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Abstract 

Carbon cathodes have shown excellent electrochemical behavior in aluminum batteries based 

on non-aqueous electrolytes. By contrast, their use in Al systems operating in a salt-water 

medium is plagued by poor and unstable performance. Herein, we sustain that a successful C 

cathode for rechargeable aqueous Al batteries requires surface customization to enable 

hydrophilicity and grafting of charged Al molecules. Employing a freeze-dried reduced 

graphene oxide (rGO) as the active electrode material, we assembled an aqueous Al-C battery 

with a high energy density (136 Wh kg-1 per cathode mass) and one of the best capacity 

retentions reported (~60% across a range of current densities and constant Coulombic efficiency 

close to unit). Furthermore, our rGO cathode more than doubles the benchmark for life cycles 

(to ~200 cycles) and can be charged rapidly (<5 minutes). To explain this response, we propose 

a charge storage mechanism wherein the [Al(H2O)6]
3+ ions do not get desolvated when inserted 

into the cathode. The guest Al ions (surface adsorbed or intercalated) act as proton donors and 

may get anchored on the oxygen moieties of the rGO, further promoting the formation of an 

electrochemical double layer. A mixed charge-storage regime follows that stabilizes the carbon 

cathode and enables unprecedented response.  
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1. Introduction 

The massive production of lithium-ion batteries (LIBs) is leading to concerns on safety, 

availability and environmental costs, with many now questioning their long-term sustainability. 

Parallel to this, aluminum (Al) batteries are being heavily investigated as they offer the promise 

of environmentally benign, safe and easy-to-handle energy storage systems. Nonetheless, the 

development of Al-batteries continues to be delayed by a number of challenges, key amongst 

which is the lack of safe, inexpensive and performant electrolytes. Aqueous electrolytes are the 

most desirable option (attending to low-cost, safety, air-stability and sustainability) but efforts 

to integrate these with Al have failed due to the oxide surface layer that readily passivates the 

metal plates used as anodes. [1] In such cases, to counter-act the high-bandgap interface and 

promote ionic transport, adverse potentials that exceed the thermodynamic stability of water 

are required. Consequently, a large body of literature pivoted to non-aqueous ionic liquid (IL) 

electrolytes. In the most popular approach, employing a deep eutectic melt based on an AlCl3 

and IL generates a solid electrolyte interface (SEI) that enables reversible stripping and plating 

of Al, mediated by the interconversion of AlCl4
- and Al2Cl7

-.[2-8] Regrettably, these bulky and 

complex anions also limit the design of high capacity cathodes with enduring cycling stability. 

Additional challenges of the AlCl3-IL electrolytes include their corrosivity and moisture 

sensitivity.[9, 10] Recently, aqueous electrolytes have re-gained traction as Zhao et al. proposed 

an elegant step to bypass the aforementioned oxide layer.11 By first exposing the Al plate to an 

AlCl3-IL electrolyte, a pre-cycling "artificial SEI" was obtained that shielded the anode from 

oxidation. With the anode's passivation barrier eliminated, a window is opened to optimize Al-

battery cell components compatible with aqueous electrolytes.  

At present, there are few reports employing the "artificial SEI" strategy (Table S1).[11-13] While 

high initial capacities per cathode mass were shown, these aqueous Al-based batteries generally 

worked at low current densities and exhibited steep capacity decay. Invariably, powders of 

vanadium or manganese oxides were used as cathode materials. However, these elements are 
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well-known multivalent metals capable of originating a number of oxide and hydroxide 

inorganic compounds, and there is some apprehension regarding their oxides' spontaneous 

dissolution upon cycling.[14, 15] Also of relevance is the elusiveness of the mechanism of energy 

storage in metal oxide aqueous Al-batteries. In fact, experimental evidence of reversible 

intercalation of Al3+ in metal oxides lacks corroboration and computational studies suggest it 

to be energetically unfavorable (due to strong interactions with the host lattice).[16, 17] 

Carbon materials have been widely explored in cathodes of non-aqueous rechargeable Al-

batteries.[8, 18-23] By contrast, reports for the aqueous counterparts are scarce and the electrode 

performances obtained unremarkable.[24] Likely, this results from the high hydrophobicity that 

characterizes graphite, the most common type of carbon electrode material used.[25] In 2018, 

we designed a mesoporous reduced graphene oxide (rGO) for non-aqueous Al-batteries.[2, 26] 

Tuning the porosity of the rGO powder allowed a greater pseudocapacitive charge storage 

contribution, ultimately resulting in remarkable capacities and cycling stabilities (171 mAh g-1 

at 100 mAh g-1 and <15% capacity decrease over 100 cycles in the 100–20000 mA g‐1 range). 

In these circumstances, allying the chemical stability of graphitic carbon powders to the lower 

hydrophobicity of rGOs could be advantageous when exploring alternative cathode materials 

for aqueous Al-batteries. Here, we describe a rechargeable Al-based energy storage system 

where the cathode material is a custom-made rGO powder and the electrolyte, an aqueous 

solution of aluminum trifluoromethanesulfonate, Al(OTF)3. With an energy density of 136 Wh 

kg-1 (per cathode mass), our device shows one of the highest capacity retentions reported (~60% 

across a range of current densities) while keeping a constant Coulombic efficiency close to unit. 

