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Aluminum-graphene battery is promising for its abundant raw materials, high power density, ultralong
cycle life and superior safety. However, the development of aluminum-graphene battery is currently re-
stricted by its insufficient cathode capacity, calling for a newly developed working mechanism. In ad-
dition, an irregular constant increase of the cathode capacity was always observed during cycling, but
cannot be explained based on the current understanding. Here, we observed an increase of specific ca-
pacity by 60% with stable Coulombic efficiency of 98% during 7000 cycles life of Al-graphene batteries
employing AlCl;/ET3NHCI electrolyte. We demonstrated this growing cathode capacity is attributed to an
increasing contribution of capacitive charge storage during cycling, because a gradually enlarged surface
area as capacitive active sites is enabled by the exfoliation of graphitic cathode during the periodic in-
tercalation process. Moreover, the graphene cathode was exfoliated more significantly in AlCl3/ET3NHCI
than 1-ethyl-3-methylimidazolium chloride-based electrolyte, which results from the heavier stress on
the graphene layers caused by the larger intercalants in AICl;/ETsNHCl. The common intercalation of
cations with AlCl4~ clusters was therefore supposed to occur during charging. This new proposed mech-
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anism can offer the new thought for future design on high-capacity cathode of Al-ion battery.
© 2019 Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian Institute of

Chemical Physics, Chinese Academy of Sciences

Aluminum-ion battery is a very promising energy storage sys-
tem owing to its distinct properties of abundance of anode ma-
terials and superior safety [1-4]. Graphene is one of the most
desirable cathode materials due to its ultrafast charging ability
and stable long cycle life [5-10], and the best Al-graphene (Al-
G) battery prototype currently approached an energy density of
66Whkeg~!, an ultrahigh power density of 175kWkg-!, and an
ultralong stable cycle life up to 250,000 cycles [7]. These figures
make Al-G battery a competitive alternative to the commercial
lead-acid (40 Wh kg~!, 180 W kg~1) and nickel-based battery (50-
80Wh kg1, 50-1000W kg~1) [2,11], and show great promise for
electric vehicles and grid-scale energy storage applications. How-
ever, its current energy density is far less satisfying in contrast
with that of commercial Li-ion technology (150-200 Wh kg~1) be-
cause of its insufficient cathodic capacity of 120 mAh g-! based
on the insertion mechanism of monovalent anions (AlICl;~) into
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graphene [12-16]. Hence, the improvement of the cathode capacity
is of great importance for future Al-G battery technology, calling
for a new understanding and design on graphene-based cathode.
In addition, the general phenomenon of irregular constant growth
in cathode capacity was commonly observed but hardly explained
with the current intercalation-based mechanism (23% growth in
graphene cathode capacity after 10,000 cycles [6], and 17% increase
in graphitic cathode capacity after 4000 cycles [17]). These require
new understandings on the working mechanism of graphene-based
cathode of Al-ion battery.

Here, we observed the Al-G battery assembled with AICl;/
ET3NHCI electrolyte exhibited a growing high capacity by 60%
(from 94 to 150 mAh g-!) yet stable Coulombic efficiency (CE)
of roughly 98% over 7000 cycles. We demonstrated this gradu-
ally growing cathode capacity results from an increased capacitive
charge storage, as the concomitant exfoliation of graphene cath-
ode to achieve a larger surface area during the regular intercalation
process. Additionally, the cathode can have a larger surface area in
AlCl3/ET3NHCI than 1-ethyl-3-methylimidazolium chloride (EMIC)-
based electrolyte after the same cycles in the two electrolytes,
which indicates more significant exfoliation in AlCl3/ET3NHCI. This
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Fig. 1. Galvanostatic cycling of (a) a battery fabricated with Ni current collector, graphene fabric cathode and Et-1.5 electrolyte over 30,000 cycles (current density at 2.5 A g~!
and 2.54V/0.7V upper/lower cut-off voltage) and (b) a battery assembled with graphene fabric cathode and Emi-1.5 over 20,000 cycles (current density at 3.5 A g~' and
2.49V/0.7V upper/lower cut-off voltage). (c) and (d) are their typical galvanostatic curves at different cycles.

