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Abstract: Aluminum storage systems with graphite cathode have been greatly promoting the development of state-of-the-art rechargeable alu-
minum batteries over the last five years; this is due to the ultra-stable cycling, high capacity, and good safety of the systems. This study dis-
cussed the change of electrochemical behaviors caused by the structural difference between flake graphite and expandable graphite, the effects
of temperature on the electrochemical performance of graphite in low-cost AICl;—NaCl inorganic molten salt, and the reaction mechanisms of
aluminum complex ions in both graphite materials by scanning electron microscopy, X-ray diffraction, Raman spectroscopy, cyclic voltam-
metry, and galvanostatic charge—discharge measurements. It was found that flake graphite stacked with noticeably small and thin graphene
nanosheets exhibited high capacity and fairly good rate capability. The battery could achieve a high capacity of ~219 mA-h-g™' over 1200
cycles at a high current density of 5 A-g', with Coulombic efficiency of 94.1%. Moreover, the reaction mechanisms are clarified: For the flake
graphite with small and thin graphene nanosheets and high mesopore structures, the reaction mechanism consisted of not only the intercalation
of AICI; anions between graphene layers but also the adsorption of AICI; anions within mesopores; however, for the well-stacked and highly

parallel layered large-size expandable graphite, the reaction mechanism mainly involved the intercalation of AICI; anions.

Keywords: flake graphite; expandable graphite; molten salts; aluminum storage; intercalation

1. Introduction

Besides Li-ion batteries, secondary batteries based on oth-
er metal-ions have been widely proposed, including Na', K,
Mg*", Ca*, and AI*" [1-8], and these batteries have various
reaction principles. Among these, aluminum-ion batteries
(AIBs) have received attention because Al has three-electron
redox properties and a high theoretical volumetric capacity of
8040 mA-h-cm™ and gravimetric capacity of 2980 mA-h-g".
The abundance, low cost, and low flammability of Al also
suggest that rechargeable Al batteries could in principle be
cost-effective and highly safe [9—13]. However, since the
AlIBs were first conceptualized in the early 1970s [14], there
has hardly been any great breakthrough in the rechargeable
Al batteries over the past 40 years. This is likely due to some
problems such as a low cell discharge voltage (less than 1.0
V), cathode material disintegration, rapid capacity decay, and
low specific capacity [15—19]. In 2015, Jiao’s group [20] and
Dai’s group [21] made a major breakthrough: they proposed
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rechargeable Al batteries with graphite as cathode, and this
has greatly promoted the development of aluminum storage
systems.

Considerable experiments on graphitic materials with ul-
tra-stable cycling and high capacity have been carried out in
the last five years [22—27]. In our previous reports, we men-
tioned that the higher the graphitization degree of graphite
nanoflakes, the higher the discharge voltage plateau and the
larger the charge/discharge capacity [28—30]. Lin ef al. [21]
found that the highly stacked pyrolitic graphite foil exhibited
a clear discharge voltage plateau near 2 V, but only presen-
ted a relatively low capacity of 60-66 mA-h-g' at a lower
current density. Chen et al. [24] found that graphene film fea-
turing highly crystallized defect-free lattice, high ionic trans-
port channels, and continuous ion diffusion paths retained a
high capacity (120 mA-h-g™') at ultra-high current density.
Thus, it can be deduced that to achieve a high voltage charac-
teristic, the high graphitization feature of graphitic materials
is essential. Moreover, high ionic transport channels and a
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large surface area with high micropores can accommodate
more ions and effectively promote the rapid migration of ions
and thereby yield a reasonably high rate performance. Addi-
tionally, previous studies have proved that molten salts pos-
sessed definite advantages of high ionic conductivity, fast
electrode kinetics, and low polarization [31-36], thus mak-
ing molten-salt batteries feature high capacity and good cyc-
ling stability at high current density.

In this work, the change of electrochemical performance
caused by the structural difference between flake graphite
(FG) and expandable graphite (EG) was explored, and the ca-
pacity change resulted from the structural characteristics
were also analyzed. Moreover, the reaction mechanisms of
the intercalation and deintercalation of aluminum complex
ions in both graphite materials were discussed.

2. Experimental

2.1. Preparation of molten-salt electrolyte

Liquid sodium chloroaluminate (NaAICly) electrolyte was
obtained by mixing AlCl; (99.0%, Aladdin, China) and NaCl
(99.5%, Aladdin, China) at the eutectic point with a mole ra-
tio of 1.63 in an Ar-filled glove box. The mixture was then
heated in an oven at 130°C, resulting in transparent, yellow
liquid.

