,”>?® as well as the coogerative movement and change
in stacking of the graphene sheets.”’ However, the physical origins
of the high-rate capabilities in Al-graphite batteries are still not well
understood, including the enhancements obtained by engineering the
graphite structure, as there have been no studies to date that have
quantitatively disentangled diffusion-limited Faradaic, pseudocapa-
citive, and capacitive charge storage behavior.

Here, we disentangle the physical charge storage mechanisms
and their rate dependencies, revealing that the AICl,”~ anion
intercalation process exhibits significant pseudocapacitive character-
istics over common experimental conditions. Using exfoliated
graphite as a model material with tunable structure and pristine
graphite as a reference, we found that ion mass transport in the
porous electrode played a key role in controlling the overall rate of
intercalation at higher potentials and faster rates, while pseudocapa-
citive intercalation can be enhanced by reducing the electrode
tortuosity and pore accessibility to the electrolyte. Graphite structures
were analyzed with electron microscopy, X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and nitrogen sorption
measurements. Variable-rate galvanostatic cycling and cyclic voltam-
metry (CV) analyses were conducted to quantify capacity retentions
and decouple diffusion-limited Faradaic, pseudocapacitive, and capa-
citive contributions to the current. Electrochemical impedance spectro-
scopy (EIS) was used to measure the interfacial charge transfer
resistances and apparent ion diffusion coefficients at different states-
of-charge, which were rationalized and correlated with the charge
storage contributions elucidated by CV analyses. The results yield
insights not only into the rate enhancements associated with exfoliated
graphite electrodes, but also into the unique electrochemical inter-
calation process of chloroaluminate anions into graphite electrodes.

Experimental Methods

Graphite exfoliation. Exfoliated synthetic graphite was synthe-
sized via dispersing 100 mg of pristine synthetic graphite powder
(TIMCAL, Timrex KS44) in 10ml of 1-methyl-2-pyrrolidinone
(NMP, Fisher Chemical, Lot # 184833) (Fig. S1 (available online
at stacks.iop.org/JES/168/060514/mmedia)). Exfoliation was con-
ducted by submerging vials in an ultrasonic bath (Elmasonic P30H)
at 80kHz for 120 min. After exfoliation, the dispersion was
centrifuged (Eppendorf 5702) at 3000 RPM (or 1360 x g RCF)
for 5 min, yielding smaller particles dispersed in the NMP solvent
(light fraction) and larger particles on the bottom and sides of the
centrifuge tube (heavy fraction). The light fraction dispersion was
removed by pipetting and not used for the electrodes due to low
yields. The remaining heavy fraction dispersion was dried at 110 °C
under vacuum (4 in Hg) for 12 h to remove the NMP solvent.

Electrode construction and cell assembly. Composite elec-
trodes were constructed using either pristine or exfoliated graphite
(heavy fraction only) and polyvinylidene fluoride (PVDF) binder
(Sigma-Aldrich, avg. molecular weight 534000 g mol™") in a mass
ratio of 90:10. An electrode slurry was prepared by mixing the
graphite and binder with NMP (~2 ml mg~" of solid material). The
electrode slurry was pasted on molybdenum (Mo) foil current
collectors (Alfa Aesar, 99.95%, 0.025 mm thick) using a doctor
blade set to a thickness of 300 ym. After vacuum drying at 110 °C
for 12 h, the dry electrode film thickness was approximately 100 pm.
The electrodes used for battery cells were 6-mm diameter disks with
an active graphite mass of ca. 1 mg, corresponding to a mass loading
of 5mg cm 2 The porosity of the composite electrodes was
estimated to be 50% for both pristine and exfoliated graphites via
1 - pelectrode/pmaterialsv where Pelectrode is the deHSity of the electrode
disk and p,,urerials 1S the tap density of the material components (i.e.,
1.9 g cm ™ for KS44 graphite and 1.74 g cm™ for PVDF). Cells
were assembled in air-tight polytetrafluoroethylene (PTFE) unions
(Swagelok, Y-in (6.35-mm) diameter) under argon atmosphere in a
glovebox (<1 ppm O, and <1 ppm H,0) with graphite as the
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positive electrode, aluminum metal foil (MTI, 99.99%, 0.1 mm thick)
as the negative electrode, AlCl;:[EMIm]CI (Iolitec, 1.5:1 molar ratio)
ionic liquid as the electrolyte (30 ul), a fiber glass separator (Whatman
GF/D), and molybdenum current collector rods (Torrey Hills
Technologies). Open circuit potentials (OCP) were approximately
1.65V.

Electrochemical cycling. Galvanostatic cycling was performed
with an Arbin LBT battery tester with upper and lower potential cut-
off limits of 2.45V and 0.50 V, respectively. Cyclic voltammetry
(CV) was performed using a Biologic VSP-300 potentiostat and a
two-electrode Swagelok-type cell geometry with aluminum foil as a
quasi-reference electrode. Two-electrode cells were used to ensure
identical cell geometry between the CV and galvanostatic measure-
ments. Note that two- and three-electrode CV measurement yielded
very similar results. Each CV scan began at the OCP followed by
increasing potential to the upper limit (2.45 V), down to the lower
limit (1.00 V), and then increasing again until the OCP was reached.
CV scan rates ranging from 20 1V s™' to 3mV s™" were used. All
electrochemical measurements were performed under ambient tem-
perature. All specific capacities are reported per mass of graphite.
Analyses of variable-rate CV peak currents (i,) were performed by
(1) the exponential scaling (b-value) method, where i, was selected
as a local maxima that shifts slightly over the range investigated
here, and (2) “Dunn’s method”,22 which assumes that i, responses
occur at a fixed cell potential across different CV scan rates. Thus,
small discrepancies may be expected between the exponential b-
value and the fraction of pseudocapacitive/Faradaic contributions, as
a function of cell potential.