serious exfoliation in AICl3/ET3NHCI is because its larger inter-
calants make the intercalated graphene layers suffer much heav-
ier stress, which confirms that there should have other electrolyte
ions intercalated except the believed AICl;~ anions during charg-
ing. The co-intercalation of ET3NH™ with AlCl;~ clusters is there-
fore supposed to occur at the low intercalation voltage, and the
larger size of ET3NH* than EMI* can lead a more serious stripping
to the graphene layers. This new understanding on cathodic mech-
anism gives a new insight on how to improve the cathode capacity
of Al-ion battery.

The GF was prepared according to the previous reports of
Gao’s group [7]. The non-woven graphene fabrics were fabricated
through continuous wet-spinning of graphene oxide (GO) fibres
and wet-fusing assembly into fabrics. All applied graphene cath-
odes were processed with high-temperature (3000 °C) annealing
[18].

The electrolyte preparation was accorded with the previous
work of Dai’s and Gao’s group [2,19,20].

The Al-G coin cell was fabricated with graphene cathode, alu-
minum (Al) foil anode, current collector of nickel (Ni) foam or
titanium (Ta) foil for cathode, glass fibre paper (Whatman 934-
AH, thickness of 435 um) as separator and 160 uL electrolyte. The
coin cell for testing capacitance was fabricated with those cycled
graphene cathodes which have been rinsed by super dry CH,Cl,
and thoroughly dried, current collector of carbon paper, glass fi-
bre paper as separator and 160 uL electrolyte of EMIBF, ionic lig-
uid. The coin cells were dismantled by a hydraulic battery remover
(HeFei KeJing, China). The re-assembled strategy for replacing the
cycled liquid electrolyte with the fresh one was done by firstly
immersing the cycled cathode into the fresh electrolyte for over
20min to minimize the effects from the cycled electrolyte, then
removing the used membranes and finally, adding the fresh mem-

branes and liquid electrolyte. The strategy for substituting cycled
cathode with fresh one is much easier, cleaning the used cathode
on the current collector and then adding a fresh one on it.

Cyclic voltammogram (CV) and electrochemical impedance
spectroscopy (EIS) were performed on a Metrohm Multi Autolab.
The galvanostatic cycling was performed on a Land BT2000 Battery
Test System (Wuhan, China).

In-situ Raman spectra were obtained from an inVia-Reflex
micro-Raman spectroscopy system. The morphologies of the elec-
trodes were investigated by scanning electron microscope (SEM)
(Hitachi S-3000N). Powder in-situ X-ray diffraction (XRD) results
were examined through a Rigaku Ultima IV X-ray diffractometer
with Cu Ka'1 radiation (1.5406 A) in the scan range of 18°-35° at a
scan rate of 5° min~!. The intercalant gallery height (d;) is calcu-
lated by Eq. (1) where [ is the index of (00!) oriented in the stack-
ing direction and d is the observed value of the spacing between
two adjacent planes [2,21]. X-ray photoelectron spectroscopy (XPS)
analysis was through AXIS SUPRA Angular resolution X-ray pho-
toelectron spectrometer. Raman spectroscopy for the chloroalumi-
nate electrolytes was collected from an Au-coated Si chip [2,22].

