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ABSTRACT: Rechargeable aluminum−graphite batteries using
chloroaluminate-containing ionic liquid electrolytes store charge
when molecular chloroaluminate anions intercalate into graph-
ite. However, the relationship between graphite structure and
bulk electrochemical properties is not well understood. Here,
we characterize the structure of natural, synthetic, and pyrolytic
graphites and analyze their electrochemical performance in
aluminum−graphite cells, revealing insights into their charge
storage mechanisms, rate capabilities, Coulombic efficiencies,
and extended cycling stabilities. Natural graphite exhibited the
highest specific capacity at all potentials and the greatest
capacity retention during variable-rate galvanostatic cycling. The
compositions of the intercalated electrodes (Cx[AlCl4]) were
determined coulometrically, and their stage numbers were rationalized by using a hard-sphere model. Variable-rate CV analyses
establish that the rates of reversible electrochemical chloroaluminate intercalation in natural and synthetic graphites are
effectively reaction-limited at potentials <2.1 V, and neither strongly diffusion- nor reaction-limited above 2.3 V, differing
significantly from the diffusion-limited electrochemical intercalation of lithium cations into graphite. The results yield a new
understanding of the relationships between graphite structure, ion transport, and electrochemical properties in rechargeable
aluminum−graphite batteries and are expected to aid the rational design of graphite electrodes with enhanced electrochemical
performance.
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■ INTRODUCTION

Transformative advances in electrochemical energy storage are
needed to electrify transportation and store intermittent renew-
able energy sources (e.g., solar and wind) on a global scale.
Rechargeable lithium-ion batteries revolutionized portable
electronics, but to store energy at larger scales, significant
improvements are required in energy density, cycle life, cost,
safety, and earth abundance.1 Nonincremental improvements
are rooted in the development of new battery materials and
chemistries. Aluminum (Al) metal exhibits a remarkable
volumetric capacity (8.05 Ah/cm3, ∼4 times greater than
that of Li metal (2.06 Ah/cm3)) and gravimetric capacity (2.98
Ah/g, ∼3/4 of Li metal (3.85 Ah/g)), where its high capacity
is a result of three-electron electrochemical redox processes.2

Aluminum is also nonflammable, nontoxic, low cost, and the
most abundant metal in the earth’s crust.3 Despite great
promise, scientific understanding and technological develop-
ment of rechargeable aluminum metal batteries are still in their
infancy.
In large part, Al battery development has been hindered by

the lack of electrolytes that reversibly electroplate and
electrostrip aluminum metal at room temperature as well as

the number of positive electrode materials that are chemically
and electrochemically compatible with them.4−7 Much recent
research on rechargeable aluminum batteries has used ionic
liquid electrolytes containing AlCl3 and a salt composed of an
imidazolium cation with different alkyl side chains and a halide
anion (e.g., Cl−), such as 1-ethyl-3-methylimidazolium chloride
([EMIm]Cl). Lewis acidic mixtures (molar ratio AlCl3:
[EMIm]Cl > 1.0), which contain the chloroaluminate anions
AlCl4

− and Al2Cl7
−, enable Al metal to be reversibly

electrodeposited at room temperature according to8

4Al Cl 3e Al 7AlCl2 7 4V+ +− − −
(1)

Graphite is an ideal electrode material due to its earth
abundance, low cost, stability, high electrical conductivity, and
the ability to intercalate various ions. Gifford et al.9 first
demonstrated a prototype Al−graphite cell in 1988 using a
molten salt electrolyte. Recently, in 2015, Lin et al.10 and Sun
et al.11 demonstrated Al−graphite batteries using Lewis acidic
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mixtures of AlCl3:[EMIm]Cl electrolyte, which store charge
when molecular chloroaluminate AlCl4

− anions electrochemi-
cally intercalate within the graphite electrodes. Since then,
numerous research groups have reported Al−graphite batteries
using different types of graphites.4−6 Depending on the
graphite type, electrolyte, and cycling parameters, rechargeable
Al−graphite cells exhibit discharge plateaus of ∼2.2 and ∼1.8
V, with discharge capacities up to 120 mAh/g at room
temperature. Engineered graphites, such as graphitic foams and
few/multilayered graphene-like materials, can enable ultrafast
charge/discharge rates (>1−10’s of A/g).10,12−14
Despite these advances, the relationships between graphite

structure and bulk electrochemical properties are still poorly
understood. Various graphite-based electrodes have been
investigated over the past few years, including pyrolytic,10,15,16

synthetic,17 and natural12,18−21 graphite. Subsequent studies,
which demonstrated improved rate capability and specific
capacity by optimizing porosity, reducing ion-diffusion length
scales, and enhancing electronic conductivity, include graphitic
foams,10,14,22 few-layered graphene,23 graphene aerogels,24,25

and porous graphite/graphene-like26−29 electrodes. For exam-
ple, by using a high-temperature and high-pressure treatment
process, Chen et al.13 engineered a highly oriented graphene-
like film cathode that retained a capacity of 120 mAh/g at 100
A/g after 250000 cycles. However, only a few in-depth direct
comparisons have been made among different graphite
structures, including the low-cost and minimally processed
pristine graphites from which many advanced graphites are
derived. For example, Mckerracher et al.15 discussed the effects
of porosity and crystallite size in the context of pyrolytic
graphite and carbon paper electrodes, while Zhang et al.23

compared particle dimensions of graphite and few-layered
graphene electrodes. To compare the effect of particle shape
on electrochemical performance, Kravchyk et al.21 modified
the shape of graphite flakes via ultrasonication or knife milling.
Nonetheless, the “optimal” structure for battery performance is
still elusive, particularly when considering the design of the
graphite electrodes from the nanometer to macroscopic scales.
Here, we study how different graphite structures affect bulk

electrochemical and ion transport properties in rechargeable
aluminum−graphite batteries. Cells with aluminum metal
negative electrodes, AlCl3:[EMIm]Cl ionic liquid electrolytes,
and natural, synthetic, and pyrolytic graphite positive electro-
des were prepared and electrochemically characterized. Pristine
graphites were characterized by X-ray diffraction (XRD),
electron microscopy, X-ray photoelectron spectroscopy (XPS),
and N2 sorption measurements, revealing differences in their
structures and defect concentrations. The cells were subjected
to extended and variable-rate galvanostatic cycling as well as
slow scan-rate (up from 20 μV/s) and variable-rate cyclic
voltammetry (CV). The effects of graphite structure are
discussed on the charge storage mechanism, rate capabilities,
Coulombic efficiency, and extended cycling stability. Interca-
lated compositions were determined coulometrically, while the
theoretical capacity and graphite staging were analyzed with a
hard-sphere model. Variable-rate CV measurements estab-
lished quantitatively how ion mass transport affects reversible
chloroaluminate intercalation as a function of potential and
graphite type. Long-term galvanostatic cycling stabilities and
improved cycling protocols were tested. Overall, this study
yields insights into the relationships between graphite
structure, ion transport, and electrochemical properties in
Al−graphite cells.

■ EXPERIMENTAL SECTION
Composite Electrode Fabrication. Pyrolytic graphite foil (MTI,

99.90%) was used as received. Natural graphite flakes (Alfa Aesar,
99.9995%) or KS44 synthetic graphite (TIMREX, 99.94%) was mixed
with poly(vinylidene fluoride) (PVDF) binder (Sigma-Aldrich,
average molecular weight 534000 g/mol) by using a mass ratio of
90:10 and dissolved in N-methyl-2-pyrrolidone (NMP) solvent (1 mL
solvent/100 mg powder). The slurry was stirred for 10 min and
agitated with a vortex mixer for 30 s and then cast on a molybdenum
(Mo) foil current collector (20 μm thick foil) by using a doctor-blade
film coater (MTI). The electrode was vacuum-dried at 120 °C for 10
h to evaporate the NMP solvent. The final thickness and areal mass
loading of the electrode material were ∼100 μm and 5 mg/cm2,
respectively. Electrode resistivity and conductivity were measured
using a four-point probe. The electrode porosity was calculated by
comparing the measured and theoretical density of graphite (Text S1,
Supporting Information).