Moreover, it can charge rapidly (in around 3 minutes) and discharge at different rates without 

ever compromising its structural integrity. Following a detailed spectroscopical analysis, we 

explain this remarkable performance by a unique charge storage mechanism that also serves to 

address the lingering question of the Al3+ solvation in aqueous Al-batteries. 
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2. Results and Discussion 

2.1 Cathode Characterization 

The synthesis process of the cathode's active material is detailed in the Experimental Methods 

section. In short, the improved Hummer's method was used to oxidize graphite into graphene 

oxide (GO) and a hydrothermal reaction was employed to reduce the GO to rGO. The powders 

of the rGO and its parent GO were dried via lyophilisation, a.k.a. freeze-drying.  

A logical condition to facilitate charge storage in aqueous electrochemical systems, particularly 

those that rely on intercalation mechanisms, is the use of electrode materials that interact 

favorably with water. To test this assumption, we first studied the wetting behavior of the 

freeze-dried rGO (Figure 1a).  

Figure 1. Characterization of the cathode's active material: a) contact angle measurement of 

the rGO, b) SEM side-view of the flake, c) XRD, d) Raman spectroscopy, e) XPS, f) FTIR and 

g) STEM with corresponding EDS mapping. 
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Using a pellet of compressed rGO powder and a static drop-shape analyzer, the measured 

surface contact angle was 51.5°. Clearly, this is a more hydrophilic response than pristine 

graphite, which has an analogous contact angle of >90o.[27] With the favorable response to water 

confirmed, the structural and chemical characteristics of the rGO powder were analyzed. As 

concerns the morphology of its flakes, the scanning electron microscopy (SEM) images showed 

well-separated graphitic basal planes (Figure 1b) and corrugated surfaces (Figure S1). From 

our N2 adsorption/desorption measurements, previously performed on similar freeze-dried rGO 

batches, this separation is consistent with the presence of large slit-shaped pores (>10 nm).[28] 

In addition, the material exhibits a meso/macro-porous texture and a low surface area of 28 m2 

g-1 (Figure S2 and Table S2). The morphological analysis of the rGO powder was followed by 

its structural study with powder X-ray diffraction (XRD) and Raman spectroscopy. In Figure 

1c, the XRD pattern exhibits two broad peaks at 25° and 44°, assigned to the (002) and (101) 

lattice planes, respectively. The (002) peak position corresponds to an interlayer distance of 

0.36 nm, whereas its full-width at half-maximum (FWHM) of 5° is indicative of small 

crystallite sizes (Lc ≈ 2 nm, as per the Scherrer relation). The Raman spectrum (Figure 1d) 

shows the expected D- and G-bands at 1343 cm-1 and 1586 cm-1, respectively. A strong D-band 

implies a high defect density and/or small crystallite sizes, just as the SEM and XRD results 

showed. The presence of the G-band confirms the layered character of the rGO, although its 

large FWHM (84 cm−1) and the high D- to G-band intensity ratio (ID/IG ≈ 1.1) indicate a low 

degree of graphitization. This is corroborated by the weak 2D-band and D+G-band at 2656 cm-

1 and 2915 cm-1, respectively, as these are also associated with the breaking of symmetry in the 

graphitic lattice. Next, we looked into the surface chemistry and composition of the flakes. 

Upon deconvolution of the X-ray photoelectron spectroscopy (XPS) signal, the C 1s spectrum 

(Figure 1e) shows the predominance of sp2 C=C bonds at 284.5 eV, which further evidences 

the successful reduction of the GO precursor.[29] The peak at 285.1 eV is attributed to the sp3 

C-C bonds. In addition to these, there is a considerable contribution of several oxygen-
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containing organic moieties: C-O, C=O and O-C=O at 286.0 eV, 286.8 eV and 288.6 eV, 

respectively. These findings match well the Fourier transform infrared (FTIR) spectrum of the 

sample (Figure 1f). The broad band between 2900 cm-1 and 3400 cm-1 relates to the stretching 

vibrations of the hydroxyl moieties grafted to the graphene and/or water molecules. Note that 

the freeze-drying process introduces bound water in the lattice interstices and pores of 

powdered materials.[28, 30, 31] The peaks at 1735 cm-1 and 1689 cm-1 are assigned to the stretching 

vibration of C=O in carboxyl and carbonyl groups, while the peak at 1562 cm-1 is present due 

to C=C bond stretching. Finally, the band at 1396 cm-1 arises due to deformations of O-H bonds, 

whilst the one at 1177 cm-1 is attributed to C-O stretching. Common in rGO materials, all the 

oxygen-containing moieties are remnants from the graphite oxidation process.[29] Trusting the 

chemical maps, extracted with a nm-scaled scanning electron microscopy – energy dispersive 

X-ray spectroscopy (STEM-EDS) probe, they seem to be uniformly dispersed across the freeze-

dried flakes (Figure 1g). 

Overall, the morphological, structural and chemical assessments point towards a meso/macro-

porous turbostratic carbon material with an evenly distributed presence of oxygen-containing 

species (functional organic groups or water molecules). Besides its hydrophilicity, other notable 

characteristics of the freeze-dried rGO were the corrugated flake surface, expanded interlayer 

distance and its small crystallite size. As it will be discussed, these are all advantageous features 

for the application of carbon materials in aqueous Al-batteries. 