I.=di+335A x(n—1)=Ad+335A xn=1xdg, (1)

We firstly assembled Al-G batteries with Ni current collector,
graphene fabric cathode and EMIC/AICI; electrolyte at molar ra-
tio 1.3 (raic3=1.3, named Emi-1.3) which showed a cathode ca-
pacity of 95 mAh g~! and 20,000 cycles life at current density
of 4 A g~1 (Fig. S1). This performance is normal, and the capac-
ity is stable with cycles. However, when ET3NHCI/AICI; electrolyte
(raicz=1.5, Et-1.5) substituted for Emi-1.3, the capacity of this bat-
tery witnessed a steep increase by 60% within 7000 cycles (from
94 to150 mAh g-!, Fig. 1a). While there was a rise by 20% to
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Fig. 2. Cyclic voltammogram (CV) curves of the AI-G battery using Ta current
collector and Et-1.5 at a normal status with a discharging capacity of roughly
120 mAh g-! and a CE of 98% (named “A” in the two pictures) and at an abnor-
mal status with a discharging capacity of 170 mAh g-! and a CE of 98% (named
“B”), in a scan voltage range of (a) 0-2.5V and (b) 0-1.6V.

110 mAh g1 within 15,000 cycles as EMIC/AICl; (rac3=1.5, Emi-
1.5) electrolyte was used (Fig. 1b). Both of them had a stable CE
over 97%. This unusual phenomenon also similarly occurred when
inert Ta foil was used as the current collector (Fig. S1). These help
to exclude the effect from the anodic corrosion of the current col-
lector since Ta is much weakly corroded in those electrolytes and
the corrosion cannot maintain a high CE as well [23].

Notably, the discharging/charging voltage plateaus kept sta-
ble with cycles (Fig. 1c¢,d). The CV plots show their correspond-
ing cathodic/anodic peak positions stay same at the capacity of
120 and 170 mAh g-! (Fig. 2a). These indicate that the dom-
inant intercalation/de-intercalation reactions are not significantly
affected. But galvanostatic voltage-capacity plots present the slop-
ing region below 1.7V become much flatter and have a larger slop-
ing capacity with cycles (Fig. 1c,d). The area of CV region below the
well-defined cathodic (2.0V) and anodic (2.2 V) peak of the abnor-
mal status with 170 mAh g~! is obviously larger than that of the
normal status with 120 mAh g~! (Fig. 2b), suggesting a new reac-
tion mechanism below the voltage plateaus. We further measured
capacitive and diffusive-controlled effects in this CV region and
the extent of the capacitive effect by plotting linear relationship
between In(scan rates) and In(peak currents) [24,25]. The sloping
of the anodic peak (2.0V) and cathodic peak (1.6V) at both nor-
mal and abnormal status is close to 1, indicating surface-controlled
pseudocapacitive behavior for the two peaks (Fig. 3a,c) [26]. More-
over, the contribution ratio shows the capacitive current accounts
at 63.5% for the common status while raising to 76.7% for the sta-
tus with an ultrahigh capacity of 170 mAh g-! (Fig. 3d), proving
the increase proportion of adsorption-controlled capacitive behav-
ior. As a result, the new reaction is related to capacitive-controlled
behavior.

In general, the growing tendency of cathode capacity in bat-
tery and the resultant ultrahigh capacity are supposed to be in-
duced by electrolyte or cathode, since both of two may have some
changes by cycles. The electrolytic change was usually brought
by self-oxidation, hydrolyzation and metallic corrosion, while the
structural change of cathode can be created by the intercala-
tion process [27,28]. By re-assembled cells with cycled electrolyte
and cathode, influences from these two parts can be easily sep-
arated and investigated. The capacity performance made by the
re-assembled strategies illustrates the unusually high capacity of
roughly 140 mAh g~! cannot be well maintained without the cy-
cled graphene cathode. As the fresh electrolyte was substituted to
the cycled electrolyte in one Al-G battery which had exhibited a
high capacity of 138 mAh g-!, the re-assembled battery saw a
slightly declined capacity to 130 mAh g-! (Fig. 4a). In contrast, as
the cycled GF cathode in an Al-G battery with 142 mAh g~! was
replaced by a new GF, there was a remarkable drop of capacity
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Fig. 3. CV curves of the Al-G battery at (a) a normal status with 120 mAh g-! and
(b) an abnormal status with 170 mAh g~! in a scan range from 0.8 to 1.8 mV s~'.
(c) Linear relationships between In (peak currents) and In (sweep rates) of a anodic
peak at 2.0V and a cathodic peak at 1.6V indicated in (a) and (b). The anodic peak
A in (a) is indicated as A-A, the cathodic peak C in (a) is A-C and so on. And the
sloping of B-A is 0.9236, of B-C is 0.8024, of A-A is 0.9483 and of A-C is 0.8992.
(d) Capacitive (red) and diffusion-controlled (navy) contribution to charge storage
in a voltage region of 0-1.95V of 1.0mV s~ curve at (a) A and (b) B status. The
contribution ratio of red region is 63.5% (top) at A status and increases to 76.7%
(bottom) at B status.