Cell Assembly. Polytetrafluorethylene (PTFE) Swagelok unions
with 1/4 in. diameters (no. T-810-6) were used to fabricate airtight
cells. The aluminum foil negative electrode (MTI, 99.99%, 0.1 mm
thick), glass fiber separator (Whatman brand, GF/D), AlCl3:[EMIm]
Cl electrolyte (1.5:1 molar ratio, Iolitec, 30 μL), and the graphite
positive electrode were placed in the middle of the Swagelok union
and compressed by Mo current collector rods (Figure 1). Battery

assembly was performed in an argon-filled glovebox (<1 ppm of H2O
and O2). Excess electrolyte was used, and the total quantity of AlCl4

−

anions in the electrolyte did not limit cell capacity.
Electrochemical Measurements. Galvanostatic cycling and

cyclic voltammetry (CV) were performed with an Arbin LBT battery
tester and Metrohm Autolab PGSTAT302N potentiostat, respec-
tively. All measurements were performed under ambient temperature.
All specific capacities are reported per mass of graphite. Typical open-
circuit potentials for the Al−graphite cells with AlCl3:[EMIm]Cl
electrolyte were ca. 1.65 V. For galvanostatic measurements, upper
and lower voltage cutoff limits of 2.45 and 0.50 V were used,
respectively. For each CV scan, the cell voltage was first increased to
2.45 V, decreased to 1.00 V, and then increased to the original open
circuit potential.

X-ray Diffraction. An X’Pert powder X-ray diffractometer (XRD)
equipped with a Cu Kα radiation source (λ = 0.154 nm) was used to
measure periodic structural ordering of the graphites. A scan rate of
0.5 (°2θ/min) was used to scan a 2θ range of 20°−60°.

X-ray Photoelectron Spectroscopy. A PHI Versaprobe II X-ray
photoelectron spectrometer with Al Kα X-rays (hν = 1,486.6 eV, spot
size = 200 μm, 45° measuring angle) was used to analyze the
composition of graphite surfaces. The source voltage 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.

Figure 1. (a) Schematic of Swagelok-type cell assembly and
components for Al−graphite battery. (b) Exploded view.
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Deconvolution of the C 1s spectrum was performed with PHI
MultiPak software using a Shirley background subtraction.
Electron Microscopy. A Zeiss Supra VP 55 scanning electron

microscope (SEM) was used to image the microstructure of the
graphite electrodes. ImageJ software was used to measure average
particle sizes. A FEI Titan Themis 200 kV transmission electron
microscope (TEM) was used to probe the nanoscale structures of
pristine 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.
Nitrogen Sorption. N2 sorption measurements were used to

measure the specific surface area of pristine graphites. Samples were
degassed at 150 °C for 12 h. For NG and SG, adsorption/desorption
isotherms were obtained using a Micromeritics ASAP 2020. For PG,
the surface area was estimated using a Quantachrome ChemBET
Pulsar via single-point Brunauer−Emmett−Teller (BET) analysis at
0.3 P/P0, which was more suitable due to its low specific surface area.

■ RESULTS AND DISCUSSION
Structural Characterization of Graphite Electrodes.

Different sources and manufacturing methods of graphite yield
varying structures and properties (Table 1), which influence

their electrochemical performance in aluminum−graphite
batteries. Natural graphite (NG) is extracted from metaphoric
rock and then purified via thermal or chemical treatments.30

Synthetic graphite (SG) is manufactured via high-temperature
processing (typically >2000 °C) of amorphous carbon
materials (e.g., petrochemical coke), which allows them to
develop long-range ordering and large crystallite dimensions
(c-axis stacking).31 Pyrolytic graphite (PG) foil is typically
manufactured by high-temperature pyrolysis of a polyimide
precursor32 or a carbonaceous gas (e.g., acetylene).30

To characterize structural differences among these graphite
types, the pristine materials were analyzed using XRD, XPS,
TEM, SEM, and N2 sorption measurements. XRD patterns
(Figure S1) of each type of graphite reveal similar (002)
reflections associated with long-range ordering of the graphite
layers. NG and SG exhibited identical interlayer d-spacings
(3.38 Å), while PG had a slightly smaller d-spacing (3.36 Å).
NG and SG exhibited broader (002) reflections, and minor
(101) peaks were also present, likely due to larger distributions

of particle and crystal orientations33 and/or higher c-axis
crystallite dimensions (Lc)

34 compared to PG. Lc for each
graphite was estimated from the literature to be lowest for PG
(10−15 nm, depending on pyrolysis temperature)35 and
significantly higher for NG (90−110 nm, depending on
particle-size fraction)34 and SG (>100 nm).31

XPS measurements (Figure S2) were conducted on pristine
NG, SG, and PG to quantify the sp2 and sp3 carbon content as
well as any oxygen defects on the graphite surfaces.
Deconvolution of the C 1s photoelectron spectrum revealed
two main peaks: (i) an asymmetric component centered at
284.0 ± 0.1 eV attributed to sp2 carbons and characteristic of
well-ordered graphite and (ii) a symmetric component (>90%
Gaussian) centered at 285.0 ± 0.1 eV attributed to sp3 carbons
associated with dangling, terminal C−C bonds at edge sites or
other defects.36 For all graphite types, the integrated C 1s
signal areas establish that ∼85% of the carbon is sp2

coordinated (Table S1), indicating high crystallinity.37 For
NG and PG, the XPS survey spectra did not reveal any oxygen
impurities. For SG, an O 1s signal was observed at 532.7 eV,
which accounted for ∼6% of the combined integrated area of
the C 1s and O 1s signals. This O 1s signal is likely associated
with CO and/or O−CO states38 at edge sites of the SG
particles.
SEM measurements were conducted to compare the

morphology and particle dimensions of the composite
electrodes (Figure S3). NG exhibited flake-like morphologies
with average dimensions of 16.5 ± 11.3 μm, while SG was
particle-like with average sizes of 9.8 ± 7.0 μm. PG was
composed of lamellar sheets with average lamellar dimensions
of 27.3 ± 5.2 μm. HR-TEM measurements (Figure S4) further
confirmed the highly ordered nanoscale structures of all
graphites. NG and SG exhibited high extents of periodic
ordering along both the c-axis and ab-planes, while PG
exhibited nanocrystalline domains with lesser extents of
periodic ordering.
N2 sorption experiments (Figure S5) established the BET

specific surface areas for all graphite types, yielding 4.4, 9.3,
and 1.0 m2/g for NG, SG, and PG, respectively. As expected,
the surface areas of these graphites were significantly less than
those of the porous carbons (∼1000 m2/g) typically used for
supercapacitor applications.28,39,40

Galvanostatic Cycling & Compositions of Al−Graph-
ite Batteries. Device-scale galvanostatic cycling of Al−
graphite cells with natural, synthetic, and pyrolytic graphite
electrodes revealed varying capacities and lengths of voltage
plateaus due to differences in graphite structure (Figure 2).
The specific discharge capacities of NG, SG, and PG electrodes
were 115, 80, and 66 mAh/g, respectively (Table 2), at 60
mA/g (0.30 mA/cm2). All graphites exhibited a discharge
voltage plateau at ∼2.2 V that accounted for 40%, 25%, and
50% of the discharge capacity of NG, SG, and PG, respectively,
as well as a lower voltage plateau at ∼1.8 V. NG exhibited the
greatest specific discharge capacity at all voltages compared to
SG and PG as well as the highest specific discharge energy
(determined by integrating the area under the voltage−
capacity discharge curve), which can be partly attributed to the
flake-like structure and larger lateral dimensions in the ab-
crystallographic plane23 of natural graphite. For PG, covalent
bonds among crystallites,41 and possibly between graphene
layers,10 may impede interlayer expansion and explain its lower
capacity.

