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Abstract. In an effort to develop Al3+ ion-based rechargeable electrochemical cells, there is massive exploration of
appropriate electrode materials in contemporary times. Aluminium is a natural choice due to its high abundance, low cost
and easy processing. Herein, the working of rechargeable aqueous aluminium-ion batteries which comprise graphite from
pencil sketch as the cathode, TiO2 as the anode and an Al3+ ion conducting aqueous electrolyte is demonstrated for the
first time. The aluminium-ion cell delivers a discharge voltage of 1.5 V and stable specific capacities of 25 mAh g−1 over
1000 cycles. This proof of concept emphasizes on the possibility of achieving sustainable, easy to assemble and low-cost
rechargeable batteries.
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1. Introduction
It is estimated that nearly 1 billion households worldwide are
yet to attain the benefits of electrification [1]. While hundred
percent rural or urban electrification is a primary target of
majority of the developing countries, it also has to be cautiously tackled to substantially mitigate global CO2 emission.
This has led to the basic foundation for the need for clean
and affordable energy. Hence, there is an upsurge in the utilization of various small- or large-scale renewable energy
sources. Consequently, this unequivocally demands for appropriate technologies to store electricity and call it forth when
required. In this regard, the contributions of rechargeable batteries are commendable. The interventions of these batteries in
the society at various capacities have brought a paradigm shift
in the modern way of living. At this juncture, it would be apt
to acknowledge two merely ubiquitous rechargeable battery
systems in modern society. These are lead-acid and lithiumion batteries. While the functioning of these state-of-the-art
batteries is prolific, there are growing global concerns over the
chronic pollution attributed by the residues of certain components of spent batteries such as lead and cobalt if discarded
in the environment without regulation. Another issue is the
gradual depletion of certain important natural resources necessary for manufacturing these batteries, which results in price
escalation [2]. Therefore, the need for rechargeable batteries
based on earth abundant but non-toxic materials is becoming
critical than ever before.

The charm of aluminium (Al) has not gone unnoticed in
the domain of rechargeable batteries in recent times [3,4]. Al
being the third most abundant element in Earth’s crust, it has
lot more to offer in the overall performance of Al-metal or Alion batteries. Two important electrochemical properties are
worth mentioning. First, Al has the ability to exchange three
electrons per cation. Second, Al possesses the highest storage
capacity per volume basis compared to some of its counterparts like Li, Na, K, Mg, Ca and Zn [3,4]. Additionally, Al
resources are economical and handling them under an ambient
atmosphere is relatively easy [4]. Therefore, the electrochemical coupling of Al as an anode with a high-voltage cathode
such as graphene or graphite could be considered as a remarkable battery system [5–8]. These Al-graphene/graphite electrochemical cells exhibit some exciting traits. For example,
a power and energy density combination of 175 kW kg−1
and 66 Wh kg−1 could be achieved by an Al-graphene cell
[6]. Moreover, these cells show stability above thousands of
cycles with practically no loss of specific capacities [5,6].
However, a major electroactive constituent of these cells may
be a stumbling block in the pathway of commercialization. It
is the use of chloroaluminate ionic liquid electrolytes which
are, in general, extremely corrosive, moisture sensitive and
pricey [3,4,9]. These detrimental properties may ostensibly
evaporate all the superior properties of Al.
An alternative approach would be to think of ‘rockingchair’ type aqueous Al-ion batteries. The concept of ‘rockingchair’ demands shuttling of Al3+ ions between the cathode
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and anode, which are essentially Al3+ ion hosts, in an Al3+ ion
conducting electrolyte [10]. The direct use of Al in an aqueous
electrolyte is limited due to unwanted side reactions of hydrogen evolution [11]. There is one example of such aqueous
Al-ion electrochemical cell where copper hexacyanoferrate is
coupled to TiO2 [12,13]. TiO2 is an environmentally benign
and low-cost material. It has a low-insertion potential of
−1.2 V (vs. Ag/AgCl) [14–18]. Now the question is ‘Is
there a low-cost and non-toxic high voltage Al3+ ion storing cathode material functional in aqueous electrolyte within
the thermodynamic stability window of water?’. We found
that graphite has the ability to reversibly host Al3+ ions at an
insertion potential of 0.4 V (vs. Ag/AgCl). This communication reports, for the first time to the best of our knowledge, that
an electrochemical coupling of graphite with TiO2 in an Al3+
ion conducting aqueous electrolyte results in an average discharge voltage of 1.5 V and cycling stability over 1000 cycles.
Figure 1a depicts an aqueous Al-ion cell, where Al3+ ions
make reversible electrochemical shuttling between graphite
(cathode) and TiO2 (anode) in the aqueous electrolyte.
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2. Experimental
Graphite foil with a thickness of 0.5 mm is procured from
Nickunj Eximp Entp. Pvt. Ltd., India. HB and 4B pencils are
from Natraj India brand. These pencils are used to sketch a
graphite film on titanium foil, which also serves as a current collector. The synthesis procedures for the anatase phase
of TiO2 nanoparticles and structural/electrochemical characterization are already described in our previous report [14].
The materials were characterized by powder X-ray diffraction
(Bruker AXS D8 FOCUS; Cu-Kα radiation, λ = 1.5406 Å)
and scanning electron microscopy (SEM, JEOL JSM 6390LV,
acceleration voltage = 20 kV).
Cyclic voltammetry (CV) and galvanostatic discharge/
charge experiments were performed in a conventional threeelectrode electrochemical glass cell to evaluate the electrochemical properties of graphite electrodes. The Pt electrode
and aqueous Ag/AgCl electrode were used as the counter
and reference electrodes, respectively. The voltage range is
−0.5 to 0.9 V. For ex-situ SEM experiments, the electrodes