to 90 mAh g-! which is very close to an initial level of this bat-
tery prototype (Fig. 4b). Clearly, the structural change of graphene
cathode by cycles is the predominant cause to stimulate a growing
capacity and to a high level.

Further, a new method was developed to evaluate the in-
creased amount of adsorption-based capacitive behavior [29-31].
We compared the capacitance of a cycled GF with a capacity of
160 mAh g1 in Et-1.5 electrolyte (named CGF-Et), a cycled GF with
105 mAh g-! in Emi-1.3 (CGF-Emi), and a fresh GF without any
cycling (GF). These electrodes were assembled into supercapacitors
by pairing each of them with a fresh GF and using EMIBF, ionic
liquid as electrolyte. The specific capacitance (Cs) is calculated on
the basis of each galvanostatic charge-discharge curve (calculation
details in Supplementary materials). The resulting Cs for CGF-Et is
57.5 F g~1 almost twice of 33.7 F g~! for the fresh GF. According
to Cs=ereoA/dm where ¢, is the relative dielectric constant of the
electrolyte, ¢, is the permittivity of vacuum, A is the surface area
of the electrode, m is the mass of active materials, and d is charge
separation distance [30,32], Cs almost linearly reflects the scale
of A of the electrodes with close mass and in same electrolyte.
So this indicates that CGF-Et is characterized by a larger surface
area accessible to the electrolyte ions than the fresh GF (Fig. 4c,d).
In addition, the Warburg region, a straight line, in Nyquist plots
emerges changing sloping for the battery with a growing capacity,
and the appearing region at the medium frequency (1.2 kHz-25 Hz)
is ascribed to the changed interface parameters such as the porous
structure (Fig. S2) [33]. We also observed graphene flakes adher-
ing to the glass fiber separator in SEM images and an increased D
peak for the cycled GF cathodes by Raman spectroscopy (Fig. S3).
Moreover, TEM images show that the cycled GF sheets have the
fewer stacked graphene layers (15-20) than that of the pristine GF
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Fig. 4. In picture (a) and (b), the orange part indicates an ultrahigh discharging capacity of roughly 140 mAh g-! of the Al-G batteries, and the grey part presents a change
of the discharging capacity after the re-assembled strategies were implemented on the batteries. The tested Al-G batteries were assembled with Ta, GF cathode and Et-1.5
and performed at a current density of 2.5 A g~!. The re-assembled strategies are (a) fresh electrolyte paired with the cycled cathode, and (b) new cathode matched with the
cycled electrolyte. (c) CV curves of three capacitors using GF, CGF-Et, CGF-Emi as working electrodes paired with GF as counter electrode at a scan rate of 2mV s~1, and (d)
their galvanostatic charge-discharge curves. (e) CV curves at a scan rate of 0.05mV s~!, and (f) Nyquist plots of the Al-G batteries using Emi-1.3 and Et-1.5 electrolyte after
50 cycles activation. The fitting curves are displayed using the equivalent circuits shown in Fig. S5.

and an expanded interlayer spacing to 0.38 nm (Fig. S4). These evi-
dences point out that GF cathode is gradually exfoliated by cycling
so that having more surficial vacancies for capacitive charge stor-
age [34].