Table 1. Physical Properties of Pristine Graphites and
Composite Graphite Electrodes

natural (NG) synthetic (SG) pyrolytic (PG)

pristine materials

av particle size
(μm)

16.5 ± 11.3 9.8 ± 7.0 27.3 ± 5.2

bulk density
(g/cm3)

2.1 1.9 2.1

morphology flake-like particle-like lamellar sheets

production
method

mining of
metaphoric
rock

high-temp treatment of
amorphous carbon

pyrolysis of
polymeric
precursors

BET specific
surface area
(m2/g)

4.4 9.3 1.0

av crystallite
height, c-axis
(nm)

90−110 >100 10−15

composite electrodes

thickness (μm) 100 100 17

porosity (%) 40 50 20

conductivity
(S/m)

660 450 5500
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During cell charging, NG, SG, and PG cells exhibited
specific charge capacities of 126, 105, and 72 mAh/g,
respectively, on the fifth cycle (Figure 2). Varying Coulombic
efficiencies and their possible origins are discussed in the
variable-rate galvanostatic cycling analyses later. The high-
voltage plateau at ∼2.3 V begins at approximately 56%, 52%,
and 42% of the total charge capacity for NG, SG, and PG,
respectively, reflecting the different extents of periodic and
ordered chloroaluminate intercalation during the charge
process. Note that capacity associated with surface effects,
such as double-layer capacitive charging and electrochemical
reactions of adsorbed species, are negligible for the graphites
due to their low specific surface areas. For example, the BET
specific surface areas are ∼1% or less (depending on graphite
type) of the available interlayer area (Text S2, Supporting
Information), indicating that the capacity achieved is due to
the electrochemical intercalation of chloroaluminate anions
within the graphite layers.
Coulomb counting of the electrons passed during a full

discharge yields the average compositions of the intercalated
graphite electrodes (Cx[AlCl4]), which vary with graphite type.
For example, based on the discharge capacity of an NG
electrode (115 mAh/g), the average electrode composition is
C19[AlCl4] (Text S3, Supporting Information), which is similar
to the results obtained by Elia et al.12 for natural graph-
ite electrodes. Performing the same calculation for SG and PG
electrodes yields average stoichiometries of C28[AlCl4] and
C34[AlCl4], respectively. This estimation does not consider any
intercalated AlCl4

− species that may be “trapped” within the
graphite layers.16 For the NG electrode, the experimental

capacity of the first charge is 160 mAh/g (discussed below).
While this additional capacity (compared to 115 mAh/g) may
be due to a combination of irreversible side reactions (e.g.,
electrolyte degradation) and trapped ions, it is informative to
estimate the composition in the limit where all additional
capacity is due solely to trapped ions. Under these
assumptions, the average composition of the intercalated NG
electrode would be C14[AlCl4]. The actual concentration of
AlCl4

− within NG is thus between C19[AlCl4] and C14[AlCl4].
Cyclic Voltammetry & Graphite Staging. Cyclic

voltammetry was performed on Al−graphite cells to elucidate
further insights into the electrochemical differences among the
graphite types (Figure 3). A slow CV scan rate (20 μV/s) was
used to reduce diffusion limitations and to obtain high-
resolution voltammograms.42 Both the first scan (red, dashed
traces) and third scan (black traces) are shown as well as the
background signal from a Mo/electrolyte/Mo cell (Figure 3a,
dashed black trace). Third scan CVs, which capture electro-
chemical processes that occur beyond the initial cycle, are
discussed first and then compared to the first scan.
The CV peaks show potential-specific reactions associated

with the electrochemical intercalation of chloroaluminate
anions, which correspond to different stages of intercala-
tion.10,16,22,43−45 Staging refers to the periodic ordering by
which ions intercalate within the graphite interlayers; a stage
number n is the average number of graphene layers between
intercalated layers. From the open circuit potential (ca. 1.65
V), increasing the voltage up to ∼1.85 V results in intercalation
of ions, which is reported to be stage 6 according to Pan et
al.22,44 (using in operando XRD and DFT) calculations or
stages 8−4 by Childress et al.22,44 (using in situ Raman).
Further increasing the potential up to ∼2.0 V is suggested to
yield stage 5 by Pan et al.22,44 or stages 4−2 by Childress et
al.22,44 Scanning up to ∼2.35 V results in the most intense
oxidation peak corresponding to the highest intercalation
density achievable at room temperature, which has been
reported by in operando XRD measurements for SP-1 natural
graphite to be stage 4 by Pan et al.44 and stage 3 by Wang et
al.45 Using ex situ XRD, Zhang et al.23 reported stage 4 and
Chen et al.13 reported either stage 3 or stage 4 for various
graphene-like film electrodes. Note that Pan et al.44 also
observed an additional CV peak at ∼2.5−2.6 V when the
temperature was decreased to −10 °C, which was reported to
be stage 3 intercalation. Using in situ Raman spectroscopy,
Childress et al.22 reported that the ∼2.4 V oxidation peak
corresponded to stage 1 intercalation for few-layered graphene
foam electrodes. Also, by using in situ Raman spectroscopy,
Angell et al.46 reported that fully charged natural graphite using
the AlCl3:urea electrolyte system was intercalated to stage 2.
Thus, the maximum intercalation stage achievable depends on
a combination of the graphite structure and temperature, while
the stage numbers reported vary by characterization method.
The average stage number of the fully intercalated graphite

can also be estimated by comparing the average composition
Cx[AlCl4], determined coulometrically from the experimentally
measured capacity, to the theoretical composition at a given
stage number and AlCl4

− packing density. By use of a hard-
sphere packing model (Text S4, Supporting Information),
which assumes that the AlCl4

− ions are rigid, noninteracting
spheres with 2D hexagonal packing, the maximum composition
is C9.3[AlCl4]. If one uses this model as a first approximation,
an ideal stage 1 and stage 2 intercalated graphite would have
capacities of 240 and 120 mAh/g, respectively, where the latter

Figure 2. Galvanostatic cycling (60 mA/g) of Al−graphite cells using
natural, synthetic, and pyrolytic graphite electrodes. The fifth cycle is
shown.