2.2. Fabrication of molten-salt Al-ion batteries

First, 70wt% active material (FG or EG, XFNANO,
China), 20wt% acetylene black, and 10wt% poly(vinylidene
difluoride) were homogeneously mixed in an N-methyl-2-
pyrrolidone solvent. Then the obtained slurry was evenly
coated onto a tantalum (Ta, 20 um thickness, 99.9%) current
collector. Molybdenum foil (50 pm thickness, 99.99%) at-
tached to a graphite electrode was applied as current collect-
or. Graphite electrode, Al foil (100 um thickness, 99.99%),
glass fiber (GF/A) separator from Whatman, and as-melt
electrolyte were assembled with a sealed Teflon electrolytic
tank in an Ar-filled glove box. The assembled battery was
operated at various temperatures in an oven.

2.3. Electrochemical measurements

Linear-sweep voltammetry (LSV, CHI 660E, China)
measurements of the molten salt were conducted using a
Pt—Al configuration at a sweep rate of 2 mV-s'. Cyclic
voltammetry (CV, CHI 660E, China) tests of the cathode ma-
terials were performed using a two-electrode configuration in
a voltage range of 0.4 to 2.15 V vs. AI*"/Al. The charge—dis-
charge processes were implemented at various current dens-
ities using a Neware BTS-53 tester.

2.4. Material characterization

The crystal structures of the graphite samples were ana-
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lyzed using X-ray diffraction (XRD, Rigaku, D/max-RB, Ja-
pan), Raman spectroscopy (HORIBA, LabRAM HR Evolu-
tion, Japan), and X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Ultra DLD, UK). The morphologies of the
electrode materials before and after cycling were character-
ized by field-emission scanning electron microscopy (JEOL,
JSM-6701F, Japan) coupled with energy-dispersive X-ray
spectroscopy (EDX). Nitrogen adsorption—desorption meas-
urements of both graphite samples were performed at liquid
nitrogen temperature (77.3 K) on an automatic porosity ana-
lyzer (Quantachrome, Autosorb IQ MP, America).

3. Results and discussion

The FG was stacked with graphene nanosheets, as shown
in Fig. 1(a), displaying short diffusion distance in the graphit-
ic layers. As displayed in Fig. 1(b), the EG retained the long-
range-ordered layered structure of graphite, presenting longer
diffusion distance. Moreover, the FG was fine and powdery
(Fig. 1(c)), whereas the EG was a remarkably large-size flake
(Fig. 1(f)). The SEM images in Figs. 1(d) and 1(e) and
Figs. 2(a) and 2(b) indicate that the FG was made up of
nanosheet-stacked multi-layer graphene. By comparison, the
EG consisted of a compact bulk with the large size of
~0.5 mm (Figs. 1(g) and 1(h) and Figs. 2(c) and 2(d). The top
views in Figs. 1(d) and 1(g) show that the FG was loose, but
the EG was dense. The morphology results imply that com-
pared with the EG, the FG stacked with smaller and thinner
nanosheets can possess remarkably favorable characteristics
in more ionic transport channels and smaller ion diffusion
paths.

Fig. 3(a) presents the XRD patterns of FG and EG
samples. Both the FG and EG showed typical graphitic fea-
tures, with almost consistent (002) characteristic peaks of
26.54° and 26.28°, respectively. Based on Bragg’s equation,
the spacing between graphene sheets is 0.335 and 0.339 nm
respectively. However, compared with the EG, the FG
presented a sharper (002) peak, indicating a lower full width
at half-maximum and thus higher crystallinity. The Raman
spectra of the FG and EG samples were characterized to dis-
tinguish the graphitization features, as shown in Fig. 3(b).
Both the FG and EG showed typical features of graphite,
consisting of the inconspicuous D peak centered at 1350 cm ™',
due to the A,, mode breathing vibrations of sp’-bonded car-
bon. The prominent G peak located at 1581 cm ™ is attributed
to the E,, in-plane vibrational mode of sp’ carbons in the two-
dimensional hexagonal lattice [37—39]. Moreover, the D
peak to G peak intensity ratios (/p/Ig) for the FG and EG were
respectively 0.14 and 0.19, indicating a more ordered graph-
itic structure of the FG [28,40]. The pronounced and broad
2D peak is situated around 2718 cm ™, indicating that both
graphite samples presented more graphitic crystallites and
fewer defects [38]. The appearance of the peak at 1605 cm™
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Fig. 1. Scheme of (a) FG and (b) EG structure; photographs of (¢) FG and (f) EG; top-view SEM images of (d) FG and (g) EG;
cross-sectional SEM images of (e) FG and (h) EG.
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Fig. 2. Top-view SEM images of (a, b) FG and (¢, d) EG at different magnifications.
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can be related to a disorder or defect, as with the D peak
[38,41—42]. According to the C 1s XPS spectra (Fig. 3(c)),
compared with the XPS C 1s spectrum of the EG, the FG
presented non-C—O and weaker sp® carbon characteristics,
implying that it exhibited more sp” graphitic carbon features
(284.8 eV). An oxygen-containing group existed in the EG,
and the broader nature of the XPS C 1s spectrum in the EG
agrees with the above-discussed XRD and Raman results.