 

2.2 Electrochemical Performance  

After studying the physicochemical characteristics of the cathode's active material, the next step 

was to evaluate its electrochemical performance. With reference to the relevant literature 

(Table S1), we undertook a number of preliminary experiments and adopted the following 

reaction parameters: 1) a 2M Al(OTF)3 solution as the electrolyte, 2) an electrochemical voltage 

window of 0.2 V – 1.8 V (Figures S3, S4 and S5), and 3) an IL-treated Al foil as the anode 
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(Figure S6).[32] In these circumstances, besides showing good cycling stability at different 

current densities (with ~60% capacity retention over 90 cycles), the rGO cathodes maintained 

a steady capacity of ≥60 mAh g-1 (Figure 2a). In fact, at 50 mAh g-1, our cells deliver 136 mAh 

g-1. Irrespective of the current density used, the Coulombic efficiencies were consistently in the 

90% - 100% range, attesting to the excellent electrochemical kinetics of the cells. This is an 

impressive performance for an aqueous Al-battery based on carbon electrode materials.[24] The 

stability runs were followed by a study of the galvanostatic charge/discharge profiles at 

different current densities. Throughout, the rGO cells showed similar sloping discharge profiles, 

always centered at around 1.0 V (Figure 2b). Generally, such regular behavior in carbon 

cathodes implies a significant role of pseudocapacitive charge storage.[33] 

In the above, the current densities ranged from 50 mA g-1 to 300 mA g-1, an interval that concurs 

with the "artificial SEI" literature (Table S1). However, and as demonstrated by Dai et al. for 

non-aqueous Al-batteries, a critical advantage of using carbon electrodes is their operational 

stability at high current densities.[3] When pushed to 1000 mA g-1, our rGO cell remained 

operational for less than ten cycles. Moreover, it had a reduced initial capacity (<35 mAh g-1) 

and showed a ~25% decay before breakdown (Figure S7a). We improved on this by activating 

the cell with an initial cycling step, performed at low current density (10 cycles at 50 mA g-1). 

Then, it could not just charge rapidly (in 3.5 minutes) but also discharge, with a constant 

capacity of ~60 mAh g-1, at any given current density in the interval 100 - 1000 mA g-1 (Figure 

2c and S7b). We suspect that the constraint originates from the anode as the "artificial SEI" 

coating may not be adequate for high current density runs. [34, 35]  

A final test of the rGO cathode resilience was the undertaking of a long cycling stability run. 

Accordingly, we could operate the cell for ~200 cycles (at 50 mA g-1) with a stable capacity of 

~60 mAh g-1 (Figure 2d). This more than doubles the ≤80 cycles illustrated in other "artificial 

SEI" reports, whose cells used metal oxide cathodes (Table S1). 
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Figure 2. Electrochemical performance of the rGO cathode: a) cycling stability of rGO with 

2M Al(OTF)3 at different current densities with respective Coulombic efficiencies, b) voltage 

profiles of rGO with 2M Al(OTF)3 at different current densities, c) voltage profiles for fast 

charge and slow discharge of rGO and d) cycling stability of rGO with 2M Al(OTF)3 at 50 mA 

g-1. 

 

 

Taken together, the performance of the freeze-dried rGO is comparable to the graphite powders 

used in non-aqueous Al-batteries.[3] Moreover, its stability vastly surpasses the various metal 

oxides that have been used in aqueous Al-batteries (Table S1). [11, 36, 37] On average, those 

oxide-based cells had a capacity decay of ~50% after 40 cycles. This compares poorly with the 

decrease of ~35% in our cells, over a range of different current densities and maintaining a 

stable Coulombic efficiency of ca. 100%. Finally, the performance of the rGO-Al system is 

unique as it can be charged at rates one order of magnitude higher than metal oxides, a direct 

consequence of the structural and chemical resilience of the active cathode material.  

 

2.3 The Charge Storage Mechanism 

A lingering question in aqueous Al-batteries is the mechanism of charge storage, in particular 

the nature of the intercalant species. Layered carbons, besides being versatile hosts for 

molecular and ionic species, do not undergo the drastic structural collapse/rearrangements and 



  

10 

 

irreversible redox transitions that may take place in metal oxides. Hence, and in contrast to 

previous studies, our turbostratic carbon cathode represents a relatively simpler system to study.  

A post-mortem physicochemical analysis was performed on the rGO electrodes (Figure 3). The 

Raman spectra, in Figure 3a, show little difference between the charged and discharged states. 

No significant frequency shift or broadening of the G-band were observed, which, in addition 

to the similar IG/ID values (1.3 versus 1.1, for charged and discharged states, respectively), 

confirms the structural stability of the rGO. This view is corroborated by the previous 

electrochemical cycling studies and the lack of morphological changes in the corresponding 

SEM micrographs (Figure S8). To establish the dominant organic functional groups in the 

cycled rGO, we carried out FTIR measurements (Figure 3b). Several peaks could be assigned 

to the electrolyte anion CF3SO3
-, namely those at 1251 cm-1, 1033 cm-1 and 641 cm-1. Also of 

note, the frequency of the C=O stretching mode undergoes a 20 cm-1 redshift during discharge. 