Table 2. Galvanostatic Discharge Properties of Al−Graphite
Cells Using Different Pristine Graphitesa

natural
(NG)

synthetic
(SG)

pyrolytic
(PG)

discharge capacity (mAh/g) at
60 mA/g

115 80 66

discharge capacity (mAh/g) >2.2 V at
60 mA/g

45 20 30

discharge capacity retention (%) at
960 mA/g

55 43 41

aAll values are normalized by the mass of graphite.
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represents an average composition of C18.6[AlCl4] (Text S4,
Supporting Information). As mentioned above, NG exhibited a
discharge capacity of 115 mAh/g, or an average composition of
C19[AlCl4], which are very close to the theoretical capacity and
composition of ideal stage 2 intercalated graphite by using the
hard-sphere model. Effects of ion trapping, as discussed above,
would increase the expected AlCl4

− content and thus decrease
the average stage number toward stage 1. The actual packing
density of AlCl4

− ions within the graphite layers will depend

upon molecular-level interactions between the AlCl4
− ions and

bounding graphene layers as well as among the AlCl4
− ions

themselves. DFT electronic structure calculations of different
AlCl4

− interlayer packing densities indicate that high interlayer
packing densities are more energetically favorable compared to
more dilute ones and that a range of interlayer compositions
may be possible.47

Currently, there are discrepancies between the stage
numbers of fully charged graphites determined by XRD
methods, Raman spectroscopy, and coulometric-geometric
models. XRD methods only measure structures with sufficient
long-range ordering to diffract X-rays and often ignore
problems of indeterminacy. For example, as Read48 has
previously shown for PF6

− anion intercalation into graphite,
it is difficult to unambiguously determine the stage number via
XRD studies alone because it is possible for intercalated
graphites to have identical unit cell dimensions in the
dimension perpendicular to the graphite planes (c-axis) but
exhibit different staging. Meanwhile, DFT and geometric
models assume idealized structures. Real graphites exhibit edge
sites, steps, and basal planes, as well as defects and disorder, all
of which can affect the specific capacity but are not accounted
for in the above models or structures. Reconciling these
discrepancies would provide opportunities to clarify the
structure and composition of the chloroaluminate-intercalated
graphite electrodes as well as the role of defects and disorder.
As the CV is further scanned up to 2.45 V, a sharp increase

of oxidative current occurs that is associated with irreversible
electrochemical reactions, e.g., electrolyte decomposition.
Specifically, the electrochemical oxidation of AlCl4

− to form
Al2Cl7

− and Cl2 gas,
49 along with possible chlorination of the

graphite to form C−Cl bonds at edge sites, defects, and/or
particle surfaces,16,28 may be occurring. Among the different
graphites, SG exhibited the strongest oxidative current at 2.45
V (Figure 3). The greater current associated with irreversible
reactions is likely due to SG’s higher oxygen content (Figure
S2) as well as its higher specific surface area and consequently
greater concentrations of edge sites, which are more reactive
than basal plane sites.50 PG exhibited the lowest extents of
decomposition reactions at 2.45 V, likely due to its low specific
surface area and stacked lamellar sheets morphology, which
reduces active site utilization51 and therefore surface reactivity.
Upon reversal of the CV direction to discharge the cell, the

major reduction peak occurring at ∼2.2 V corresponds to
anion deintercalation. Further scanning yields lower voltage
redox peaks at ∼1.80 and ∼1.60 V, which correspond to more
dilute, less-coordinated staging of anions (increasing stage
numbers n). The stage number n of the discharge (reduction)
peaks is expected to be similar to their corresponding charge
(oxidation) peaks. The reduction peaks occur at a lower
voltage compared to the corresponding oxidation peaks.
Analysis of the potential difference between the oxidation
and reduction peaks (ΔEpeak = Epeak

ox − Epeak
red ) revealed that all

coupled redox processes were of a quasi-reversible nature.52

For the higher voltage (∼2.3 V/∼2.15 V) couple, ΔEpeak was
160, 150, and 190 mV for NG, SG, and PG, respectively. The
large separation between these coupled peaks suggests
hysteresis in the equilibrium voltage and/or a large activation
overpotential.52,53 Lower-voltage coupled peaks observed in all
three graphite types were 1.84 V/2.03 V (NG), 1.82 V/2.01 V
(SG), and 1.82 V/2.01 V (PG), which all had an even greater
ΔEpeak (∼200 mV), indicative of the large voltage hysteresis
between the intercalation/deintercalation processes. This

Figure 3. Representative cyclic voltammograms (20 μV/s) for
aluminum cells with (a) natural, (b) synthetic, and (c) pyrolytic
graphite electrodes. A CV of a Mo−Mo symmetric cell is displayed in
(a), showing the weak background associated with bare Mo current
collectors.
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larger peak separation suggests that broader distributions of
intercalation stage transitions13,22 occur in this voltage range,
which is consistent with the highly sloping charge (∼2.0 V)
and discharge (∼1.8 V) plateaus observed in the galvanostatic
cycling curve (Figure 2).
Other interesting electrochemical differences among the

graphites were revealed by CV. For example, the integrated CV
area in the 1.80−2.25 V range relative to the area of the entire
voltammogram was greatest for NG, then lower for SG, and
lowest for PG. This observation suggests that structural
features of NG results in facile dilute-stage intercalation.
Note that NG exhibits sharper, better defined CV peaks than
SG in this region, which suggests that NG exhibits more
uniform intercalation environments.43 Similarly, PG also
exhibited fewer discrete lower voltage peaks associated with
dilute staging, possibly due to its smaller crystallite domains
(Figure S4). Consequently, for PG, the current response of the
high-voltage oxidation peak at 2.3 V is ∼1 order of magnitude
larger than the other low-intensity peaks. Thus, electro-
chemical intercalation of chloroaluminate anions occurs only
once the potential is high enough, resulting in a greater current
density because the graphite interlayers were relatively vacant
before the higher cell voltage was established.
Differences between the first (initial) and third (steady-

state) CVs reveal insights on the structural changes associated
with “initializing” the electrode for reversible chloroaluminate
intercalation, a process which requires intercalating ions to
overcome the cohesive van der Waals forces between adjacent
graphite layers. Overlays of the first and subsequent
voltammograms (Figure 3) showed that the oxidative peaks

of the first CV scan (red) are more intense and broader than
those in the subsequent cathodic scan (black). This
observation can be attributed to the higher activation barrier
for the electroactive species to initially penetrate the unopened
graphite interlayers.
For NG and SG, the oxidation peaks of the initial CV scan at

∼1.9, ∼2.1, and ∼2.4 V shifted to lower voltages (by ∼0.5−1.0
V) in the third scan, which also decreased ΔEpeak. The shift to
lower voltages upon intercalation suggests increased electro-
chemical reversibility (e.g., enhanced mass transfer and/or
more facile electron transfer) after the first scan. Also, for PG,
the initial oxidation peak observed at 1.86 V corresponding to
the onset of ordered staging10,16 disappeared in subsequent CV
scans due to significant ion trapping,10,16 which indicates
incomplete reversal of intercalation staging during cell
discharge.

Quantifying Ionic Transport Limitations of Chloroa-
luminate Intercalation. Variable-rate CVs were conducted
and analyzed to understand how mass transfer affects the rate
of chloroaluminate electrochemical intercalation. Diffusion-
limited and reaction-limited electrochemical processes can be
quantitatively distinguished by analyzing how the peak current
scales with scan rate in variable-rate cyclic voltammograms.53,54

The peak current ip typically obeys a power-law relationship55

with the sweep rate v according to

i avbp = (2)

The exponential scaling term b can be determined by fitting
the linearized expression:

Figure 4. Variable-rate cyclic voltammograms performed on an Al−natural graphite cell at scan rates of (a) 20, (b) 200, and (c) 2000 μV/s.
Coupled charge (oxidation) peaks and discharge (reduction) peaks are labeled A−C and A′−C′, respectively. Note that A (A′) peaks were not
observed for PG. (d) Peak current (ip) vs scan rate (v) fit to a power-law model (eq 3). (e) Exponential scaling term (b-value) for the oxidation and
(f) reduction peaks as a function of potential for all graphite types. Measurements were performed on three different cells for each graphite type;
uncertainty bars represent the standard deviation about the mean value.
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i b v aln( ) ln( ) ln( )p = + (3)