Figure 1. (a) Schematic of an aqueous Al-ion cell with graphite as the cathode and TiO2 as the anode,
(b) XRD pattern of graphite foil, (c) CV profile at a scan rate of 2.5 mV s−1 and (d) galvanostatic
discharge/charge profiles of the graphite foil in a 1 M AlCl3 aqueous electrolyte at a specific current of
0.05 mA cm−2 . The inset of b shows the digital photograph of the graphite foil (the crystal structure of TiO2
in the schematic is adapted with permission from Ref. [19]. Copyright (2014) American Chemical Society).
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were harvested after required discharge/charge cycles and
washed with deionized water and dried at 110◦ C for 24 h under
an ambient atmosphere. While evaluating the electrochemical
performance of the assembled aqueous Al-ion full cell in a
glass cell, graphite acts as the working electrode and TiO2 as
both the reference and counter electrodes. The voltage range
used for the full cell measurement is 0–2 V. The utilized electrolyte was 1 M AlCl3 aqueous solution. Specific capacities
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were estimated considering the total weight of the electrode
materials. The mass of the pencil sketch graphite is 0.1 mg. It
is measured with an electronic balance (Mettler Toledo) with
a least count of 0.01 mg. In addition, three-electrode electrochemical experiments were also performed with pencil sketch
graphite in 1 M LiCl and 1 M NaCl aqueous solutions. All the
electrochemical experiments were conducted at room temperature (25◦ C) and ambient atmosphere unless stated explicitly.

Figure 2. Digital photographs of (a) pristine Ti foil and (b) pencil (HB) sketch on Ti foil, (c) SEM image
and (d) XRD pattern of the pencil (HB) sketch. * corresponds to the diffraction peaks from Ti. (e) CV
profile at a scan rate of 2.5 mV s−1 , (f) galvanostatic discharge/charge profiles and (g) variation of specific
capacities with cycle number at a specific current of 0.05 mA cm−2 for pencil (HB) sketch graphite in a
1 M AlCl3 aqueous electrolyte.
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3. Results and discussion
Commercially available graphite foil was initially considered for examining the possibility of Al3+ ion intercalation/
deintercalation in aqueous medium. The photograph and
X-ray diffraction (XRD) pattern of the graphite foil are
shown in figure 1b. The CV profile of the graphite foil in
a 1 M AlCl3 electrolyte at a scan rate of 2.5 mV s−1 is shown
in figure 1c. Interestingly, a pair of cathodic and anodic redox
peaks (designated as A and B in the figure) at 0.4 and 0.5 V
(vs. Ag/AgCl), respectively, is clearly detected. In a subsequent manner, galvanostatic discharge/charge experiments
were performed to corroborate the outcome of CV and, simultaneously, determine the Al3+ ion storage capacity of the
graphite foil. Figure 1d shows the discharge/charge profiles
in an AlCl3 electrolyte in the voltage range of −0.5 to 0.9 V
(vs. Ag/AgCl) at a specific current of 0.05 mA cm−2 . The
storage capacities are extremely low (∼1 mAh g−1 ), however
a hint of minor discharge and charge plateaus around 0.4 and
0.5 V (vs. Ag/AgCl) could be noticed after very careful observation.
We drew inspiration from the fact that graphite has the ability to exhibit Al3+ ion redox activity in aqueous medium. We
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attribute the low Al3+ ion storage capacity of the graphite foil
to its bulkiness, which possibly impedes the facile Al3+ ion
migration in graphitic layers. In a pursuit to achieve ultrathin
graphite, we adopted an easy, elegant and effective approach.
We now use the pencil sketch as the source of graphite. The
sketch is performed on the surface of a titanium foil, which
serves as the current collector. It is appropriate to mention here
that a similar method was adopted by Wang et al for the preparation of a carbon air cathode in Li-air batteries [20]. Two
different types of graphite pencils are used, namely HB pencil
and 4B pencil. Figure 2b shows the digital photograph of the
pencil sketch (HB type pencil). The XRD pattern (figure 2d)
confirms the graphitic phase of carbon on the titanium foil.
The SEM image (figure 2c) shows a uniform surface of the
graphite layer. Henceforth, these foils are used directly for further electrochemical investigations in aqueous electrolytes.
Figure 2e shows the CV profile of the HB pencil sketch in
a 1 M AlCl3 electrolyte at a scan rate of 2.5 mV s−1 . The
characteristics of the graphite foil could also be observed
in this particular case with a pair of cathodic and anodic
redox peaks exactly at 0.4 and 0.5 V (vs. Ag/AgCl), respectively. However, the galvanostatic charge/discharge profiles
are noticeably in contrast to that of the graphite foil. Figure 2f