Electrochemical impedance spectroscopy. Potentiostatic elec-
trochemical impedance spectroscopy was performed on three-
electrode Swagelok-type cells (Fig. S2) using a Biologic VSP-300
potentiostat. Aluminum foils were used as the counter and reference
electrodes and graphite was used as the working electrode. An
alternating current (AC) amplitude of 10 mV was used and frequen-
cies were varied from 500 kHz to 10 mHz with a sampling of 10
points-per-decade, logarithmically spaced. New cells were first
subjected to two CV cycles at a scan rate of 1mVs '
Immediately prior to each EIS measurement, linear sweep voltam-
metry (LSV) at 1 mV s~ ! was used to reach the desired potential (vs.
AI/AI(III)) that correspond to CV peaks during charge (1.9 V, 2.0V,
2.1V, 2.35V) and discharge (2.2 V, 1.8 V, 1.7 V). The cell potential
was then maintained for 5 min to ensure equilibrium conditions.
Total Harmonic Distortion (THD) and the Non-Stationary Distortion
(NSD) analyses were conducted to test the causality/linearity and
stability of the EIS measurements, respectively, which varied by less
than 5% across the entire frequency range (Fig. S3).2%

Galvanostatic intermittent titration technique. Cells were
first subjected to three galvanostatic discharge/charge cycles at
60mA g~ prior to any GITT measurements. Galvanostatic pulses
at 60mA g~ were applied for 300s using potential cutoffs of
2.45V and 0.5 V during charging and discharging, respectively. The
rest duration between pulses for both charging and discharging was
3 h. The internal resistance (IR) of the cell was measured at the
beginning of each current pulse using the Arbin IR-control algo-
rithm, which generates 10 current pulses of 20 ms with amplitudes
of +60 mA g~ .

Electron microscopy. A FEI Titan Themis 200 kV transmission
electron microscope (TEM) was used to probe the nanoscale
structures of pristine and exfoliated graphites. Graphite samples
were dispersed in ethanol, transferred to a TedPella lacey carbon 400
mesh grid, and then vacuum dried at 60 °C for 2 h.

X-ray diffraction. An X’Pert powder X-ray diffractometer
equipped with a Cu K-« radiation source (A = 0.154 nm) was
used to measure long-range periodic ordering of the graphites. A
scan rate of 0.5° (20) min~' was used to scan a 20 range of 20°—
60°.

X-ray photoelectron spectroscopy. A PHI Versaprobe II X-ray
photoelectron spectrometer with Al Ka X-rays (hv = 1,486.6 eV,
spot size = 200 pm, 45° measuring angle) was used to analyze

surface compositions of the graphite particles. Pristine graphite was
soaked in NMP for 2 h (without ultrasonication) and then dried at
110 °C under vacuum (4 in Hg) for 12 h so that the results can be
directly compared to those of exfoliated graphite. The source
potential and emission current were 15 kV and 4 mA, respectively.
Adventitious carbon was removed from the samples via Ar"
irradiation for 10 min at 1 keV. Deconvolution of the Cls spectrum
was performed with the PHI MultiPak software using a Shirley
background subtraction.

Nitrogen sorption. A Micromeritics ASAP 2020 adsorption
analyzer was used to conduct N, sorption measurements to measure
the specific surface area and pore volumes of pristine and exfoliated
graphite powders. The pristine graphite was dispersed in NMP and
soaked for 2 h, then dried at 110 °C under vacuum (4 in Hg) to
subject it to the same treatment as the exfoliated graphite so that it
can be directly compared to exfoliated graphite. The samples were
degassed at 150 °C for 12 h prior to isotherm determination in the
relative pressure range of 0.1 < P/P, < 1.0. The BET specific
surface area was determined using the isotherm range of 0.1 < P/P,
< 0.3, while the pore volume was determined at P/Py = 0.990 using
Gurvich’s rule,” which assumes that the adsorbed N, condenses
inside the pores at P/Py ~ 1.0.

Results and Discussion

Structures & surface compositions of graphites.—The effects of
mild liquid-phase ultrasonic exfoliation on graphite structure and
surface composition were revealed by transmission electron micro-
scopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS) and BET N, sorption analyses (Fig. 1). TEM
revealed that pristine synthetic graphite exhibits a highly crystalline,
layered structure of stacked graphene layers along the c-axis
(Fig. 1a), as expected. After exfoliation and centrifugation of pristine
graphite, two types of exfoliated graphite (light and heavy fractions)
were generated. Heavy fraction particles exhibited thinner crystallite
heights and some folding at flake edges (Fig. 1b). The light fraction,
which consisted of thinner and/or laterally smaller flakes that were
cleaved off of bulk particles (Fig. S4), was separated via centrifuga-
tion and not used in the electrode due to low yields. For both
graphite types, Moiré fringes were observed due to interference of
overlap crystallites with different rotational orientations (Figs. 1la,
1b). XRD yielded a characteristic diffraction pattern of graphitic
carbon for both the pristine and exfoliated samples (Fig. 1c), as
indicated by the negligible change in the position of the (002)
reflection at ca. 260 = 26° upon exfoliation. XRD thus establishes that
mild ultrasonic exfoliation preserves sufficient long-range mole-
cular-scale ordering of the graphite structure, as few-layered or
monolayer graphene would result in the absence of the interlayer
(002) reflection. No graphene oxide was observed, as evidenced
from the lack of a characteristic graphene oxide peak at 20 = 11°.°°

XPS was used to quantify the relative sp® and sp> carbon bonding
environments, as well as characterize the oxygen defects, on the
graphite surfaces (Figs. 1c, 1d). Deconvolution of the Cls photo-
electron spectrum revealed three components: (i) an asymmetric
peak (80% Gaussian) centered at ~284 eV attributed to sp~ carbons
that are characteristic of ordered graphite, (ii) a symmetric peak
(95% Gaussian) centered at ~285 eV attributed to sp> carbons that
are associated with dangling, terminal C—C bonds at edge sites’' and
(iil) a symmetric peak (100% Gaussian) centered at ~289 eV that is
likely associated with C=0 and/or O—C=0 states>> at edge sites,
indicating the presence of oxygen defects as well as residual NMP
solvent. Within experimental and fitting error, the relative concen-
trations for each component are the same for pristine and exfoliated
graphite, establishing that the mild exfoliation treatment does not
modify the surface chemistry of the graphite particles.