Knowing that this band is very sensitive to its surrounding chemical environment, the shift 

could occur due to electronic charge transfers.[38] In fact, this is consistent with the electron 

paramagnetic resonance (EPR) analysis which indicates Faradaic reactions in oxygen-

containing groups (see further on). Adding to the vibrational spectroscopy, the surface of the 

cycled flakes was probed with XPS (Figures 3c, 3d and S10). Along with the sp2 and sp3 C 

species, the C 1s spectrum confirmed the presence of the moieties C-O, C=O and O-C=O, 

centered at 286.0 eV, 287.2 eV and 288.6 eV, respectively (for both charged and discharged 

states). Of note, the peak at 292.8 eV (Figure 3c), attributed to a C-Fx bond, originates from 

the CF3SO3
- anion. This interpretation was confirmed by analyzing the parent Al(OTF)3 powder 

(Figure S9) and could indicate a presence Al3+-OTF- ion coordination. In fact, other studies 

have reported that the presence of this ion coordination is dependent on the electrolyte 

concentration.[39, 40] In the salt's C 1s spectrum (Figure S9a), two other C peaks are observed, 

at 284.8 eV and 289.5 eV. The position and smaller intensity (cf. other elemental peaks in the 

survey XPS spectrum, Figure S9c) indicate that they originate from adventitious carbon 
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contamination. The study of the Al 2p XPS spectra of the salt and cycled rGO was particularly 

informative. The as-received electrolyte powder showed a unique and symmetrical peak at 75.9 

eV (Figure S9b). This binding energy falls in the region of aluminum oxide/hydroxide species 

(the ionic Al3+ occurs at 74.7 eV, as in AlCl3).
[41] However, it does not seem to correspond to 

the anhydrous Al(OTF)3. Instead, as explained in Figure S9, it is interpreted as the solvated 

cation [Al(H2O)6]
3+. Upon cycling, the shape and binding energy of the Al 2p signal becomes 

a function of two components, centered at 75.9 eV and 75.0 eV (Figure 3d). The relative 

proportion of these components differs from the charged to the discharged states. The higher 

electron binding energy matches the blank salt's signal and predominates in the discharged state. 

Since this component is always present in the rGO after its exposure to the aqueous electrolyte, 

it corroborates the [Al(H2O)6]
3+ assignment. As for the 75.0 eV component, it is particularly 

intense in the charged state. The lower binding energy is indicative of a different chemical 

environment surrounding the aluminum. Here, when interpreted in conjunction with the 27Al 

SS-NMR data (see further on) and relevant literature, the best hypothesis is to attribute it to the 

Al3+-OTFx- ion pairing, a dimer [Al2(OH)2(H2O)8]
4+ or trimer [Al3(OH)4(H2O)10]

5+.[39, 40, 42] 

Interestingly, the absence of a peak at 72.6 eV precludes the presence of metallic Al. The same 

applies to all other Al 2p XPS spectra in the present study. Hence, there is no plating of Al and 

the risk of dendrite formation on the cathode side of our cells is absent. Finally, the discharged 

electrodes show a larger amount of Al ions than the charged ones (Figure S10). Likewise, for 

the counter-ion CF3SO3
- (Figures 3c and S10). Therefore, the XPS analysis confirms that it is 

during discharge that the Al ions migrate to the host rGO. To spatially correlate the presence of 

the Al species with the rGO particles, a more localized spectral analysis was carried out. From 

the (qualitative) STEM-EDS elemental mapping (Figure S11), the Al signal is always 

uniformly distributed across the cycled rGO flakes. The lack of Al clusters further disproves 

plating and points, as expected, to a physicochemical interaction between the Al species and 

the electrode material.  
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Figure 3. Post-mortem characterization of the cycled rGO cathodes in charged and discharged 

states: a) Raman spectroscopy, b) FTIR, c) C 1s XPS and d) Al 2p XPS. All spectra are 

normalized by the highest intensity. 

 

 

The structural and chemical insight provided by the cathode's post-mortem study enabled us to 

carry out an informed charge transport analysis of the rGO-Al system. In Figure 4a, cyclic 

voltammetry plots taken at scan rates ranging from 0.05 to 0.3 mV s-1 are shown. The most 

visible and common feature is a pair of broad redox peaks, consistent with the sloping profiles 

of the galvanostatic charge/discharge curves (Figure 2f). The cathodic peak is centered at 

around 1.0 V, while the anodic peak appears near 1.4 V. Their separation widens with the 

increase in current sweep rate, from 0.3 V to 0.7 V, pointing to a charge storage process that is 

limited by the diffusional mass transport of the charged aluminum species. Accordingly, the 
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Randles plot shows a linear dependence of peak current on the square root of scan rate, the 

typical fingerprint of a diffusion-limited reaction (Figure 4b).  

 

 
Figure 4. Electrochemical analysis of the charge-storage mechanism: a) cyclic voltammetry at 

different scan rates, b) Randles plot, c) current dependence on scan rate, d) b-value as a function 

of voltage, e) surface and diffusion capacity contribution at 0.5 mV s-1 and f) surface and 

diffusion capacity contribution as a function of scan rate. 

 

 

A more detailed analysis showed this interpretation to be incomplete. By correlating the 

logarithms of peak current and scan rate (Figure 4c), it was possible to identify b-values that 

lie between the recognized figures for fully diffusion-controlled (b = 0.5) and fully surface-

controlled (b = 1) regimes (see Calculations section in the Supporting Information). For instance, 

at voltages of interest, 1.0 V and 1.4 V, the b-values were 0.84 and 0.75, respectively. As seen 

in Figure 4d, the b-values fluctuate under different potentials but remain within the interval of 

mixed regimes. In these circumstances, at the slower scan rate (0.05 mV s-1), around half of the 

obtained capacity can be attributed to diffusion-controlled reactions (Figure 4e). However, 

when faster sweeps are performed, this balance leans towards more surface-controlled reactions 

(Figure 4f).  
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Taken together, the cyclic voltammetry data implies a mixed charge storage mechanism, with 

the surface contribution increasing at faster rates (viz. higher charge-discharge current 

densities). This observation is plausibly explained by the sluggish diffusion kinetics of charged 

Al species. Commonly, such a phenomenon could result in catastrophic overpotentials and the 

structural collapse of the cathode material. In fact, the same has been reported for metal oxide 

systems as these, being Lewis-bases, can interact strongly with the highly charged Al3+ (a strong 

Lewis-acid) and become compromised after a limited number of cycles.[41] Here, however, the 

integrity of the rGO structure is largely preserved, even when subjected to hundreds of cycles 

or high current densities. 