In a completely diffusion-limited regime, the current is
proportional to the square root of the scan rate (ip ∼ v0.5).
For intercalation electrodes, diffusion-limited currents are
typically due to the slow solid-state diffusion of ions within
the host structure. Physically, any ions occupying intercalation
sites at the interface must first diffuse into the host structure
for such sites to once again become available for electro-
chemical intercalationthe process that generates current.
Note that this solid-state diffusion process is much slower
compared to the diffusive transport of ions to the electrode
surface from the bulk electrolyte solution.
Conversely, when the current scales linearly with the scan

rate (ip ∼ v1), such electrochemical processes are not diffusion-
limited. For example, faradaic electrochemical reactions of
adsorbed species on the electrode surface are effectively
reaction-limited and consequently exhibit linear scaling
relationships.52 Non-faradaic capacitive charging of the
electrical double layer can also exhibit similar linear scaling
behavior.52 Here, because of the low specific surface areas of
the graphites tested (Table 1), the current is dominated by
electrochemical intercalation, and any surface effects are
considered negligible (Text S2, Supporting Information).
Any deviations from a square-root scaling thus imply that
the intercalation process is simply not diffusion-limited.
Indeed, Levi and Aurbach53 observed two distinct regimes

for lithium-ion intercalation into thin-film graphite electrodes
when analyzing variable-rate CVs: (i) a well-defined linear
regime (ip ∼ v1) at very slow scan rates (≤15 μV/s) due to the
quasi-steady-state, non-diffusion-controlled accumulation of
lithium ions within the graphitic electrodes and (ii) a well-
defined diffusion-limited region (ip ∼ v0.5) at faster scan rates
(≥15 μV/s) associated with semi-infinite solid-state diffusion
of lithium ions within the graphite layers. As shown below,
variable-rate CV analyses of Al−graphite cells establish
markedly different behavior for chloroaluminate anion
intercalation into graphite compared to lithium cation
intercalation.
Variable-rate CV measurements (20, 70, 200, 700, and 2000

μV/s) were performed on the Al−graphite batteries (Figure
4a−c for NG; see Figure S6 for complete data on NG, SG, and
PG). The CVs were acquired from low to high scan rates; the
third scans are shown and analyzed. The current of coupled
oxidation (reduction) peaks at approximately 1.8 (1.6) V, 2.0
(1.8) V, and 2.3 (2.2) V (respectively labeled A (A′), B (B′),
and C (C′)) were analyzed as a function of scan rate according
to eq 3, which yielded linear relationships (R2 > 0.97) between
ln(ip) and ln(v) (Figure 4d for NG, Figure S7 for all graphite
types). The exponential scaling term (b-value) for oxidation
(charge) and reduction (discharge) peaks for all graphite types
is shown in Figure 4e and 4f, respectively.
The exponential scaling relationships vary significantly as a

function of potential and among graphite types, establishing
unambiguously that ion intercalation associated with different
potentials and graphite structure influence the mass transport
regime. Notably, for natural and synthetic graphite, lower
voltage peaks exhibited scaling relationships of approximately
ip ∼ v0.9; for example, NG and SG respectively had mean b
values of 0.90 (0.86) and 0.93 (0.93) for A (A′) peaks and
values of 0.87 (0.85) and 0.93 (0.93) for B (B′) peaks. Thus,
the electrochemical intercalation of molecular chloroaluminate
anions into graphite is not diffusion-limited at these potentials,

but effectively reaction-limited. Subsequent oxidation (charg-
ing) to >2.3 V, which results in electrochemical intercalation to
the densest graphite staging achievable at room temperature, is
a process more diffusion-limited in character. Reduction
(discharging) to <2.1 V results in electrochemical deinterca-
lation processes with similar extents of transport limitations.
For example, NG and SG exhibited mean b values of 0.66
(0.72) and 0.69 (0.78) for the C (C′) peaks (or approximately
ip ∼ v0.7), respectively. For PG, electrochemical intercalation of
chloroaluminates is more diffusion-limited compared to NG
and SG, since PG exhibited mean b-values of 0.59 (0.68) for its
B (B′) peaks and 0.54 (0.54) for its C (C′) peaks. This result
may be a consequence of the higher concentrations of
nanocrystalline grain boundaries within PG, as measured by
HR-TEM (Figure S4), which impede ion diffusion.
Variable-rate CV analyses thus establish that the electro-

chemical intercalation of molecular chloroaluminate anions
into graphite operates within a fundamentally different mass
transport regime compared to lithium cation intercalation.
Exponential scaling relationships ranged from approximately ip
∼ v0.9 at lower voltages (1.8 to 2.1 V during charge) and ip ∼
v0.7 at higher voltages (>2.3 V during charge) over rates from
20 μV/s to 2 mV/s compared to classic ip ∼ v0.5 diffusion-
limited scaling for lithium cations at rates >15 μV/s.53 Notably,
in the aluminum−graphite system, both solid-state ion
diffusion and the rate of electrochemical intercalation at the
electrode−electrolyte interface (i.e., the coupled ion insertion
and charge transfer events) play a key role in controlling the
overall current. The departure from a completely diffusion-
controlled process may be attributed to (i) “fast” solid-state
diffusion of chloroaluminate ions within the graphite structure
and/or (ii) “slow” interfacial electrochemical intercalation of
molecular ions (AlCl4

−). The ultrahigh rate performance of
many engineered graphites, compared to pristine graphites, is
likely attributed to reduced mass transfer limitations (e.g.,
reduced ion diffusion length scales, as in graphitic foams),
which partially control the overall rate of intercalation as we
have shown.
We highlight fundamental differences between the alumi-

num−graphite and lithium−graphite systems that are expected
to affect their overall rate capabilities. With regards to
electrochemical intercalation at the electrode−electrolyte
interface, we note that there is currently no evidence in the
literature of a passivating interphase forming on the graphite
electrode with chloroaluminate-containing ionic liquids,56

unlike the solid electrolyte interphase (SEI) that is well-known
to form in lithium-ion batteries with organic electrolytes.57

Such an SEI would add a mass-transfer resistance to
electrochemical intercalation at the interface. In addition,
there are relatively weak ion−ion interactions within the
AlCl3/[EMIm]Cl electrolyte58 and hence weak desolvation
penalties for AlCl4

− intercalation. Both the absence of an SEI
and weak ion desolvation penalties would be expected to
enhance ion intercalation at the interface. Note that the
kinetics of the electron charge transfer between AlCl4

− and
graphite have not been measured to date. While not expected
to be rate limiting, they must be quantified to understand their
effects, if any.
With regards to solid-state ion diffusion, the lower charge

density and larger size of molecular AlCl4
− anions, compared

to the higher charge density and smaller size of atomic Li+

cations, will affect their diffusive behavior. Lower ion charge
density reduces interactions between the intercalated ions and
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the graphite layers and is expected to enhance diffusion, while
conversely, larger ion size is expected to slow diffusion. In
addition, the intercalation of larger molecular ions may open a
larger interlayer spacing for subsequent ions to diffuse. Any ion
trapping that occurs during the initial cycles would amplify this
effect. We hypothesize that the large size of the intercalated
molecular anions may also restrict their penetration depths at
lower potentials (<2.1 V), mitigating solid-state diffusion
limitations (as measured here). Higher potentials (>2.3 V) are
then required for the sterically bulky molecular anions to
overcome the local cohesive van der Waals forces between
graphene layers before they can diffuse farther into the graphite
particles.47,59