Nitrogen sorption measurements (Fig. S5a) were used to analyze
the surface area and pore volumes of the raw graphite materials. The
similar Type II isotherms of pristine and exfoliated graphite
indicated that the two materials possess similar nonporous structures
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Figure 1. Comparison of the structures and surface compositions of pristine and exfoliated graphites. TEM images of (a) pristine and (b) exfoliated graphite.
(c) XRD patterns. XPS binding energies (carbon region) of (d) pristine and (e) exfoliated graphite. (f) Specific surface areas and pore volumes obtained by N,

sorption isotherms.

and gas adsorption properties.”’ Brunauer—-Emmett-Teller (BET)
analysis of the isotherm (Fig. 1f) gielded similar specific surface
areas for pristine graphite (5.2 m* g~') compared to exfoliated
graphite (4.5 m? g~ '). Likewise, the pore volume was estimated to
be similar for pristine graphite (0.025 cm® g™") than for exfoliated
graphite (0.020 cm® g~ ). Thus, while mild exfoliation process alters
the c-axis thickness, it does not significantly alter the specific
surface area or total pore volume associated with interparticle void
spaces. Additionally, BJH pore size distributions of pristine and
exfoliated graphites show similar distributions for both graphite
types (Fig. S5b). However, these pore size distributions should be
used solely for comparing the graphite types, as opposed to detailed
quantitative interpretations, since BJH pore size analyses are of
limited accuracy for non-microporous materials such as the pristine
and exfoliated graphite investigated here.

Electrochemical cycling of Al-graphite cells.—Electrochemical
cycling of pristine and exfoliated graphite cathodes revealed similar
electrochemical behavior and cell-level performance at lower rates, but
significant differences at faster rates. At a relatively slow galvanostatic
cycling rate (60 mA g"), both pristine and exfoliated %raphite yielded
identical specific discharge capacities (78 mAh g~ '), indicating a
similar number of accessible intercalation sites. A discharge capacity of
78 mAh g~' corresponds to an estimated average composition of
Cog[AICL,],° neglecting ion trapping that occurs during the first cycle.”
Furthermore, both graphite types exhibited graphite staging transitions
at nearly identical cell potentials,"*%** as shown by their similar
differential capacity curves (Fig. 2b) and cyclic voltammograms
(Fig. 2c). The results establish that after exfoliation, the structure
remains sufficiently crystalline to support intercalation reactions with
periodic graphite staging. To test the hypothesis that exfoliation
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Figure 2. Electrochemical characterization of Al-graphite cells containing pristine or exfoliated graphite cathodes via (a) galvanostatic cycling at 60 mA g~

1

(5th cycle), (b) the corresponding differential capacity analysis, and (c) CV at 20 uV s~ (3rd scan).
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Figure 3. Galvanostatic cycling as a function of increasing specific current
for Al-graphite cells containing (a) exfoliated and (b) pristine graphite. For
each rate, the 10th cycle is shown. (c) Fraction of retained discharge capacity
with increasing specific current. Uncertainty bars represent the standard
deviation about the mean value of 3 cells.

enhances rate capability, variable-rate galvanostatic cycling was
conducted at rates ranging from 60 to 3800 mA g~' (Figs. 3a, 3b).
Above 60 mAh g™, exfoliated graphite showed a higher retention of
specific discharge capacity. For example, at 960 mA g~', exfoliated
graphite yielded an average 70% capacity retention, higher than the
47% capacity retention for pristine graphite at the same rate (Fig. 3c).
Insights into the higher-rate performance behavior of exfoliated
graphites were elucidated using variable-rate cyclic voltammetry
(Figs. 4a, 4b). At slow rates (e.g., 20 uV s7Y), the CVs of exfoliated
and pristine graphite were very similar (Fig. 2b). However, CVs

obtained at faster scan rates of 3mV s ! (Figs. 4c, 4d, black line)
showed that exfoliated graphite exhibits significantly higher specific
current at the 2.3 V/2.2 V charge/discharge couple compared to pristine
graphite, consistent with the higher degree of pseudocapacitive
behavior in the exfoliated materials at these potentials, as shown below.

Electrochemical analyses of charge storage mechanisms &
effects of ion mass transfer—Faradaic and (pseudo)capacitive
charge storage processes were disentangled by analyzing how the
C\272 5)4eak current (i) scales with the CV sweep rate (v) according
o™

i, = av? [2]

where b is an exponential scaling term between 0.5 and 1.
Electrochemical processes that exhibit the square-root scaling
ip~v°'5 (b = 0.5) are Faradaic reactions that are completely
diffusion-limited, whereas the linear scaling iy~v (b = 1) indicates
either capacitive and/or pseudocapacitive behavior, where the latter
are simply Faradaic reactions that are non-diffusion-limited (i.e.,
reaction-limited). Note that this scaling analysis cannot distinguish
the similar electrochemical responses of pseudocapacitive and
capacitive behavior, so we denote the combination of the two as
“(pseudo)capacitive.” However, the true capacitive contribution
arising from electric double layer (EDL) charging can be quantified
via first integrating the CV curve with respect to time across a region
AE where the current is constant (flat region) and scales like
ip~v(here, AE from 1.0-1.5 V, cathodic scan), yielding the charge O
arising from the EDL within this region. The specific capacitance C,
which is a constant, can then be calculated according to C = Q/AE.
Both pristine and exfoliated graphites had a specific capacitance C of
2 mF m™. This specific capacitance is independent of potential and
can therefore be applied to the entire potential window of the CV
(1.0-245V).