Figure 3. (a, c) Galvanostatic discharge/charge profiles of an aqueous Al-ion cell with pencil (HB) sketch
graphite and TiO2 electrodes and (b, d) variation of charge/discharge capacities with cycle number at a
specific current of 1 mA cm−2 at (a, b) room temperature and (c, d) 60◦ C. The inset of figure 3b shows the
digital photograph of the demonstration of electrifying red LED lights with an aqueous Al-ion cell.
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shows the charge/discharge profiles of the HB pencil in a
1 M AlCl3 electrolyte at a current rate of 0.05 mA cm−2 . An
onset of a discharge plateau at 0.4 V could be seen though
a perfectly flat discharge plateau is missing. A stable discharge capacity of 6 mAh g−1 could be observed over several
cycles (figure 2g). Almost similar charge/discharge profiles
and specific capacities are also noticed at a current rate of
0.02 mA cm−2 (supplementary figure S1). The Al3+ ion electrochemistry of the 4B pencil sketch is also nearly identical
to that of the HB pencil sketch (supplementary figure S2).
Armed with this knowledge of Al3+ ion electrochemistry,
an attempt was made to pair the pencil sketch graphite electrode with TiO2 to examine the feasibility of a rechargeable
aqueous Al-ion electrochemical cell. We recently investigated
the Al3+ ion electrochemistry in anatase TiO2 nanoparticles
in an aqueous electrolyte and observed that the diffusioncontrolled Al3+ ion intercalation and deintercalation redox
peaks are located in the voltage ranges of −1.1 to −1.4 V and
−0.9 to −0.6 V (vs. Ag/AgCl), respectively [13,14]. A typical
CV profile of TiO2 nanoparticles is shown in supplementary
figure S3. In the present context, the Al3+ ion redox activity of graphite in the aqueous electrolyte is at a much higher
positive potential than TiO2 . So, graphite could be termed
as the cathode, while TiO2 as the anode. The expected cell
potential is equal to the difference of the electrode potentials
of graphite and TiO2 . It is therefore approximately equal to
1.6 V [= {0.4−(−1.2)} V]. Figure 3a shows the galvanostatic
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charge/discharge profiles of the assembled aqueous Al-ion
cell with HB pencil sketch graphite and TiO2 in a 1 M AlCl3
electrolyte at a specific current of 1 mA cm−2 . This aqueous
cell clearly exhibits a discharge voltage plateau at ∼1.5 V.
The cell sustains an impressive cycling stability over 1000
cycles with a stable discharge capacity value of 25 mAh g−1
at the 1000th cycle. It is noticed that the charge capacity is
always greater than the respective discharge cycle capacity.
It might be attributed to the side reaction of O2 evolution
arising as a result of thermodynamic instability of water at
such high potential. The CV profile, as shown in supplementary figure S4, also hints at this possible unwanted event.
The cathodic (discharge) and anodic (charge) peaks could be
observed at 1.56 and 1.62 V, respectively, which are consistent with the discharge/charge potential plateaus. However,
it is also noticed that there is an unusual sharp increase of
anodic current during the charging cycle. It is again consistent with the galvanostatic charging profiles. It is noted here
that side reactions of O2 evolution will possibly have detrimental effects on the overall performance of the batteries. Few
of them are changes in the pH and ionic conductivity of the
electrolyte, gradual depletion of the electrolyte, build-up of
internal pressure in the batteries, etc. The charge/discharge
profiles and cycling stability at a different current rate of
0.50 mA cm−2 are shown in supplementary figure S5. The
galvanostatic charge/discharge profiles of the aqueous Alion cell with 4B pencil sketch graphite also show an identical