Long-Term Al−Graphite Battery Performance. Ex-
tended galvanostatic cycling (60 mA/g) demonstrated varying
degrees of electrochemical irreversibility that contributed to
capacity fade among NG, SG, and PG (Figure 5). For the first
cycle, elevated charge capacity and low Coulombic efficiency
(∼70%) were observed for all graphites. This effect is
attributed to a combination of electrolyte degradation
reactions as well as ion trapping, both of which are more
pronounced during the first cycle. By the fifth cycle, the main
discharge plateaus are longer and flatter (Figure 5a,c,e).
The graphites showed different extents of capacity fade and

changes in Coulombic efficiency. NG, SG, and PG exhibited a
10%, 22%, and 2% discharge capacity fade (compared to the
maximum discharge capacity) over 140 cycles, respectively
(Figure 5b,d,f). SG exhibited the greatest discharge capacity
fade, likely due to its higher surface area and thus greater
concentration of edge sites. Furthermore, SG’s oxygen content
(∼6 at. %) (XPS, Figure S2) suggests a higher concentration of
dangling carbon bonds at the edge sites,38 which are more
reactive and thus more likely to catalyze irreversible
decomposition reactions. Interestingly, the Coulombic effi-
ciency of SG increased from 80% on cycle 2 to 98% at cycle
100, although accompanied by a shortened discharge plateau at
2.2 V. This effect may be partly attributed to two effects: (i) in

situ graphite exfoliation60 during cycling, due to the mechanical
stress associated with repeated (de)intercalation of the
chloroaluminate anions, and (ii) reduced magnitude of any
graphite chlorination reactions, which have been reported to
occur and may be more prevalent at reactive edge sites.44,61

NG, in contrast, did not exhibit this increase in Coulombic
efficiency. PG maintained stable voltage profiles and capacity
(Figure 5e) as well as Coulombic efficiency (98.0%) (Figure
5f).
To evaluate the extent of anion trapping and electrolyte

degradation reactions occurring near 2.45 V, a separate set of
galvanostatic cycling experiments were conducted where a
reduced upper voltage limit (2.30 V, as opposed to 2.45 V) was
used for the first 20 cycles of galvanostatic cycling.62 The initial
Coulombic efficiency was significantly higher (∼88%) and
rapidly increased to ∼98% by the 20th cycle for all types of
graphite. NG (Figure 6) and SG (Figure S8) did not exhibit
charge/discharge plateaus at 2.3 V/2.1 V corresponding to
high-density intercalation/deintercalation, while PG still
achieved a portion of its typical high-voltage charge and
discharge plateaus (Figure S8). Beyond the first 20
galvanostatic cycles, the voltage limit was increased to 2.45
V. Immediately thereafter, the Coulombic efficiency dropped
slightly for PG and more significantly for NG and SG. This
behavior may be due to ion trapping and/or electrolyte
degradation. If ion trapping is indeed occurring, then it occurs
when chloroaluminate anions intercalate during the higher
voltage charge plateaus, as seen in the galvanostatic profiles
(Figure 6b and Figure S8c,d) and the corresponding dQ/dV
peak (Figure 6c and Figure S8e,f). Another benefit observed
from initially using a 2.30 V upper voltage limit was the
improved discharge capacity and cycling stability, even for
subsequent cycles that used a 2.45 V voltage cutoff. For
example, after 140 cycles, the capacity fade was negligible for
NG and only 13% for SG.

Rate-Dependent Al−Graphite Battery Performance.
Galvanostatic cycling was performed at rates from 60 to 3840

Figure 5. Long-term galvanostatic cycling (60 mA/g) and the resulting capacities and Coulombic efficiencies of rechargeable aluminum−graphite
cells with (a, b) natural graphite, (c, d) synthetic graphite, and (e, f) pyrolytic graphite electrodes.
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mA/g (Figure 7) to further study the rate dependence of
voltage profiles, capacities, and Coulombic efficiencies of the
Al−graphite cells. Capacities decreased when the current
densities increased, as expected, because the diffusive
penetration depth of chloroaluminate anions within the
graphite layers was limited over the available intercalation/
deintercalation time, and thus full capacity was not achievable.
NG has the highest capacity retention at all rates. Discharge
capacity retention at 240 mA/g was 93%, 75%, and 85% for
NG, SG, and PG, respectively, and 55%, 41%, and 42% at 960

mA/g (Table 2). At 960 mA/g, NG retained a small portion of
its high-voltage discharge plateau at 2.25 V (∼10 mAh/g),
while this plateau vanished for SG and PG. At the maximum
cycling rate tested (3840 mA/g), both NG and SG retained
20% of its initial discharge capacity, while PG only retained
4%. The greater capacity retention of NG and SG at higher
current densities, compared to PG, is corroborated by reduced
ion diffusion limitations, as measured in the variable-rate CV
analyses discussed above. The poorer rate performance of PG,
compared to that of NG and SG, may also be due to additional
mass transfer resistances associated with diffusion across
nanocrystalline grain boundaries, as revealed by HR-TEM
(Figure S4). Both electrochemical cycling techniques thus
provide complementary quantitative comparisons of how mass
transport affects the rate of electrochemical intercalation of
chloroaluminate species among the three graphite types, which
correlate with their rate performance.
For all graphites, the Coulombic efficiency increased when

the rates increased, as the irreversible electrochemical reactions
(e.g., electrolyte reactions16) were kinetically suppressed. For
example, the Coulombic efficiency was 98.9%, 96.1%, and
98.2% for NG, SG, and PG at 240 mA/g and 99.9%, 99.8%,
and 99.3% at 960 mA/g. These results highlight that the
reversible electrochemical intercalation of chloroaluminates
into graphite is a more rapid process compared to the
irreversible electrochemical processes that degrade battery
performance. When the current density was returned to 60
mA/g after the 125th cycle, the capacity increased and the
Coulombic efficiency decreased to their previous values, which
indicated that cycling stability was maintained even after
subjecting the graphites to rapid (de)intercalation of molecular
chloroaluminate anions.

■ CONCLUSIONS
Rechargeable aluminum−graphite batteries containing natural,
synthetic, and pyrolytic graphite electrodes were electrochemi-
cally analyzed, yielding insights into the effects of graphite
structure and ion transport on performance. Natural graphite
exhibited the highest specific capacity (115 mAh/g at 60 mA/
g) at all potentials and the greatest capacity retention during
variable-rate galvanostatic cycling (e.g., 55% at 960 mA/g).
Cyclic voltammograms (20 μV/s) revealed that lower voltage
(<2.1 V) redox processes associated with low-density graphite
staging were most prominent for natural graphite, while the
dominant charge storage mechanism for all graphites was
reversible chloroaluminate intercalation/deintercalation (∼2.3
V/2.2 V) at the highest density achievable at room
temperature. Average compositions of fully intercalated
electrodes were determined coulometrically; for example,
fully intercalated natural graphite has a composition of
C19[AlCl4], neglecting trapped anions during first charge.
With regard to graphite staging, we highlight discrepancies
among different methods and models used in the literature and
analyze ideal staging using a hard-sphere model.
Both CV and galvanostatic analyses establish that the extent

of irreversible electrochemical reactions (e.g., electrolyte
degradation), and hence Coulombic efficiency, depend
strongly on the nature of the graphite. Synthetic graphite
exhibited the lowest Coulombic efficiency, likely due to its
higher specific surface area and greater concentrations of both
edge sites and oxygen surface defects. Pyrolytic graphite
exhibited the best Coulombic efficiency and hence long-term
cycling stability. Long-term cycling of all Al−graphite cells can