As shown below, pseudocapacitive contributions to the current
are dominant over EDL capacitive contributions, establishing that
any non-diffusion-limited behavior is indeed a result of the Faradaic
electrochemical intercalation of AICl, anions into graphite.

Overall, applying this scaling analysis to key CV peaks reveals a
striking difference between the two graphite types (Figs. 4a, 4b). In
particular, pristine graphite exhibited only diffusion-limited Faradaic
charge storage (b = 0.5) at the high-potential charge/discharge
couple (2.35V/2.2V) (Fig. 4b), while charge storage in the
exfoliated graphite was almost reaction-limited and thus pseudoca-
pactive (b = 0.9, Fig. 4a). This result is technologically interesting
as capacity retention is most important at higher potentials. At all
other states-of-charge, both graphite types exhibited a mix of
(pseudo)capacitive and diffusion-limited Faradaic and behavior
0.8 < b <09).

The different charge storage mechanisms can be further quanti-
tatively decoupled as a function of potential by expanding on the
current scaling relationships noted above. Mathematically, the total
current can be expressed as a linear combination of (gseudo)
capacitive and diffusion-limited Faradaic contributions via

i101 _ 0.5
W = kv’ + ky [3]

where k; and k, represent the fraction of current that exhibits a
(pseudo)capacitive and diffusion-limited Faradaic electrochemical
response, respectively. These contributions k; and k, can be
calculated from the slope and y-intercept, respectively, of the linear
regression of the total current iy, /v%> vs the square-root of the CV
sweep rate v03. Consequently, this analysis enables quantitative
deconvolutions of the CVs into (pseudo)capacitive and diffusion-
limited Faradaic current contributions (Figs. 4c, 4d). At a faster CV
scan rate of 3mV s~ ', for example, the integrated charge contribu-
tions for exfoliated graphite was 76% pseudocapacitive (Qpseudo =
318 mAs), 17% diffusion-limited Faradaic (Qparadaic = 71 mAs) and



Journal of The Electrochemical Society, 2021 168 060514

=0.9

_ 1200 0.07 mV/s
=) ——0.2mV/s
2 8004 —07 mV/s b=0.9
£ —2mVi/s
— —3 mV/
£ 4001 mye
£
= 04
(8]
3]
= -400 4
S b=0.8
8 -800- -
(/2]

150 Exfoliated Graphite M

o

Cell Potential (V vs. Al/AI(lII))

0 T T T T T T T T
08 10 12 14 16 18 20 22 24 26

1600 {——— Overall Current
—— Faradaic (Diffusion-limited)

C
Gl limited)
2 1200 {—— Pseudocap. (Non-diffusion-limited)
é 800 4
) - 7809
c steudo =76%
400 4 =
dt, QFaradaic_ 17%
3 01
& -400-
©
g_ -800 -
()

3 mVis
-1200 {Exfoliated Graphite

Specific Current (mA/g) o

Cell Potential (V vs. AI/AI(1Il))

08 10 12 14 16 1.8 2.0 22 24 26

e J 0.07 mV/s

5 201 —oz2mvs PP

< ——0.7mVis paié

£ —2mV/s

= 4009 —3mV/s

c

e

o

3 01

(8]

P

=

O -400 A

]

(g- 1208 b=0.6
800 Pristine Graphite

08 10 12 14 16 1.8 2.0 22 24 26
Cell Potential (V vs. Al/AI(lll))

1600 -

= Qverall Current
——— Faradaic (Diffusion-limited)
120091 — Pseudocap. (Non-diffusion-limited)

800 -
steudo =67%
400 QFaradaic= 26%

04

-400 -

-800 4
3mVis

-1200 4 Pristine Graphite

08 10 12 14 16 1.8 20 22 24 26
Cell Potential (V vs. AVAI(III))

Figure 4. CVs conducted at increasing scan rates (0.07-3 mV s~ ') on Al-graphite cells containing (a) exfoliated and (b) pristine graphite cathodes. (a)—(b) The
“p-values” were calculated by tracking the relative maxima of current peaks at select cell potentials. The fast CV scan (3 mV s~ ') was analyzed to decouple non-
diffusion-limited pseudocapacitive and diffusion-limited Faradaic contributions to the overall current for (c) exfoliated graphite and (d) pristine graphite.

7% capacitive (Qgpr = 28 mAs). Exfoliated graphite exhibited a
larger total pseudocapacitive contribution than pristine graphite
(76% vs 67%) and consequently less diffusion-limited Faradaic
contributions (17% vs 26%), where the main differences occur at
higher potentials. Indeed, exfoliated graphite exhibited significantly
greater pseudocapacitance at the high-potential coupled peaks
(2.2/2.3 V) that account for approximately 30% of the total capacity
(at 3mV s~ 1), consistent with the scaling analysis above. Note that
the true capacitive contributions are small (7%), an expected result
due to the low specific surface areas (ca. 5 m*> g~ ', Fig. 1f) of the
graphites compared to their total theoretical interlayer surface area.’
Overall, these results are consistent with mild exfoliation: anions can
more easily diffuse to and access the intercalation sites at the
graphite particle edges, including at high rates.