 

2.4 The Role of Al3+ in the Charge Storage Mechanism 

In water, the [Al(H2O)6]
3+ species is the most stable configuration of Al3+. Given the extreme 

hygroscopic nature of Al(OTF)3 and the strong Lewis-acid character of Al3+, we assumed that 

the cation's first solvation shell would become complete upon minimal contact with water 

(whether in vapor or liquid state). To confirm this hypothesis, we probed the chemical 

environment of the Al3+ ions with SS-MAS NMR (Figure 5). First, the as-received Al(OTF)3 

was analyzed. The sample preparation was carried out inside an Ar glove box and a sealed 

NMR rotor capsule was used in the transfer process to the spectrometer. Initially, the 27Al 

spectrum of the Al(OTF)3 showed one resonance at -8.3 ppm (Figure 5a). To follow the effect 

of hydration, the rotor cap was unscrewed, exposing the top surface of the packed salt to air 

moisture (for 30 min). After acquiring a new spectrum, the procedure was repeated, with the 

exposure time increased to 24 h. As the salt became increasingly wet, a new peak appeared at 

a higher frequency (downfield). First, with a shift of 1.2 ppm and weak intensity. Then, with 

the full-day exposure, settling at 1.4 ppm as the dominant resonance. In parallel, the -8.3 ppm 

peak was displaced downfield by 0.2 ppm and shrank considerably. We interpret these changes 

as evidence of sequential solvation of the Al3+, ultimately leading to the formation of a 
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monomer of the type [[Al(OH)n(H2O)6-n]
(3-n)+] (where n = 0 -2).[44-46] The typical 27Al resonance 

interval for such monomers is 0 – 4 ppm.[46] For simplicity, we assume that the 1.4 ppm signal 

refers to the most stable and symmetrical configuration [Al(H2O)6]
3+ (cf. assignment of the 75.9 

eV Al 2p peak in the XPS analysis of the salt). As for the initial signal (-8.3 ppm), its chemical 

shift is within the expected range for Al hexa-coordinated oxygen-donor ligands (ca. -40 – 40 

ppm).[46]  

 
Figure 5. Solid-state MAS NMR characterization of the electrolyte's salt, the freeze-dried rGO 

and the cycled rGO electrodes: a) 27Al spectra of the Al(OTF)3 salt, b) 1H spectra of the 

Al(OTF)3 salt, c) 27Al spectra of the rGO and respective electrode and d) 1H spectra of the rGO 

and respective electrode. 

  

However, the higher electronic shielding environment points to a lower electron donor effect, 

understandable in the case of strongly ionic salts. A likely candidate to exert this effect is the 

CF3SO3
- counter-ion, which may participate in the solvation shell of Al3+ through contact ion 



  

16 

 

pairing.[30, 40] However, considering our low electrolyte concentration of 2M and the low 

intensity of the peak at -8.1 ppm (Figure 5a), we do not expect this configuration to be dominant.  

Upon realizing the salt's progressive solvation, a complementary study with 1H SS-MAS NMR 

was carried out (Figure 5b). Given the lack of hydrogens in its chemical formula, it was 

surprising to identify a set of overlapping resonances in the proton spectrum of the as-received 

Al(OTF)3. Spanning the region of 0 - 15 ppm, this broad group of signals presents two 

prominent maxima at 5.0 and 7.2 ppm. The attribution is challenging, but two plausible proton 

sources are crystallization water and triflic acid molecules, both derived from the salt's synthesis 

process. As the solvation took place, an upfield shift was seen for both maxima along with a 

narrowing of the overlapped band. During this process, a number of transition species are 

possible, namely different monomers of (semi-)hydrated aluminum or even the generation of 

hydronium species (H3O
+). Concerning the latter, dipping a pH paper in the 2M electrolyte 

solution returned a pH of 1-2 (strongly acidic). After 24 h of air exposure, one asymmetrical 

resonance remained with maximum at 6.0 ppm and a downfield enlarged tail. This result is 

consistent with the changes seen in the 27Al spectra and the progressive predominance of the 

fully solvated aluminum cation versus the dry Al(OTF)3. 

The NMR data sets acquired for the salt acted as controls for the subsequent study of the rGO 

(in charged and discharged states). The cycled cells were disassembled in air and the electrode 

powders gently scratched from the Nb foil (current collector). These samples were used as-

collected, i.e. without washing. To start with, the 27Al spectrum of the rGO control was flat 

(Figure 5c). By contrast, the spectra of the electrode powders were similar (with a slightly 

narrower peak for the charged state at the upfield tail). The peak had a dominant resonance at 

1.8 ppm and a downfield shoulder at 6.4 ppm. In view of its proximity to the resonance of the 

solvated electrolyte (Figure 5a), the maximum was attributed to the monomer [Al(H2O)6]
3+. 