Figure 6. Improved performance of Al−natural graphite cells can be
achieved by using a reduced upper voltage limit of 2.30 V for the
initial 20 cycles, then raising it to 2.45 V. (a) Galvanostatic cycling,
(b) cyclic voltammetry, and (c) differential capacity (dQ/dV) plots
are shown for natural graphite. Data for synthetic and pyrolytic
graphites are shown in Figure S8.
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be improved by lowering the upper voltage limit to 2.3 V for
the initial cycles. Improvements to the Coulombic efficiency of
the Al−graphite cells at slower cycling rates, which depend
strongly upon graphite structure, could be made by identifying
the mechanisms of deleterious side reactions and mitigating
them by, for example, developing alternative electrolytes or
appropriately pretreating the graphite.
Variable-rate CV measurements were analyzed to under-

stand quantitatively how the rates of electrochemical
chloroaluminate (de)intercalation are affected by ion mass
transport limitations. For both natural and synthetic graphites,
intercalation/deintercalation at voltages <2.1 V was effectively
reaction-limited (ip ∼ v0.9), while higher voltage intercalation/
deintercalation at ∼2.3 V/2.2 V was neither strongly diffusion-
nor reaction-limited (ip ∼ v0.7). Among different graphite
structures, pyrolytic graphite exhibited the greatest extents of
diffusion limitations for all cell potentials. Electrochemical
intercalation of molecular chloroaluminate anions thus differs
significantly from the intercalation of lithium cations, which
has been shown by Levi and Aurbach53 to be diffusion-
controlled (ip ∼ v0.5) over similar scan rates (>15 μV/s).
Collectively, these results are a first step toward understanding

the excellent rate capabilities of rechargeable aluminum−
graphite batteries in chloroaluminate-containing ionic liquids.
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(61) Schlögl, R. Graphite  A Unique Host Lattice. Phys. Chem.
Mater. Low-Dimens. Struct. 1994, 17, 83−176.
(62) Shi, J.; et al. Avoiding Pitfalls in Rechargeable Aluminum
Batteries Research. ACS Energy Lett. 2019, 4, 2124−2129.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b01184
ACS Appl. Energy Mater. 2019, 2, 7799−7810

7810

http://dx.doi.org/10.1021/acsaem.9b01184


   
 

   
   

S-1 

 Supporting Information 
 

Effects of Graphite Structure and Ion Transport on the Electrochemical 
Properties of Rechargeable Aluminum-Graphite Batteries 

 
Jeffrey H. Xu, Damon E. Turney, Ankur Jadhav, Robert J. Messinger* 

Department of Chemical Engineering, The City College of New York, CUNY, New York, New York 10031, United States 

*E-mail: rmessinger@ccny.cuny.edu  
 
 

 

Figure S1. X-Ray diffraction (XRD) patterns for pristine (a) natural graphite (NG), (b) synthetic graphite (SG) and (c) pyrolytic 
graphite (PG).  
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Figure S2. X-ray photoelectron (XPS) survey and deconvoluted C1s spectra of pristine (a,b) natural graphite, (c,d) synthetic graphite 
(inset: fitted O1s region), and (e,f) pyrolytic graphite. Concentrations (atomic %) are based on signal intergration of C1s components 
are tabulated in Table S1.  

Table S1. Concentrations of carbon and oxygen states obtained by quantitative deconvolution of XPS C1s signals. 
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Figure S3. Scanning electron microscopy (SEM) images of a (a) natural graphite composite electrode, (b) synthetic graphite composite 
electrode, and (c,d) pristine pyrolytic graphite foil.  
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Fig S4. High-resolution transmission electron microscopy (HR-TEM) images showing the highly-ordered nanoscale structures of 
pristine (a,b) natural graphite, (c,d) synthetic graphite, and (e,f) pyrolytic graphite.  



   
 

   
   

S-5 

 

Figure S5. Nitrogen sorption isotherms for pristine (a) natural graphite and (b) synthetic graphite.  No isotherm was obtained for 
pyrolytic graphite due to its low specific surface area, which was estimated via single-point BET analysis conducted at P/P0 = 0.3.  
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Figure S6. Variable scan-rate cyclic voltammograms (CVs) of representative Al-graphite cells with (a-e) natural graphite, (f-j) synthetic 
graphite, and (k-p) pyrolytic graphite at scan rates ranging from 20 μV/s to 2 mV/s.  
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Figure S7.  Variable-rate analyses of CV data for on Al-graphite cells with (a,b) natural, (c,d) synthetic, and (e,f) pyrolytic graphites. Peak 
current vs. scan rate data was fit to a power law model (Eqn. 3, main text). Exponential scaling term (b-value) for the oxidation and 
reduction peaks as a function of potential are shown as insets. Measurements were performed on three different cells for each graphite 
type; one representative trial is shown here.  
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Figure S8. Electrochemical performance of Al-graphite cells with synthetic graphite (SG) and pyrolytic graphite (PG), where a reduced 
voltage limit of 2.30 V was used for the first 20 cycles and subsequently raised to 2.45 V on cycle 21 and after, improving long-term 
coulombic efficiency. (a,b) Galvanostatic cycling, (c,d) cyclic voltammetry, and (e,f) differential capacity (dQ/dV) plots are shown for 
(a,c,e) synthetic grahpite and (b,d,f) pyrolytic graphite.  
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Supporting Text & Calculations 

Text S1. Calculation of the porosity of the composite electrodes:  

The porosities of the composite natural & synthetic graphite composite electrodes were estimated according to:  
 

%	#$%$&'() = +1 − .
/010234560
/7489:;30	

<= ∗ 100 

 
where /010234560  and /7489:;30  are the densities of the composite electrode and the pristine graphite material (e.g., ~2.1 
g/cm3 for natural graphite, specified by manufacturer), respectively. The density of the composite electrode, /010234560, was 
obtained by measuring the mass of an electrode and dividing by its overall volume.  
 
Text S2. Calculation of the theoretical interlayer surface area & comparison to measured external surface area:  

Calculation of theoretical surface area of one side of a graphene layer1:  
The unit cell of graphene is a two-dimensional rhombus that contains two carbon atoms and has an area of 0.052 nm2. The 
mass of each unit cell is equal to the mass of two carbon atoms:  
 

@A&&	$B	C%ADℎFGF	HG'(	IFJJ	 = 2 ∗ 12.011	AMH ∗
N.OOPQ∗NPRST	7

N	8UV
= 3.99 ∗ 10YZ[C 

 
Thus, the theoretical specific surface area of one side of a graphene layer is: 
 

\ℎF$%F('IAJ	&DFI'B'I	&H%BAIF	A%FA	($GF − &'^F) =
`

a
=

P.PQZ	bUS

[.cc∗NPRSd7
= 1.31 ∗ 10ZN 	

bUS

7
= 1315

US

7
 

 
Comparison of theoretical interlayer and measured “external” surface areas:  
Accounting for the typical porosity (~40%) of a graphite electrode, the theoretical interlayer specific surface area is:  
 

\ℎF$%F('IAJ	&DFI'B'I	&H%BAIF	A%FA	($GF − &'^F, D$%$H&) 	= (1 − 0.4) h1315
US

7
i = 789	

US

7
 

 
The measured BET specific surface area of synthetic graphite (highest among the electrodes studied here) was 9.3 m2/g. Thus, 
for synthetic graphite, the measured BET surface area is ~1.2% of the total graphene interlayer surface area (one-sided basis). 
The measured BET surface area for natural and pyrolytic graphites is 0.7% and 0.1% of the graphene interlayer surface area, 
respectively. This result establishes that the capacity achieved is dominated by electrochemical intercalation of 
chloroaluminate anions into the graphite interlayers, as opposed to surface phenomena (e.g., double-layer capacitance or 
electrochemical reaction of adsorbed species).  
 