EIS measurements were performed at key states-of-charge
corresponding to CV peak maxima to further characterize the
interplay of pseudocapacitive and diffusion-limited Faradaic pro-
cesses that occurs during the electrochemical intercalation of AICl,™
anions into graphite. The impedance data are represented in complex
plane (Nyquist) plots (Figs. 5a-5d), where Z'(€2) and Z"( 2) are the
real and imaginary components of the complex impedance, respec-
tively. Equivalent circuit analysis was performed with a simple
circuit model (Fig. 5e) which comprises a (i) resistor (R;) to model
inner cell resistances (e.g., due to electrolyte and separator), (ii) a
constant phase element® (Q) along with a resistor (R,) in parallel to
model the charge transfer resistance of the electrode-electrolyte
interface® and (iii) a modified Warburg element™® (M,) to model
the finite-length ionic diffusion occurring between the surface edge
planes and bulk interlayers. The inner resistances (R;) were

determined to be ~15 Q for both graphite types. Note that a
constant phase element, instead of an ideal capacitor, was used to
account for heterogeneities arising from pore and particle size
distributions®’ as well as surface energy distributions due to disorder
at edge sites.*® The modified (finite-diffusion) Warburg element was
used to model the low-frequency EIS data instead of the semi-
infinite  Warburg element, as the low-frequency tail deviated
significantly from the 45° slope that indicates semi-infinite diffusion.
Note that the modified Warburg element has been used to model
finite-length diffusion in other ion insertion electrodes.*®°

The EIS data reveal significant differences between graphite type
and state-of-charge in the (i) diameter of the semi-circle, linked to
interfacial charge transfer resistance, and (ii) slope of the low-
frequency “tail” due to varying ion mass transport limitations.
During charging, when AICl;™ anions electrochemically intercalate
into the graphite, the increasing ionic concentration gradient in the
bulk porous electrode yields a higher charge transfer resistance at the
electrode/electrolyte interface, as shown by the increasing semi-
circle diameters (R,, Table SI). Between graphite types, the
interfacial charge transfer resistance was smaller for exfoliated
graphite than for pristine graphite. For example, at 2.35 V, exfoliated
graphite yielded a lower resistance (R, = 29 () than pristine
graphite (R, = 39 (2). This lower resistance is directly linked to the
increased pseudocapacitive behavior (Faradaic non-diffusion-limited
intercalation) revealed above in the exfoliated graphite. It is thus
apparent that the exfoliation process alters the graphite structure in a
way that minimizes ion concentration gradients and hence enhances
diffusive flux. Due to greater pseudocapacitive contributions, the
corresponding magnitude of the constant phase element parameter Q
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model (e).

was orders-of-magnitude higher for exfoliated graphite (Q = 1.19 x
10 Fs™") compared to that of pristine graphite (Q = 6.21 x
10"°Fs™'). Additionally, the deviation from a perfect semi-circle
shape is described by the depression factor o (—1 < @ < 1; derived
from the CPE element). Overall, at all cell potentials, exfoliated
graphite exhibited modestly higher depressions of the semi-circle
(0.61 < a < 0.71, Table SI) than pristine graphite (0.75 < o <
0.88). The depression of the semi-circle (i.e., a lower « value) is
typically attributed to pseudocapacitive contributions.>’ Next, ana-
lyzing the low-frequency tail of the Nyquist curves that corresponds
to the timescale at which ion diffusion occurs, exfoliated graphites
exhibit slopes of ~82° during charging at 1.9, 2.0, and 2.1 V, and
~75° at 2.35V (Fig. 5a), consistent with the pseudocapacitive
contributions shown by variable-rate CV analysis (b-values of 0.8 to
0.9, Fig. 4c). On the other hand, pristine graphite exhibits a lower-
sloped tails of ~50°-60° during charging at 1.9, 2.0, and 2.1 V, and
~40° at 235V (Fig. 5Sc¢), indicating higher diffusion-limitations.
This result suggests that AICl,~ intercalation in the region defined
by the edge plane to the deep interlayers of the graphite particle is
more facile for exfoliated graphite (Fig. 5b), which is quantitatively
interpreted below via the apparent diffusion coefficient Dgyg.

EIS also revealed the interfacial and transport behavior during the
discharge process, where ions are either (i) deintercalating from the
edges into the bulk electrolyte or (ii) diffusing through the bulk
interlayers towards the edge sites. At a cell potential of 2.2V,
pristine graphite exhibits a nearly 45°-sloped (Fig. 5d) low-
frequency tail and a significantly higher charge transfer resistance
(R; = 60 Q) than that of exfoliated graphite (~75° slope, R; =
38 2). This result establishes that diffusion-limited mass transport is
more prevalent than pseudocapacitive deintercalation at the edges of
pristine graphite, consistent with the diffusion-limited square-root
scaling b = 0.5 observed in the CVs above (Fig. 4d). Interestingly,
after further discharge to 1.8 V and 1.7 V, pristine graphite exhibits a
nearly vertical low-frequency tail that resembles an ideal capacitor.
The ions that have diffused out of the interlayers accumulate at the
electrode surface due to high diffusion limitations in the pores. This
effectively traps the ions remaining in the graphite over this time
scale, while any additional ion transport resembles capacitive
double-layer discharging (also shown by Bode plot, Fig. S6,
discussed below). Exfoliated graphite, on the other hand, maintains
lower charge transfer resistances as shown by smaller semi-circle
diameters. Also, overall lower diffusion limitations are observed as
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shown by higher slopes in the low-frequency region during
discharge at all cell potentials tested (Fig. 5b), except at 1.8 V and
1.7V where pristine graphite exhibits capacitive double-layer
discharging as evidenced by the nearly-vertical slopes at 1.8 V and
1.7 V (Fig. 5d).