In comparison, the Cs for CGF-Emi is only 30.5 F g~!, close to
that of a fresh GF (Fig. 4c,d). This means that the structure of GF
is barely changed during cycling in Emi-1.3, and CGF-Et has larger
space for capacitive charge storage than CGF-Emi even though they
experienced same cycles. So the graphitic cathodes cycling in Et-
1.5 can be endowed with a higher contribution of capacitive stor-
age, which helps to understand the previous reports that expanded
graphite and graphene aerogel cathodes can have higher capacities
as using Et-1.5 than Emi-1.3 [19,20]. Previous work has demon-
strated the intercalation of AICl;~ anions into graphene layers oc-
curring during charging, while a reversible reaction takes place
during discharging in those two electrolytes [2,19]. However, CV
plots at a low scan rate of 0.05mV s~! shows the potential hys-
teresis between the intercalation and deintercalation of AlCl4~ for
Emi 1.3 is of 10 mV larger than that of Et 1.5 (Fig. 4e). Nyquist plots
also present that the charge transfer resistance (Rc) is 3 times
larger for Et-15 than Emi-1.3 (Fig. 4f, Table S1), revealing inter-
facial charge transfer for Et-1.5 associated with larger impedance
and higher activation energy [35]. These evidences signify that the
graphene sheets suffer much heavier stress/strain by the insertion
process occurring in Et-1.5 [36-38]. More importantly, a stage 4
graphite intercalation compound (GIC) forming at a fully charged
status with a specific capacity of 100 mAh g-! in these two elec-

trolytes can be confirmed by in situ XRD and Raman spectra (Fig.
5a,b) [39]. There are a dominant (005) peak at 22.92° (d~ 3.88 A)
and a (006) peak at 27.76° (d ~3.21 A) for GF in Et-1.5, while (005)
peak at 23.40° (d~3.80A) and (006) peak at 28.24° (d~3.16 A) for
GF in Emi-1.3 (Fig. 5a, Fig. S6) [2,22]. The intercalant gallery height
(d;) is calculated of 6.0A for a fully charged GF in Et-1.5, larger
than the counterpart of 5.7 A in Emi-1.3; thereby it’s the larger in-
tercalants in Et-1.5 that make GF subjected to a heavier volume
change during the intercalation process and cause serious exfolia-
tion. Obviously, the different size of the intercalants in Et-1.5 and
Emi-1.3 indicates that there should have other electrolyte ions in-
tercalated except our believed AlCl,~ anions during charging.

CV plots at a low scan rate of 0.05mV s~! have shown the well-
defined anodic peak at 2.23V and 2.34V, and other three anodic
peaks at 1.8-2.2V for both Et-1.5 and Emi-1.3 electrolyte (Fig. 4e).
The potential differences of these 4 peaks are 110, 104, 96 and

84 mV, respectively. The anodic/cathodic reaction during charging
is described as

3AICl, +3C, — 3CHAICI, + 3e” (2)
4Al,Cl; + 3e™ — 7AICl, + Al (3)

with the equilibrium electrode potential for GIC formation (E%,-)
and Al deposition (E3,) written as

RT 1

Sl (4)
3F T a(alcy)’

a _ ro0
EGIC = EGIC -
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of 100 mAh g1, and (b) In-situ Raman spectra of GF at a fully charged/discharged
status in Et-1.5 and Emi-1.3 electrolyte. (c¢) Raman spectra of Et-1.5 and Emi-1.3
electrolyte. The signal at 520 cm~! is from substrate of SiO,, and all Raman spectra
are normalized to this silicon reference. (d) XPS analysis (N 1s) of the cycled GFs
in the two electrolytes. The scattering is from original data and peak-fit results are
shown in different color lines. The signal at 405 eV corresponds to N-O bond.