Text S3. Calculation of overall composition (Cx[AlCl4]) of a fully-intercalated graphite electrode:  

The average composition of an intercalated graphite electrode can be calculated from the discharge capacity per mass of 
graphite (mAh/g). For NG electrodes, one full discharge yields a capacity of 115 mAh/g, or in terms of number of electrons: 
 

lHMmF%	$B	nJoJp
Y		AG'$G&	(%AG&BF%%F^	^H%'GC	$GF	BHJJ	^'&IℎA%CF	 = 

 

 h
NNQ	U`:	

7	7489:;30
i h

N	U51	0R

ZOqPP	U`:
i h

N	U51	`1r1T
R

N	U51	0R
i h

O.PZZ∗NPSd	U5102V10s	5t	`1r1T
R

N	U51
i =

Z.Qc∗NPSu	U5102V10s	5t	`1r1T
R

7	7489:;30
 

 
The above result can be used to calculate the average composition of the intercalated electrode just prior to discharging: 

 
nvF%ACF	I$MD$&'('$G	$B	lw	FJFI(%$^F	D%'$%	($	^'&IℎA%C'GC	 = 

 

   h
Z.Qc∗NPSu	U5102V10s	5t	`1r1T

R

7	7489:;30
i h

N.ccQ∗NPRSd7	7489:;30

N	835U	5t	r
i =

P.PQNx	U5102V10s	5t	`1r1T
R

	N	835U	5t	r
≈

N	U5102V10	5t	`1r1T
R

Nc		835Us	5t	r
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Thus, the fully intercalated NG electrode has 1 AlCl4- anions for every 19 C atoms, yielding an average composition of C19[AlCl4]. 
This result is similar to a comparable NG system studied by Elia et al.2, who computed C20[AlCl4]. Performing the same 
calculation for SG and PG yields average compositions of C28[AlCl4] and C34[AlCl4], respectively.   

The experimental capacity of the first charge of the natural graphite electrode is 160 mAh/g, which is higher than the 
discharge capacity of 115 mAh/g, likely due to a combination of irreversible electrochemical side reactions (e.g., electrolyte 
degradation) and intercalated AlCl4- ions that become “trapped”, i.e., unable to de-intercalate. It is informative to compute 
the average composition of the fully-charged NG electrode assuming that the additional 45 mAh/g observed on the first 
charge is due solely to trapped ions, which yields C14[AlCl4]. The actual average composition of the fully-charged natural 
graphite is thus somewhere between C19[AlCl4] (neglecting ion trapping) and C14[AlCl4].  

 

Text S4. Estimation of theoretical capacity & ion stage numbers via Coulombic & geometric arguments.  

Calculation of interlayer packing density and theoretical capacity of stage-1-intercalated graphite using hard-sphere model:   
We first estimate the theoretical capacity of stage-1-intercalated graphite assuming the AlCl4- ions to be rigid, non-interacting 
spheres (ionic diameter = 5.28 Å)3 and maximum 2D hexagonal packing of circles (packing fraction of 0.907).  The ratio of the 
cross-sectional area of AlCl4- anions to the area of the graphene unit cell is:  
 

zA('$	$B	FBBFI('vF	A%FA	$B	nJoJp
Y	($	C%ADℎFGF	HG'(	IFJJ = 

 
n%FA	$B	nJoJp

Y	/	|%AI('$G	$B	$IIHD'F^	A%FA

n%FA	$B	C%ADℎFGF	HG'(	IFJJ
=
0.219	GMZ	/	0.907

0.0524	GMZ		
= 4.64		

~BBFI('vF	A%FA	$B	nJoJp
Y	

n%FA	$B	C%ADℎFGF	HG'(	IFJJ
 

 
Thus, 4.64 graphene unit cells thus comprise the effective area (corrected for packing effects) of 1 AlCl4- ion. Since each 
graphene unit cell has 2 carbon atoms, the maximum AlCl4- concentration is C9.3[AlCl4].  Under these assumptions, the 
theoretical capacity at stage 1 can be computed:  

 
@A'MHM	IADAI'()	$B	&(ACF	1	nJoJp

Y	'G(F%IAJA(F^	C%ADℎ'(F	[ℎA%^ − &DℎF%F	M$^FJ] 	= 
 

Ç
1	M$JFIHJF	$B	nJoJp

Y

9.3		A($M	$B	o
É Ç

1	A($M	$B	o

1.995 ∗ 10YZ[C	C%ADℎ'(F
É +

1	M$J	$B	nJoJp
Y	

6.022 ∗ 10Z[	M$JFIHJF&	$B	nJoJp
Y= +

1	M$J	FY

1	M$J	nJoJp
Y	
= Ç
26800	Mnℎ

1	M$J	FY
É = 240

Mnℎ

C	C%ADℎ'(F
 

 
Estimates of theoretical capacity of stage-1-intercalated graphite using DFT models from literature:   
The actual shape, dimensions and packing density of AlCl4- ions within the graphite layers will depend strongly upon 
molecular-level interactions between the AlCl4- ions and bounding graphene layers, as well as among the AlCl4- ions 
themselves. Density functional theory (DFT) electronic structure calculations may yield more accurate results.  However, the 
current literature indicates that a range of interlayer packing densities may be stable at different cell voltages. For example, 
using DFT methods, Gao et al.4 found that packing 1 AlCl4- ion per 2x2 or 3x3 repetition of the graphene unit cell yielded 
formation energies within 0.01 eV of each other, but that generally, higher interlayer packing densities are more energetically 
favorable than dilute ones (e.g., compared to 1 AlCl4- ion per 4x4 repetition, or even more dilute). Considering only the single 
graphene layer that hosts the AlCl4- ion, the 2x2 and 3x3 configurations correspond to compositions of C8[AlCl4] and C18[AlCl4], 
respectively, which for stage-1-intercalated graphite would result in theoretical capacities of 279 and 124 mAh/g, respectively. 
Thus, current DFT methods indicate that high interlayer packing densities are favorable and that a range of interlayer 
compositions may be possible.  
 
Estimation of average stage number of fully-charged graphite based on a coulometric-geometric model:  
The average stage number of the intercalated graphites can be estimated by comparing the average composition Cx[AlCl4], 
determined coulometrically from the experimentally measured capacity, to the theoretical composition at a given stage 
number and interlayer packing density. For example, the natural graphite studied here exhibited a discharge capacity of 115 
mAh/g, or an overall composition of C19[AlCl4] (Text S3). Assuming hard-sphere packing of AlCl4- as a first approximation, 
stage-2-intercalated graphite would have a theoretical capacity of 120 mAh/g and an average composition of C18.6[AlCl4].  
Natural graphite thus exhibits an experimental capacity and composition very close to the theoretical capacity and 
composition of stage-2-intercalated graphite using the hard-sphere model.  Consideration of ion trapping would increase the 
expected AlCl4- content and thus decrease the average stage number towards stage 1.  For example, if all 160 mAh/g of the 
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first charge of NG were a result of the electrochemical intercalation of AlCl4- ions, then the overall composition would be 
C14[AlCl4] (Text S3), which would indicate a mixture of stage 1 and stage 2 intercalation based on the hard-sphere packing 
model.  Furthermore, if models using lower interlayer packing densities of AlCl4- ions are used, then the graphite would need 
to exhibit a lower stage number, on average, to hold the same overall concentration of AlCl4- ions.  
 
As highlighted in the main text, there are currently discrepancies between the stage numbers of fully-charged graphites 
determined by XRD methods, Raman spectroscopy, and coulometric-geometric models.  Reconciling these discrepancies 
would provide opportunities to clarify the structure and composition of the chloroaluminate-intercalated graphite electrodes, 
as well as any role of defects and disorder.  
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