The phase angle (¢), represented by Bode plots as a function of
frequency (Fig. S6), is another parameter that reveals the different
charge storage contributions. The phase angle ¢ is defined as

Z'(w)
Z”(a))

¢ = tan™! ( [6]

Certain values of ¢ indicate Faradaic (diffusion-limited or pseudo-
capacitive) or capacitive charge storage. A phase angle of ¢ = —90°
represents (pseudo)capacitive intercalation, while an angle of ¢ =
—45° (consistent with the Warburg element) represents diffusion-
limited Faradaic intercalation.*® For example, at low-frequencies
where mass transport processes are dominant (e.g., 0.01 Hz),
exfoliated graphite exhibits a greater (pseudo)capacitive response
(I¢|>45°) than pristine graphite at all measured cell potentials (Fig
S6a,b). At 0.01 Hz, pristine graphite exhibited phase angles nearer to
¢ = —45° (Fig S6c,d), indicating diffusion-limited Faradaic
behavior. Additionally, a phase angle of ¢ = 0° represents pure
resistive behavior in which there is little or no ionic movement.*°
Analyzing the higher-frequency segments of the Bode curves during
charging, the phase angle of pristine graphite reaches an asympto-
tically low value (|¢|<10°) at a lower frequency (e.g., 0.05 Hz at
2.35V, Fig. S6g) compared to exfoliated graphite (e.g., 0.26 Hz at
2.35V, Fig. S6c), which is consistent with the fact that greater
charge transfer resistances are observed over a wider range of
timescales for pristine graphite (also represented by the larger semi-
circles in Figs. 5c, 5d). Note that the anomalous capacitive behavior
observed for pristine graphite during discharge at 1.8 V and 1.7 V is
consistent with the rapid decrease to ¢ = —5° with increasing
frequency, suggesting virtually no ion movement after the initial
capacitive discharging (Fig. S6h).

The apparent diffusion coefficient of AICl,  anions within the
composite graphite electrodes was estimated using EIS. Note that
GITT measurements are another common method to estimate ion
diffusion coefficients in battery electrodes. However, since GITT
models assume pure diffusion limitations, GITT analyses will not
accurately quantify ionic diffusion associated with AICl, ™ intercala-
tion into graphite due to the significant non-diffusion-limited
pseudocapacitive processes elucidated above. Nevertheless, as an
exercise for comparison, GITT measurements were performed for
both graphite types (Fig. S7) and the apparent diffusion coefficients
Dgrr (Fig. S8) are discussed in the Supporting Information (Text
S1, Table SII). EIS, however, can in principle take into account both
pseudocapacitive and diffusion-limited Faradaic contributions by
modeling the mid-frequency semi-circle and low-frequency “tail.”*®
To account for the significant deviation of the low-frequency tail
from a 45° slope indicative of semi-infinite diffusion, the finite-
length modified Warburg circuit element was used to estimate the
characteristic diffusion time 7; corresponding to the EIS frequency
range of f < 1.5 Hz (Fig. 5). If the characteristic diffusion length L is
known, the order-of-magnitude of the apparent ion diffusion con-
stant Dgzs can be estimated via the scaling relationship Dgys ~ L*/7.
More specifically, L is the length scale over which ion concentration
gradients occur. As discussed below, ion transport in the electrolyte
phase within the porous electrode must play a critical role in
controlling the diffusion limitations, particularly at higher potentials
and cycling rates; solid-state ion diffusion within the graphite
interlayers may indeed still play a role in the overall rate of
AICl, ™ intercalation, but it alone cannot account for the faster rate
performance and greater apparent diffusion coefficients of exfoliated
graphite, compared to pristine graphite. Determination of the correct
length scale L is not clear as concentration gradients may exist
in both the liquid electrolyte and solid graphite phases, but assuming

an average characteristic diffusion length scale of 107> cm,
for exam};le, the calculated Dgis values range from 1072 to
107"° cm? s7!, depending on state-of-charge and graphite type
(Table SIII). Due to the uncertainty in L, only the trends in Dgg are
analyzed here. Between graphite types, exfoliated graphite exhibits
higher apparent ion diffusion coefficients, confirming that exfoliated
graphite facilitates faster overall ion mass transport than pristine
graphite. During charge (intercalation), apparent diffusion coeffi-
cients for exfoliated graphite are constant at potentials of 2.1 V and
below, decreasing an order-of-magnitude at the higher potential of
2.3 V. During discharge (deintercalation), apparent diffusion coeffi-
cients decrease modestly, less than one order-of-magnitude, as the
potential decreases. Apparent ion diffusion coefficients are calcu-
lated for different values of the characteristic diffusion length (e.g.,
1078 < L < 1073 cm), which yield identical trends but vary only in
magnitude according to the scaling Dy ~ L? (Fig. S9).

Relationship between graphite structure, ion mass transport,
and rate of AICl, electrochemical intercalation.—In aggregate,
the electrochemical methods above establish that the electrochemical
intercalation of AICl,  anions into graphite exhibits significant
pseudocapacitive contributions over common experimental condi-
tions as a result of non-diffusion-limited ion intercalation processes.
Furthermore, ion diffusion limitations that do exist can be reduced,
and consequently rate performance enhanced, by modifying the
graphite structure. The electrochemical differences observed be-
tween pristine and exfoliated graphites cannot be explained by
differences in solid-state ion diffusion within the graphite inter-
layers, as argued above, as this would require few-layered graphene
(less than approximately 5 or 6 layers) instead of bulk graphene.
Between the pristine and exfoliate graphites studied here, the
specific surface areas, electrode porosities, and surface chemistry
are similar. True EDL capacitive contributions are small, consistent
with the low specific surface areas of the graphites. The significant
differences in rate performance, then, must be due to ion mass
transport in the electrolyte phase within the porous electrode
structure. This result reveals one key difference between Al-graphite
batteries and other common battery intercalation electrodes and
chemistries (e.g., Li" intercalation into graphite), which are typically
rate limited by solid-state ion diffusion and not ion transport in the
electrolyte. Diffusion in porous media follows the well-established
relationship™!