RT a(AlCl;)7
A =F% - —In—>2 (5)
Al Al 3F a(A12Cl;>4

where E},. and E}, are the standard electrode potential for Egs. (2)
and (3). By Eq. (4), E} is only affected by the activity of
AlCl4~ [40,41]. We compared the ionic concentration of AlCl,~ and
Al,Cl;~ in the two electrolytes by their Raman intensities [42].
There is a half concentration of AlCl,~clusters in Et-1.5 than Emi-
1.3 yet an almost same concentration of Al,Cl;~ in the two elec-
trolytes (Fig. 5¢). Then, we estimated the difference of intercalation
voltage relative to the Al anode potential (AEgc) in the two elec-
trolytes according to Eqgs. (4) and (5) as follows (detailed calcula-
tions in Supplementary Information).

AE} (Emi — Et) = 7*¥ xIn2 =—-42 mV (6)
. . RT

AEg - (Emi — Et) = T In2 =150 mV (7)

AEgic(Emi — Et) = 108 mV ~ 110 mV (8)

The resulting AEgc is 108 mV where the temperature is
298.15K, which is very similar to 110 mV, that is, the potential
difference of the dominant anodic peak (at 2.2-2.3V) in the two
electrolytes. So the voltage of this anodic peak is only associated
with the activity of AICl4~ in both Emi-1.3 and Et-1.5 and the cor-
responding intercalation behavior should only involve with AlCl4~
anions. However, AEgc for those peaks below 2.2V is smaller than
110mV at all (Fig. 4e). This reveals the voltages for those peaks
corresponding to the onset intercalation and the low-stage GIC for-
mation are not just related with the activity of AICl4~. So it is at
1.8-2.2V where have other ions intercalated. Since the intercalants

at larger size in Et-1.5 than Emi-1.3 should demand higher acti-
vation energy to intercalate, it is justified that AEgc for the real
intercalants is smaller than the value only concerned with AlCl4~
(108 mV).

Given the components in the two electrolytes, Al,Cl;~ and
cations are considered as the possible co-intercalation ions with
AlCl4~. However, the galvanostatic cycling of the battery with Emi-
1.5 in Fig. 1(b) does not show a constant increase of cathode ca-
pacity same as that of the battery with Et-1.5 in Fig. 1(a). This
helps exclude Al,Cl;~ and the co-intercalation of cations is sug-
gested as a result. XPS analysis displaying N 1s signals at 402 eV
(405 eV for N-O bonding) for the cycled GF in the two electrolytes
endorses our speculation preliminarily (Fig. 5d, S7) [43,44]. More-
over, a simple simulation also shows that the size of EtsNH™ is a
bit larger than that of EMI* (Fig. S8), exactly matching our results.
Certainly, our investigation will further elucidate this phenomenon
and its effects on the structure of graphene cathode with more in-
tuitive and visual evidences.

In summary, we propose a fundamental understanding of the
abnormal growing trend of the cathode capacity in AI-G battery.
We demonstrated that the graphene cathode is gradually exfo-
liated during the periodic intercalation process, which generates
more surficial vacancies to enable larger capacitive charge stor-
age and thereby, a growing cathode capacity during cycling. Pre-
cisely because of the larger intercalants in size and the resultant
heavier stress on the graphene layers during the intercalation pro-
cess in Et-1.5, there was the more serious exfoliation of cathode
in Et-1.5 than Emi-1.3 electrolyte. The co-intercalation of cations
with AlCl4~ was therefore suggested at the low intercalation volt-
age. The co-intercalation mechanism and the concomitant exfolia-
tion effect enable the Al-G battery an ultrahigh cathode capacity
over 150 mAh g-! yet barely compromise cycle life and voltage
plateaus. This new proposed principle can lead the design of the
future advanced high-capacity cathode, showing great promise for
developing a higher-energy-density Al-ion battery.
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