Figure 4. (a) SEM and elemental mapping images of: (b) Ti, (c) C and (d) Al of the discharged state pencil
(HB) sketch graphite electrode.
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Figure 5. (a) CV curves of pencil (HB) sketch graphite in a 1 M AlCl3 aqueous electrolyte at different
scan rates and (b) variation of redox peak current vs. scan rate according to the equation I = kγ 0.5 .

pattern (supplementary figure S6). However, the severity of
side reactions during charging is noticeably larger than the
Al-ion cell with the HB pencil sketch. The performance of
the aqueous Al-ion cell is also evaluated at high temperature
of 60◦ C, as shown in figure 3c and d, and it is also functional at
this temperature. There is a slight enhancement in discharge
capacity with a value of 40 mAh g−1 at the 150th cycle at
the current rate of 1 mA cm−2 . It may be commented here
that there exist immense possibilities for further improvement
in the electrochemical performance of this type of aqueous
Al-ion cell by optimizing the processing conditions of the
graphitic materials as demonstrated by the group of Dai and
Gao for non-aqueous Al-ion batteries [5–7,21]. The inset of
figure 3b (and supplementary figure S7) demonstrates the
powering of light emitting diode (LED) (red colour) lights
by one such assembled aqueous Al-ion cell.
Finally, the electrochemical properties of the pencil sketch
graphite are also evaluated in 1 M aqueous LiCl and 1 M NaCl
electrolytes. Supplementary figure S8 shows the CV profiles
in these electrolytes at a scan rate of 2.5 mV s−1 and it is
noticed clearly that these profiles are in stark contrast to that in
the AlCl3 electrolyte. The prominent redox peaks as observed
at 0.4 and 0.5 V (vs. Ag/AgCl) in the AlCl3 electrolyte are
apparently missing in these aqueous electrolytes. Besides, the
characteristics of the galvanostatic charge/discharge profiles
in these electrolytes are also different than those in the AlCl3
electrolyte. Supplementary figures S9 and S10 show these
charge/discharge profiles. The initial discharge cycle could
not be completed for the NaCl electrolyte over the measured
period of time. It is well known that Na+ -ion intercalation in
graphite is a difficult process even in non-aqueous electrolytes
[22]. The CV profile of pristine titanium foil in a 1 M AlCl3
aqueous electrolyte is compared with pencil sketch graphite
as shown in supplementary figure S11 and it clearly indicates
the electroneutrality of titanium.
Post-mortem analysis of the pencil (HB) sketch graphite
electrode by SEM indicates the emergence of cracks in

the graphite film upon Al3+ ion intercalation/deintercalation
(figure 4a and supplementary figure S12). Elemental mapping
(figure 4) and energy-dispersive X-ray spectrum (supplementary figure S13) indicate a trace of Al in the discharged state
electrode. It could also be noticed from figure 4a and supplementary figure S12 that there is volume expansion of the
pencil sketch graphite electrode due to Al3+ ion insertion.
This kind of expansion is not unusual for the graphitic material since insertion of guest ions may result in the interlayer
expansion of the adjacent graphitic layers [7]. However, possibilities exist that such expansion could be mitigated by using
different types of graphite. For example, Lin et al [5] showed
that pyrolytic graphite shows minimum expansion as compared to natural graphite upon chloroaluminate ion insertion
in a non-aqueous Al-ion cell. CV experiments were performed
at different scan rates in a 1 M AlCl3 electrolyte with pencil sketch graphite (figure 5a) and it appears that the peak
current responses for both the cathodic and anodic redox
peaks are linearly proportional to the square root of the scan
rate (figure 5b), which indicates a diffusion-controlled charge
transfer process [23,24]. Hence, the described rechargeable
aqueous Al-ion battery could be considered as a type of
‘rocking-chair’ battery [10].

4. Conclusion
In summary, we demonstrated the possibility of reversible
Al3+ ion intercalation/extraction in graphite in an aqueous electrolyte. Building on this success, we assembled a
rechargeable aqueous Al-ion cell with graphite as the cathode
and TiO2 as the anode. This aqueous cell delivers a discharge
potential of 1.5 V and cycling stability over 1000 cycles.
The specific capacities are certainly low; however, there are
tremendous opportunities to improve the performance. As a
proof-of-concept demonstration, this study as presented here
provides an important basis for future studies in the area of
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rechargeable aqueous Al-ion batteries. The low-cost, high
abundance and non-toxicity of graphite and TiO2 make this
type of aqueous Al-ion battery a promisingly economic, safe
and sustainable battery system.
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