As for the shoulder, the chemical shift suggests a lower electron density surrounding the 

aluminum. Considering the pH of the electrolyte (as per above, ≤2) and the relevant literature, 
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this would be consistent with the formation of dimers and/or trimers of the type 

[Al2(OH)2(H2O)8]
4+ and [Al3(OH)4(H2O)10]

5+, respectively.[42, 46] Note also that the shoulder 

was slightly more pronounced in the charged state, which corresponds well with the analogous 

higher intensity of the 75.0 eV Al 2p XPS peak component of the cycled rGO (cf. Figure 3d).  

Overall, we can assert that there is no desolvation of the cathode's Al3+ ions during the operation 

of our aqueous Al-battery.  

Unlike the 27Al spectra, the 1H spectra were more diffuse and difficult to interpret (Figure 5d). 

The rGO control had a broad band that ranged from -10 ppm to 20 ppm and was centered at 6.3 

ppm. This reflects the hydrogen-containing functional groups grafted on the flakes (hydroxyls, 

carboxyls, etc.) and the bound water that was retained from the freeze-drying process. 

Interestingly, an additional sharp peak was present in the control and the cycled rGO samples. 

Its stable upfield position (at 2.1 ppm) implies a higher electron density on the proton, therefore 

consistent with aliphatic carbons at the edge of the graphene basal planes. In the cycled rGO, 

the broad band narrows slightly, besides changing its shape and maxima. In the discharged state, 

the maximum is displaced upfield to 4.4 ppm. Confronting with the previous analyses, this shift 

would correspond to the predominance of the water protons in the solvated aluminum monomer, 

[Al(H2O)6]
3+. On the other hand, in addition to this species, the charged state contains a high 

concentration of protons in a less shielded environment. This is well explained by the 

aforementioned presence of the solvated dimers and trimers, both of which integrate hydroxyl 

ligands that bridge the Al centers.  

The NMR study was complemented by EPR spectroscopy, a very sensitive technique to the 

presence of unpaired electrons. The EPR signal for graphene materials is known to originate 

from two types of spins: one associated with localized defects or functional groups that trap 

unpaired electrons and one associated with delocalized π electrons in the extended aromatic 

lattice.[47] Importantly, the latter is potential-independent meaning it will not change with the 

electrochemical cycling process. The first-derivative EPR spectra of the discharged and charged 
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rGO is composed of broad lines with no hyperfine splitting (Figure S12). The measured 

proportionality factor (g) values were 2.006 and 2.008 for the discharged and charged states, 

respectively. These are higher than the g-factor of free electrons (2.002) and fall in the region 

of the oxygen-centered radicals.[48] Added to this, the discharged state spectrum has a markedly 

higher intensity, suggesting a larger number of unpaired electrons. Hence, there is an increased 

density of electronic charge transfer events occurring at the oxygen atoms of the rGO functional 

groups during discharge. The redshift in the FTIR C=O stretching band (Figure 3b), along with 

the increased concentration of the charged species [Al(H2O)6]
3+ and CF3SO3

- (as measured by 

XPS and NMR), corroborate well this statement.  

All of the above data sets are consistent with the presence of water molecules (from solvation 

or otherwise) and grafted organic moieties in the cathode. Given the acidic environment of our 

aqueous Al-C cells (as per above, pH ≤2), it would be expected that hydroniums (H3O
+) bear 

an active role in the electronic exchanges. In fact, it was reported that the presence of protons 

in the vicinity of paramagnetic centers could cause an inhomogeneous broadening of the EPR 

signal. This would explain the width of the cycled rGO spectra in Figure S12.[49, 50] As a logical 

consequence, if hydroniums contribute to the charge storage mechanism, then increasing the 

amount of oxygen-containing functional groups in the rGO ought to augment the capacity of 

the electrode. In the hydrothermal reduction of GO, the concentration of functional groups can 

be manipulated by the reaction time. Therefore, in addition to the present rGO (reduced over 

24 hours), two other samples were prepared under the same conditions but with reaction times 

of 18 and 30 hours. As shown in Figure S13, all were cycled electrochemically (at 100 mA g-

1) up to the point when the capacity stabilized (150 cycles). Clearly, past the first two cycles 

that correspond to the SEI formation, the initial capacity is inversely proportional to the 

reduction time. For instance, after the third cycle, a discharge capacity of 137 mAh g-1 is 

obtained for the 18h-rGO sample, followed by the 24h-rGO (123 mAh g-1) and the 30h-rGO 

(113 mAh g-1). The corresponding Coulombic efficiencies (at the 3rd cycle) are 55% (18h-rGO), 
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69% (24h-rGO) and 94% (30h-rGO). For all samples, the same capacity (63 mAh g-1) is 

obtained after 150 cycles, implying that the electrochemical reactions in the initial cycles are 

not fully reversible. These observations confirm that the oxygen in the rGO can contribute to 

the charge transfer/storage processes. However, their activity steadily decays. Likely, the 

common capacity value attained corresponds to the total de-activation of the oxygen sites. This 

could be explained by nucleophilic attacks (from the grafted oxygen moieties) to the solvated 

aluminum species, leading to covalent chemical bonding and, ultimately, the irreversible 

trapping of the aluminum. If so, a logical product of this reaction would be the release of a water 

molecule in the form of an hydronium. As stated previously, the charging leads to less 

aluminum in the rGO cathode but it does not withdraw it entirely. Trapping of the solvated 

aluminum in the rGO concurs with the Al signal in the STEM-EDS of the charged rGO (Figure 

S11) and the lower Coulombic efficiencies in the initial cycles (Figure 2). Taken together, there 

is an array of circumstances that directly imply protons as an additional active species in the 

charge storage mechanism of our rGO Al-battery.   