Dy = Dbulk*% [7]

where D,y is the effective ion diffusion coefficient within the porous
structure, Dy, is the ion diffusion coefficient in the bulk electrolyte,
¢ is the electrode porosity, and 7 is tortuosity. D,y is 4.45 *
107® cm? s~ for AICl,~ anions in the neat electrolyte*” while ¢ is ca.
0.50 (calculated above). The porous electrode structure is also
described by its tortuosity (7), a parameter that reflects the curvature
and efficiency of percolating pathways within the material. Since Dy,
and ¢ are unchanged upon exfoliation, we conclude that the tortuosity
7 must decrease, thereby increasing the efficiency of ion transport
pathways and enhancing the diffusive flux of ions to the graphite
surfaces.

The exfoliated and pristine graphites thus exhibit key differences
in their structures that influence how ion mass transport affects the
overall rate of electrochemical AICl, intercalation, which are
summarized in Fig. 6. Mild exfoliation reduces the c-axis thickness
of graphite particles and facilitates a graphite particle arrangement
whose porous structure reduces ion mass transport limitations. In
addition to (i) reduced tortuosity, which increases the effective
diffusion coefficient of AICl,  anions within the porous electrodes,
we hypothesize that there is also (ii) increased accessibility of
interstitial pores to AICl,  anions and a concomitant reduction of
small nanopores, which otherwise could become locally depleted,
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Figure 6. Schematic depicting key features of graphite structure that affect ion mass transport and hence the apparent rate of AICl,  anion intercalation in

(a) exfoliated and (b) pristine graphite.

generating ion concentration gradients and hence diffusion limita-
tions, as well as (iii) fewer blocked edge sites due to graphite
particles in close proximity. Pertaining to the Al-graphite battery
chemistry itself, the solid-state diffusion of AICl,  anions into
graphite appears to be anomalously fast; if it were slow compared to
the rates of ion diffusion within the porous electrode and electro-
chemical insertion kinetics, then it would be rate-limiting. Regarding
ion insertion, the lack of a reported SEI on the graphite cathode
combined with the weak desolvation penalties of AICl,~ anions in
the ionic liquid electrolyte facilitate fast AICl,  insertion at the
electrolyte-electrode interface. Here, mild exfoliation was performed
to study the AICl,  intercalation process into a model graphite
material, while pristine graphite served as a reference. One techno-
logical advantage of ultrasonic exfoliation is that it is scalable and
permits the manufacture of electrodes with high mass loadings.
Graphite electrodes can be further engineered to reduce diffusion
limitations and enable ultra-fast rate performance, which has been
demonstrated in highly oriented and porous graphene-type structures
using high-temperature, high-pressure and acid dissolution
treatments.”® An interesting direction of future research would be
to engineer the graphite structure to further reduce ion diffusion
limitations while enabling electrodes with high mass loadings and
electrode densities.

Conclusions

Charge storage mechanisms in graphite electrodes for recharge-
able aluminum-graphite batteries were quantitatively decoupled into
diffusion-limited Faradaic, pseudocapacitive, and capacitive contri-
butions. Two graphite types were studied: pristine graphite and
exfoliated graphite prepared by mild ultrasonication. Galvanostatic
cycling and CVs established effectively identical capacities and
CV redox peaks between the two graphite types at slower rates
(60 mAh g~' and 0.07 mV s™', respectively). Galvanostatic cycling
at faster rates revealed that exfoliated graphite exhibited ca.
15%—-20% higher discharge capacity retention, compared to pristine
graphite, at rates ranging from 240 mA g~ to up to 3.8 A g~ Variable-
rate CV analyses establish that AICl;~ electrochemical intercalation
into graphite exhibits significant pseudocapacitive character associated
with non-diffusion-limited ion intercalation processes. For the highest
potential charge/discharge redox couple (2.35V/2.2V), exfoliated

graphite exhibited significant pseudocapacitive contributions, while
pristine graphite exhibited pure diffusion-limited Faradaic behavior.
EIS measurements confirmed the interplay of pseudocapacitive and
diffusion-limited Faradaic intercalation processes that vary with cell
potential and graphite type, revealing significantly decreased inter-
facial charge-transfer resistances and higher apparent ion diffusion
coefficients for exfoliated graphite. The significant differences in rate
performance upon graphite exfoliation are due to differences in ion
mass transport in the electrolyte phase within the porous electrode
structure, which are shown to play a critical role at higher potentials
and faster cycling rates. Structurally, exfoliation enhances ion mass
transport in the porous electrode and hence rate performance by
reducing its tortuosity. We hypothesize that increased electrolyte
accessibility of interstitial pores and fewer blocked edge sites also
facilitate ion mass transfer. The results underscore the beneficial
effects of a scalable mild exfoliation process that enables higher-rate
applications while preserving specific energy at lower rates. Future
efforts to enhance the high-rate performance of graphite electrodes
should focus on further enhancing the pseudocapacitive intercalation
of AICl;~ anions into graphite by continuing to reduce diffusion
limitations, ideally using scalable and economical methods that enable
electrodes with practical graphite mass loadings and electrode
densities.
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Figure S4. TEM images of the top fraction of the exfoliated graphite, which were cleaved off from larger graphite
particles. The background is lacey carbon (400 mesh grid).
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Figure S6. Bode plots of EIS data for Al-graphite cells containing (a-d) exfoliated graphite and (e-h) pristine
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Table SI. EIS Fitting Parameters for the Parallel Resistor and Constant Phase Element (CPE)
Exfoliated Pristine