A large specific surface area (SSA) can expose more act-
ive sties, which is beneficial for energy storage. Both samples
were analyzed by N, adsorption—desorption measurements,
and the results are shown in Fig. 3(d). Both samples dis-
played the same type IV feature with an associated H3-type
hysteresis loop. Especially, a pronounced accretion of nitro-
gen adsorption for the FG sample can be observed at the high
relative pressure close to 1.0, suggesting the formation of
mesopore and macropore structures. Moreover, the FG
(27.9 m*g") exhibited a larger SSA than that of the EG
(3.2 m*g™"). According to the pore size distribution curves,
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the FG mesopores were mainly centered at about 4.8 nm,
with a moderate number at 30.0 nm, and most of the EG
pores had a size of 4.9 nm (Table 1). The abundant meso-
pores can enhance the kinetics of the electrolyte across
graphene layers for promoting adsorption performance.

The electrochemical properties of the molten AICI,—NaCl
liquid electrolyte were investigated by LSV. Fig. 4(a) shows
that with the decrease in temperature, the polarization cur-
rent tended to reduce, while the polarization potential tended
to rise, implying that the higher temperature is not conducive
to the stability of the molten salt. The CV curves of the FG
electrode at temperatures ranging from 110 to 130°C were
measured at 2 mV-s™', and the results are shown in Fig. 4(b);
with the reduction in temperature, the oxidation/reduction
potentials were basically unchanged, while the peak current
was much decreased. Fig. 4(c) shows the representative
charge—discharge curves at 1 A-g' under temperatures
between 130 and 110°C, all displaying similar charge—dis-
charge behaviors. Moreover, the figure shows the relatively
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(a) XRD patterns, (b) Raman spectra, and (c) XPS C 1s spectra, (d) nitrogen adsorption—desorption isotherms of the pristine

FG and EG samples. Inset of (d): pore size distribution curves of the pristine FG and EG samples.

Table 1.

Physical properties of FG and EG

Sample Specific surface area / (m>-g™") Pore volume / (mm*-g ") Pore diameter / nm Average pore diameter / nm
FG 279 0.065 4.8 15.1
EG 3.2 0.011 4.9 9.9
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higher discharge voltage plateau and discharge capacity at a
higher temperature. Fig. 4(d) illustrates the cycling stability
at 200 mA-g "' under temperatures ranging from 130 and
110°C. The capacity tended to increase upon cycling, indic-
ating an activation process. When the temperature was re-
duced to 115°C, the capacity significantly reduced. A higher
temperature is usually favorable for ion diffusion and capa-
city enhancement. However, a too-high temperature will
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cause the molten-salt electrolyte to decompose, accompan-
ied by Cl, gas evolution, leading to increasing irreversible ca-
pacity and consequently a reduction in the Coulombic effi-
ciency and cycling stability [33]. Meanwhile, the FG could
afford a discharge capacity of ~180 mA-h-g™' at 120°C,
presenting a high capacity, Coulombic efficiency, and cyc-
ling stability. Therefore, the subsequent measurements were
operated at 120°C.

SLb)
2
1k
ok
-1+
_2 L L L L L L
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4
Potential / V
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100 . . ¢ 3
@ Coulombic efficiency 120 &
@ Charge capacity
O Discharge capacity
0 1 1 1 1 0
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Cycle number

(a) Polarization curves of the as-melt electrolyte determined by LSV with a scan rate of 2 mV-s™ at different temperatures;

(b) CV curves of FG with a scan rate of 2 mV-s™ at different temperatures; (c) typical charge—discharge profiles of FG with a cur-
rent density of 1 A-g™" at different temperatures; (d) cycling performance of FG at a current density of 200 mA-g .