 

2.5 Final Discussion 

In the above, a number of partakers were identified that can contribute to the mechanisms of 

charge storage in our aqueous Al-battery cells. From the bound water and oxygen functional 

groups of the rGO flakes, to the different ionic species in the electrolyte (the solvated aluminum, 

OTF- counter-ion and hydroniums), all are likely to bear some weight in the mixed 

surface/diffusion regime that was described. Contrary to previous reports, our results show that 

the Al3+ does not get desolvated when inserted into the cathode (thus, there is no desolvation 

energy cost).[12, 43] This makes sense in light of the trivalent nature and small size of the metal 

cation, which tightly bounds water molecules (ΔGhydration = -4525 kJ mol-1).[50] In addition, the 

[Al(H2O)6]
3+ monomer is larger (0.38 nm) than the average interlayer spacing of the freeze-

dried rGO (0.36 nm).[51] While not precluding intercalation, this will slow the diffusion process 
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(some molecular deformability is expected, especially attending to the solvation equilibria 

involved). By contrast, there are optimal conditions to originate an electrical double-layer on 

or between the graphene sheets. The solvation shell of the (intercalated) Al3+ species can 

interact with nearby water molecules (free or bound) establishing hydrogen bonds and, 

ultimately, form an electrostatic shielding barrier. This would make the material even more 

hydrophilic, allowing easier ionic movement and better access to redox-active (intercalation) 

sites. Such a mechanism would also stabilize the host material against the high charge density 

of Al3+ and (de)intercalation volumetric changes. In fact, bound water molecules act both as an 

electrostatic shield and as a mechanical stabilizing agent in metal oxide cathodes hosting Al3+ 

species.[53] In this scenario, the possibility of protonic charge transport is quite interesting. The 

high charge density of the Al3+ polarizes the water coordination shell, making the cation 

complex more acidic than normal water molecules.[16] Therefore, the electrolyte is acidic (pH 

≤2) with protons (in the form of hydroniums) originating from the equilibrium reaction of the 

solvated Al ions, [Al(H2O)6]
3+ + H2O

 ⇌ [Al(H2O)5OH]2+ + H3O
+. Roughly, this corresponds to 

a proton concentration of 10-2 M, which is negligible when compared to that of Al ions (i.e. 2 

M). Assuming the formation of the aforementioned electrical double-layer (containing a 

network of H2O molecules stabilized by the Al complexes grafted on the carbon surface), the 

transfer of protonic charge could occur by way of the Grotthus mechanism between the surface-

bound (solvation) water molecules and those of the electrolyte.[54, 55] In such a case, the 

anchored Al complexes would behave as an amphoteric moiety. Taken together, we propose 

that the negative charge on the rGO (in the discharged state) is Faradaically balanced by H+ 

ions, preferentially at oxygen-containing sites, in addition to the non-Faradaic electrochemical 

double layer.[56] 

Considering the above, it is clear that the freeze-dried rGO acts as an optimal platform for 

proton and electron conduction at room temperature, explaining the excellent performance 

reported here.[57] In practical terms, this device provides an energy density of ~60 Wh kg-1 per 
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total cell mass (including all active and inactive components) which is superior to that of lead-

acid cells (30-40 Wh kg-1). 

 

3. Conclusion 

A stable and high capacity carbon-based cathode for aqueous Al-battery cells has been 

described. The hydrophilicity of the rGO was a crucial parameter in promoting a successful 

interaction with the Al(OTF)3 electrolyte. The battery exhibits a high energy density of 136 Wh 

kg-1 per cathode mass (or 60 Wh kg-1 per total cell mass) and one of the best capacity retentions 

reported for aqueous Al-batteries (~60% across a range of current densities). It also allows fast 

charging (in around 3 minutes) without compromising its discharge capacity. All the while, the 

battery is able to keep a constant Coulombic efficiency close to unit for more than 200 cycles. 

The remarkable performance of the freeze-dried rGO active material was explained by a unique 

charge storage mechanism. Contrary to common perception, the [Al(H2O)6]
3+ ions do not get 

desolvated when contacting the cathode. Besides eliminating the desolvation barrier, this 

response originates a mixed charge storage regime that is dominated by surface processes. In 

addition to stabilizing an electrochemical double layer, the rGO-grafted Al ions can act as 

proton donors and electronic charge channels through their solvation shells. We believe that an 

rGO-based cathode is a simpler and more resilient option than the metal oxide materials that 

have dominated the field of aqueous Al batteries.     

   

4. Experimental Methods  

Materials Synthesis: To produce the reduced graphene oxide (rGO), we followed the 

procedures described elsewhere.[24, 57] Briefly, graphite powder (99%, crystalline, 325 mesh, 

Alfa Aesar) was oxidized and exfoliated using the improved Hummers' method, resulting in 

graphene oxide (GO). Following this, the GO powder was freeze-dried under a reduced pressure 

of 0.133 mbar and a temperature of -80 °C for 24 h (Labconco Freezone 2.5plus). Then, the 
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powder was hydrothermally reduced at 180°C for 24 hours. Upon collection, the reduced GO 

(rGO) powders were freeze-dried under the same conditions as the parent GO. 