R> (Q) 0 (F/s) o* R (Q) 0O (Fls) o*
1.9V (Charge) 27 1.11E-03 0.71 29.5 8.00E-04 0.77
2.0 V (Charge) 33 9.99E-04 0.72 41 3.60E-04 0.85
2.1 V (Charge) 39 8.67E-04 0.75 46.5 1.80E-04 0.87
2.35 V (Charge) 29 1.19E-03 0.64 39 6.21E-06 0.88
2.2V (Discharge) 37.8 1.43E-03 0.61 60 9.00E-04 0.75
1.8 V(Discharge) 40.8 1.51E-03 0.67 49.6 4.70E-04 0.86
1.7 V (Discharge) 39 1.78E-03 0.69 48.7 5.25E-04 0.88

1

*q ranges from 0<a<l1, where Zpg(f) = 2GR

(1]

Text S1. Estimation of the apparent ionic diffusion coefficient (Dgirr) via GITT

Galvanostatic Intermittent Titration Technique (GITT) measurements were used to estimate the apparent diffusion
coefficients of chloroaluminate anions into exfoliated and pristine graphite electrodes. During GITT measurements,
potential changes are measured during and after galvanostatic pulses, while the latter are fit to a diffusion-limited
model as the potential relaxes to its equilibrium value (Fig. S7). By applying a sufficiently short galvanostatic pulse

where t<<L?/D, for which dE /d+/t can be considered linear, the ionic diffusion coefficient can be estimated via’

4 [ NV AE;

Deirr = — (m)z ( AEt)z (Equation S1)

TT

where D pr (cm?/s) is the diffusion coefficient of AICly anions, T (s) is the current pulse duration, n,, is moles of
graphite, V,, (cm*/mol) is the molar volume, SSA (cm?/g) is the specific surface are, m (g) is the active cathode
molar mass, 4E (V) is the potential change after the long relaxation step, and AE; (V) is the potential change
during constant current pulse minus the ohmic (/R) drop.

In particular, for battery intercalation electrodes, GITT models typically assume that solid-state ion diffusion within
the host structure is the rate limiting step, while ion transport in the electrolyte and electrochemical reaction kinetics
are considered to be fast processes compared to solid-state diffusion.” For this reason, the GITT model assumptions
are not valid for the Al-graphite system investigated here. Nevertheless, as an exercise in comparison, D¢ rr wWere
calculated by applying Equation S1 with the experimental parameters in Table SII. Dgirr values ranged from 10
to 10™'7 cm?/s, depending on state-of-charge (Fig. S8). For comparison, the diffusion of Li" into graphite” yields Li-
ion diffusion coefficients of 10°-10"" cm?s, which exhibits a purely diffusion-controlled ion intercalation
mechanism over typical electrochemical cycling parameters that is fully captured by the GITT model. Notably, the
D¢ rr values for pristine graphite are always greater than exfoliated graphite, an opposite trend as measured by EIS
and as implied by variable-rate CV and galvanostatic data, because pseudocapacitive (non-diffusion-limited)
intercalation is not captured by GITT analysis. Interestingly, there are local minima values of D¢ at certain cell
potentials at which a significant transition of graphite staging occurs, which is a typical result when multiple phases
are present within a bulk electrode.>

Note that the molar volume is assumed to be constant (5.37 cm*/mol, Table SI), regardless of state-of-charge. Using
geometric calculations, fully intercalated graphite would expand in height, and thus volume, by an estimated factor
of approximately 1.67 and 1.8 for stage 4 and stage 3 intercalation, respectively. The diffusion coefficient scales
like the square of the molar volume (Dg;rr~V;2). Charging to 2.3 V, where the maximum volumetric expansion is
expected, would result in a diffusion coefficient approximately 2.8 (assuming stage 4) or 3.2 (assuming stage 3)
times higher. Thus, diffusion coefficients estimated with and without considering volume expansion are expected
to be within the same order-of-magnitude.
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Table SII. Parameters used to calculate D¢ pr
Graphite Electrode: Active Material Properties
Molar Mass (g/mol) 12.01
Molar Volume (cm*/mol) 5.37
Specific Surface Area (cm?/g) 45,000 (Exfoliated)
52,000 (Pristine)
Mass of active cathode (g) 1x10°
GITT Experimental Parameters
Pulse duration, charge & discharge (s) 240
Current density (mA/g) 60
Rest time between pulses (s) 10,800
Minimum cut-off potential (V) 0.5
Maximum cut-off potential (V) 2.45

Table SIII. EIS Finite-diffusion Fitting Parameters for the Modified Warburg Element (M-element)

Exfoliated Pristine
T4* (s) D (cm?/s) T4* (s) D" (cm?/s)
(assuming avg. L=10" cm) (assuming avg. L=10" cm)
1.9 V (Charge) 0.27 3.77 E-10 0.33 3.05 E-10
2.0 V (Charge) 0.31 3.26 E-10 6.03 1.66 E-11
2.1 V (Charge) 0.30 3.34 E-10 10.47 955 E-12
2.35 V (Charge) 2.21 453 E-11 1.14 9.09E-11
2.2 V (Discharge) 0.29 3.39 E-10 0.37 2.73E-10
1.8 V(Discharge) 0.57 1.75 E-10 1.02 978 E-11
1.7 V (Discharge) 1.01 990 E-11 2.27 441 E-11

*The diffusion time constant (74) was calculated by fitting the low-frequency regions (f< 1.5 Hz) of the EIS

spectra via Zy_(f) = Rq
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