CV measurements were performed to distinguish the reac-
tion processes of the FG and EG, as displayed in Fig. 5. Both
graphite electrodes presented four anodic peaks and three
cathodic peaks. The anodic peak at 1.91 V and cathodic peak
at 1.67 V are attributed to the intercalation and deintercala-
tion of AICI, anions. The anodic peaks at 1.44, 1.62, and
1.73 V and the broad cathodic peaks at 1.24 and 1.33 V are
ascribed to the adsorption and desorption of AICI, anions
[32—33]. Comparing the FG and EG, the anodic peaks of the
EG shift positively and the cathodic peaks shift toward the
negative direction. More interestingly, the peak current of the
redox reaction representing the adsorption and desorption for
the FG electrode was significantly stronger than that for the
EG electrode, which is related to the more mesopore struc-
tures and ionic transport channels of FG.

The capacity evolutions of the FG and EG electrodes dur-
ing cycling are shown in Fig. 6. The charge—discharge curves
for the initial five cycles in Figs. 6(a) and 6(b) show that both
graphite electrodes exhibited similar charge—discharge beha-
viors, but the FG exhibited the higher initial capacity of
133.8 mA-h-g"' (EG: 102.5 mA-h-g™"). Two charge voltage
plateaus correspond to the intercalation and deintercalation
reactions, and two discharge voltage plateaus correspond to
the adsorption and desorption reactions. Both electrodes
presented enhanced capacity (Figs. 6(c) and 6(d), which is
mainly because the graphite structure expanded with the in-
tercalation of anions, which results in faster ion diffusion and
increased adsorption capacity. The 100th discharge capacit-
ies of the FG and EG were maintained at 183.4 and
159.5 mA-h-g ', respectively, with Coulombic efficiencies of
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86.3% and 84.5%, respectively. Accordingly, the following
experiments were focused on FG.

Fig. 7(a) displays CV curves of FG with various sweep
rates ranging from 0.5 to 10 mV-s™' at 120°C. With increas-
ing sweep rates, the anodic peaks shift in the positive direc-
tion, while the cathodic peaks shift negatively. The typical
charge—discharge curves of the FG electrodes were meas-
ured at different current densities between 0.5 and 5.0 A-g™*
at 120°C (Fig. 7(b)). With the increase in the current density,
the charge plateaus increased, the discharge plateaus de-
creased, and the discharge capacities decreased, presenting a
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similar trend with the redox peaks from the CV curves in Fig.
7(a). The capacity evolution of the FG cycles at various cur-
rent densities is presented in Fig. 7(c). Even at a high current
density of 5.0 A-g', the FG could exhibit a discharge capa-
city of 93.8 mA-h-g"'. When the current density was rever-
ted to 1.0 A-g ', the capacity increased to ~170 mA-h-g™'.
The rate performance of the EG is displayed in Fig. 8. The
EG exhibited a discharge capacity of ~44 mA-h-g' at
5.0 A-g", significantly less than that of the FG. The long-
term cycling stability of the FG at a high current density of
5.0 A-g' was evaluated, and the results are depicted in
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Fig. 7.

(a) CV curves of FG with different sweep rates; (b) typical galvanostatic charge—discharge profiles of FG at different cur-

rent densities; (c) rate capability of FG at various current densities; (d) charge—discharge profiles of FG at a high current density of
5.0 A-g™'; (e) cycling performance of FG at 1.0 A-g ™ for 100 cycles and 5.0 A-g™' for subsequent 1200 cycles.



1718

Int. J. Miner. Metall. Mater., Vol. 27, No. 12, Dec. 2020

6F 24} ©®

x

E >

Z2F =

z z

£ =

300 z

=]

ot

=3

@]

_4 L
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 0 50 100 150 200
Potential / V Specific capacity / (mA-h-g™")
300 () -y me% 11
;D 250 E 180 é
3 05_ 10 20 30 40 50 10 g
= 200 ’ Current density / (A-g™") 160 é
z =
R e -
g 9
s 440 -%
2 1007 R :
é @ Charge capacity W {20 ©
@ 0 g Discharge capacity
0 9 Ccl)ulombilc efﬁcelntcy ) ) do

0 10 20 30 40 50 60 70
Cycle number

Fig. 8.
rent densities; (c) rate capability at different current densities.

Figs. 7(d) and 7(e). After being activated for 100 cycles at a
lower current density of 1.0 A-g”', the battery exhibited
an improved discharge capacity (195.2 mA-h-g' at the
100th cycle). When cycled at 5.0 A-g ™', the battery delivered
a capacity of ~160 mA-h-g"' and stabilized at ~219
mA-h-g' for subsequent 1200 cycles with a Coulombic effi-
ciency of 94.1%, affirming the excellent long-term cycling
stability.