The aqueous electrolyte was prepared by mixing the salt aluminum trifluoromethanesulfonate, 

Al(OTF)3, where OTF = CF3SO3
- (Alfa Aesar), with appropriate volumes of deionized water to 

obtain a concentration of 2M.  

To prepare the ionic liquid (IL) electrolyte, 1-ethyl-3-methylimidazolium chloride [EMIm]Cl 

was first annealed in a tube furnace, under vacuum, at 70 °C and for 16 h, to remove residual 

water. This powder was introduced into an Ar‐filled glove box (MBraun LabStar, <0.5 ppm O2, 

<0.5 ppm H2O), always avoiding exposure to air. The anhydrous AlCl3 was used as received 

from the vendor (Alfa Aesar). With these two components, the AlCl3:[EMIm]Cl = 1.3 (mol 

mol−1) electrolyte was prepared by slowly adding the AlCl3 to [EMIm]Cl, inside the glove box. 

Mixing of the two powders resulted in an exothermic reaction and produced a clear light-yellow 

liquid. The IL electrolyte was stirred for 30 min and left to stand. 

 

Materials Characterization: The structural analysis was performed by powder X‐ray diffraction 

(XRD) on a Bruker D8 ADVANCE and using a Cu Kα radiation (λ = 1.54 Å), at a scan rate of 

1 deg min−1 and increments of 0.02°. Scanning electron microscopy (SEM) was carried out on 

a FEI Nova Nano, operated at 5 kV. The analysis by transmission electron microscopy (TEM) 

used a ThermoFisher Scientific Titan Themis Z equipped with a X-FEG source, operated at 300 

kV, and integrating a Super-X™ system for energy dispersive X-ray spectroscopy (EDS). In 

the same microscope, scanning TEM (STEM) imaging was performed using a high-angle 

annular dark field (HAADF) detector. To prepare the samples, the dry powder was dispersed in 

ethanol and dropped directly onto lacey carbon Cu grids, which had been previously treated 

with a gentle H2-O2 plasma. Raman spectra were recorded on a Witec Alpha 300RA, with a 

532 nm solid‐state laser. Fourier-transform infra-red (FTIR) spectroscopy was done on a 

Thermo Scientific Nicolet iS10 spectrometer, with a window of acquisition from 500 cm−1 to 
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4000 cm−1. The X-ray photoelectron spectroscopy (XPS) characterization was done on a Kratos 

Axis Ultra, equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) and operated 

at a power of 150 W under ultrahigh-vacuum conditions (10–9 mbar). Solid-state nuclear 

magnetic resonance (NMR) spectra were recorded using a WB Bruker 400 AVANAC III 

spectrometer equipped with a 4 mm triple resonance cross-polarization (CP) magic angle 

spinning (MAS) Bruker probe. All spectra were recorded under the same conditions and 

instrumental parameters: at room temperature and by collecting 2k scans using a one-pulse 

program (from Bruker's pulse library) with a recycle delay time of 2 s. The 27Al measurements 

were conducted without 2H spin lock and AlCl3(H2O)6 was used as external reference for all 

Al NMR spectra. For the 1H spectra, the shifts were referenced to TMS. The software Bruker 

Topspin 3.5pl7 was used for both data collection and for spectral analysis. Continuous wave 

electron paramagnetic resonance (CW-EPR) measurements were done, at room temperature, 

on a Bruker EMXplus spectrometer, equipped with a standard resonator. Both data collection 

and spectral processing were performed using the Bruker Xenon software. Contact angle 

measurements were done on a KRÜSS Drop Shape Analyzer 100, with the contact angle fitted 

using the ellipse tangent method. The sample was prepared by loading it into a hydraulic press 

and pressed into thin, self-standing sheets under a force of 30 kN. 

 

Electrochemical Measurements: The electrochemical studies were made with two potentiostats, 

a Bio‐Logic VMP3 and a BCS-800, in a 2023 coin cell configuration. The cells were assembled 

using rGO and an Al foil (99.999%, 0.25 mm, Sigma‐Aldrich) as the active electrode materials 

(cathode and anode, respectively). Unless otherwise stated, all Al foils were pre-treated by 

dipping in AlCl3:[EMIm]Cl = 1.3 (mol mol-1) ionic liquid for one day.[11] For the majority of 

the experiments, the cathode was prepared by sandwiching the rGO powder between a glass 

fiber separator and a current collector. No binders were used. Exceptionally, for the long-term 

cycling experiments, the cathode was fabricated by mixing 80 wt% of active material, 10 wt% 
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of polyvinylidene fluoride (PVDF) and 10 wt% of acetylene black, with N‐methyl‐2‐

pyrrolidone (NMP). The obtained slurry was transferred into a vial, sonicated for 30 min and 

then magnetically stirred for 24 h (for homogenization). After that, the slurry was spread on the 

current collector and dried overnight, at 80 °C in vacuo. Carbon paper was the current collector 

of choice for the electrochemical performance assessment, while niobium (Nb) foil was used 

as a current collector for post-mortem analysis. The mass loading was ~ 1mg cm-2. All post-

mortem characterization was done on charged or discharged electrodes, taken from 

disassembled cells that were run at 10 mA g-1, and analyzed without any processing. In all 

experiments, 100 µl of aqueous electrolyte was used for each cell.  
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