In addition to exhibiting an intercalation behavior, the FG
with nanosheet-stacked multi-layer graphene contained a fair
number of microstructural features, which can strongly in-
crease the adsorption behavior of AICI; anions within meso-
pores, as illustrated in Fig. 9(a). The high graphitization de-
gree and small stacked nanosheets can enhance the cell
voltage, shorten the ion diffusion paths, and improve the in-
tercalation capacity of AICl; anions; moreover, the porosity
can augment the adsorption capacity (but a too-high porosity
can lower the graphitization degree of the material). There-
fore, maintaining synergy between the graphitization degree
and porosity is essential to obtain the optimal capacity per-
formance. Moreover, due to the well-stacked and highly par-
allel layered structure of the EG, the intercalation of AICI,
between graphene layers can be considered to be mainly re-
sponsible for the capacity (Fig. 9(b)). According to the afore-
mentioned results, the FG stacked with smaller and thinner

(a) CV curves of EG with different sweep rates; (b) typical galvanostatic charge—discharge profiles of EG at different cur-

nanosheets presented higher mesopore structures, more ionic
transport channels, smaller ion diffusion paths, and faster dif-
fusion kinetics, facilitating the adsorption and intercalation of
AICI; anions, thus resulting in high capacity and good rate
capability.

The FG electrodes at charged and discharged states were
characterized by ex-sifu Raman and XPS spectroscopy to fur-
ther demonstrate the reaction mechanism of chloroaluminate
anions into the cathode. As displayed in Fig. 10(a), when the
electrode is charged, the G band is split into doublet: 1584
and 1605 cm™ peaks, labeled as E,p(i) and E,p(b), respect-
ively, verifying the intercalation of AICI; anions into
graphene layers. Thereinto E,,(i) can be associated with the
vibrations of carbon atoms in the interior graphite layers be-
ing away from the intercalated layer planes, and E,,(b) can
be attributed to the vibrations of carbon atoms in the bound-
ing graphite layers being adjacent to intercalated layer planes
[26,35,43—44]. After the electrode is fully discharged, E,,(b)
peak completely diminishes, and the Raman peak returns to
1581 cm™'. The XPS characterizations of Al 2p and Cl 2p
peaks further demonstrate that AICI; anions were intercal-
ated into or deintercalated from graphene layers in the FG
electrode (Figs. 10(b) and 10(c)).

The top-view SEM images of the original, charged, and
discharged FG electrodes are displayed in Figs. 10(d)-10(f).
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Fig. 10. (a) Raman spectra of FG electrode in the original, charged, and discharged states; XPS spectra of (b) Al 2p and (c¢) ClI 2p of
FG electrode in the original, charged, and discharged states; (d—f) SEM images of original, charged, and discharged FG electrode.

No matter whether the electrode was fully charged or dis-
charged, the tight surface structure of the original state was
transformed into a flaky structure. Additionally, the element
mapping reveals that Al and Cl elements were uniformly dis-
tributed in the charged electrodes (Fig. 11). The element ana-

lysis displays much lower Al and Cl characteristic X-ray sig-
nals in the fully discharged electrode (Fig. 12, Table 2, and
Table 3). The results agree with the previously discussed
XPS results, revealing the intercalation/deintercalation of
AICI; anions into/from graphene layers.
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Fig. 11. (a) SEM image and (b) element mapping images of C, Al, and Cl of the charged FG electrode and (c) the EDX element ana-

lysis result.
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Table 2. EDX element analysis results of the fully charged

Fig. 12. (a) SEM image and (b) element mapping images of C, Al, and Cl of the discharged FG electrode and (c) the EDX element
analysis result.

Table 3. EDX elemental analysis results of the fully dis-

FG. charged FG.
Element Content / wt% Content / at% Element Content / wt% Content / at%

C 81.73 91.14 C 89.96 94.50

(6] 3.60 3.01 (0] 4.02 3.16

Al 2.57 1.28 Al 1.79 0.83

Cl 12.10 4.57 Cl 4.23 1.51

Total 100.00 100.00 Total 100.00 100.00
4. Conclusion AICI;-NaCl inorganic molten salt for AIBs was confirmed.
Flake graphite with small and thin graphene nanosheets and
The reaction mechanism of graphite in low-cost high mesopore structures enabled not only the intercalation
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of AICI, anions between graphene layers but also the ad-
sorption of AICI, anions within mesopores. For well-stacked
and highly parallel layered large-size EG, however, the inter-
calation of AICI, between graphene layers can be con-
sidered to be mainly responsible for the capacity. Moreover,
the FG exhibited an ultrahigh capacity of ~219 mA-h-g”'
over 1200 cycles at 5 A-g™' with a Coulombic efficiency of
94.1%. Most importantly, more ionic transport channels and
smaller ion diffusion paths made the FG possessed faster dif-
fusion kinetics, presenting superior rate capability.
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