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Abstract 

Rechargeable aluminum-ion batteries (AIBs) have been intensively studied during the last years. 

However, its commercialization is still hindered by the relatively high capital cost. Increasing the 

specific areal capacity (mAh cm-2) by using high mass loading of active material in thick electrodes 

is an effective strategy to decrease the battery cost. Unfortunately, the high viscosity and low ionic 

conductivity of the ionic liquid electrolytes prevents the implementation of this strategy. Herein, 

the use of semi-solid electrodes in AIBs is for the first time proposed to addresses i) the poor 

wettability related to high viscosity and ii) increase mass transport through thick electrodes limited 

by the low ionic conductivity. Indeed, specific areal capacities of up 7 mAh cm-2 are achieved in 

this work, compared to 0.5–1.5 mAh cm-2 as state-of-the-art. This innovative concept is potentially 

implementable to advanced material designs to archive improved battery performance in future. 
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Rechargeable Aluminum-ion batteries (AIBs) has recently been attracting the attention of the 

scientific community due to the appealing features of Al metal, i.e. excellent theoretical volumetric 

and gravimetric capacities (8.04 Ah cm−3 and 2.05 Ah g−1, respectively), low acquisition cost, high 

abundance, safety and non-toxicity.1 AIBs comprise of a metallic aluminum as anode and negative 

current collector, a chloroaluminate ionic liquid as electrolyte (AlCl3:EMImCl with a molar ratio, 

r, higher than one), an Al-insertion cathode material such as polymers,2 vanadium oxides,3 or 

graphitic materials amongst others,4–6 and a positive current collector such as tungsten (W),6 

molybdenum (Mo),5 and more recently, titanium nitride (TiN)7 and GDL-based on carbon.8 AIBs 

offer longer cycle life, higher specific power and increased safety, compared to state-of-the-art Li-

ion batteries, but lower energy density since it is not an Al-ion rocking-chair.6,9 Thus, stationary 

energy storage appears to be the most suitable application for AIBs. On the other hand, capital cost 

(USD kWh-1) is at the moment too high.9 There are three strategies to decrease this capital cost: i) 

the use of cheaper materials, ii) the increase of the energy density, iii) the increase of the specific 

areal capacity to decrease the content of inactive elements. While intensive efforts are being 

devoted to the two former options, surprisingly the third strategy has been neglected. Figure 1a 

shows the strong influence of the areal capacity in the battery cost that was calculated considering 

the acquisition cost of the most widely used current collectors for AIBs (Mo and W).8 As the areal 

capacity increases, the total area of battery decreases requiring less amount of inactive materials, 

e.g. current collector and separator. However, the vast majority of report in AIBs demonstrated 

areal capacities lower than 0.6 mAh cm-2.4,10 As summarized in Figure S1, only some recent 

reports published by Kovalenko´s  group achieved a value closed to 1.5 mAh cm-2.6,11 Although 

further increase in areal capacity is greatly desired, it is challenging to exceed those values since 

the high viscosity and low ionic conductivity of ionic liquid electrolyte leads to poor mass transport 
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of ions, described by the effective diffusion coefficient,  through thick electrodes (ionic resistance 

for AlCl4
-,  𝑅𝐴𝑙𝐶𝑙4

− , Figure 1b). The transport of AlCl4
- ions should be facilitated by increasing the 

effective diffusion to achieve high specific capacities in thicker electrodes (higher areal capacities). 

The effective diffusion coefficient (𝐷𝑒𝑓𝑓) that describes diffusion through the pore space of porous 

media is related to the porosity (𝜀) and the tortuosity (𝜏) of the electrodes following this 

equation: 𝐷𝑒𝑓𝑓 =  
𝜀

𝜏
𝐷𝑜 , where 𝐷𝑜 is the diffusion coefficient of AlCl4

- ion in the bulk electrolyte. 

Therefore, the effective diffusion coefficient might be improved by increasing the porosity and/or 

decreasing the tortuosity. In addition, the necessary use of binder in conventional electrodes, 

increases the tortuosity hindering diffusion of ions.12 In fact, the porosity also influences the 

tortuosity since the pathways for ions become more tortuous as porosity decreases. In this work, 

we propose for the first time the use of semi-solid cathodes with improved effective diffusion 

coefficient instead of traditional solid cathodes. Semi-solid electrodes are dense slurries that are 

made of graphite powder and electrolyte in absence of binder. These slurries can achieve electrical 

percolation having a higher porosity than conventional electrodes, which allows these electrodes 

to have enhanced transport of ions. This concept can then be exploited to achieve a breakthrough 

in AIBs by demonstrating relevant areal capacity values at relatively high C-rate (0.2 C – 2 C), 

which are required to make AIBs more economically competitive, using conventional cathode 

materials. The use of semi-solid electrode not only contributes to decreasing the battery cost by 

increasing the areal capacity, but it also facilitates some manufacturing process issues related 

AIBs. The low wettability of viscous electrolytes, e.g. concentrated electrolytes and ionic liquids, 

makes the manufacturing process more expensive since ensuring proper wetting slow down the 

production. The electrolyte is already present in the semi-solid electrode so that poor wetting of 

porous electrode during manufacturing can be potentially overcome.   
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Several mixtures of electrolyte and graphite powder (SGP) were prepared to develop a semi-

solid cathode (binder-free) with a high electrical percolation by following the procedure described 

in Section 2 of the ESI. It should be noted that conventional materials were selected to show the 

benefits of this innovative concept without additional improvement originated from the active 

material itself. A separator-free symmetrical cell (Figure S2) was used for this purpose applying 

electrochemical impedance spectroscopy (Figure S3). The results indicated that the mixture 

containing 28 vol.% of graphite powder (72 % electrode porosity) showed the lowest resistance so 

that this mixture was selected for subsequent tests. The electrical conductivity of the slurries was 

0.13 S cm-1 including 2 interfaces current collector – semi-solid electrode (Section 3 of the ESI) 

Thus, the Ohmic resistance at the highest current density (4 mA cm-2) would contribute with up to 

3 – 12 mV for a thickness range between 1-mm and 4-mm. The implementation of semi-solid 

electrodes for AIBs required the development of a new battery cell configuration (Figure 1c). An 

Al foil and an Al mesh were used as current collector and anode for ensuring that the positive 

electrode is the capacity limiting electrode (Figure S4). A picture of a semi-solid electrode held 

by two fingers (Figure 1d) shows the high viscosity of these type of electrodes.  
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Figure 1.(a) Capital cost per cycle (USD kWh-1 cycle-1) for AIBs vs areal capacity (mAh cm-2). 

Cycle life taken ref. 13. (b) Dependence of ionic resistance vs thickness. (c) Electrochemical cell 

designed: A–Teflon plates, B–Al foil, C–Al mesh, D–separator, E–Viton gasket, F–Semi-solid 

cathode, G–W current collector. And (d) Picture of a semi-solid electrode hold by the 2 fingers. 

First, the performance of high-areal-capacity semi-solid and conventional electrodes was 

evaluated by assembling cells using 1-mm-thick semi-solid and conventional cathodes (Figure 

2a). It should be noted that the uneven distribution of overpotentials through thick electrodes 

prevents observing the characteristic two plateaus for graphitic cathodes in the voltage profile of 

AIBs.8 The areal capacity of the semi-solid (76 mggraphite cm-2) and conventional cathode 

(84mggraphite cm-2) were 3.35 mAh cm-2 and 1.93 mAh cm-2, respectively. The use of semi-solid 

electrodes in AIBs not only increased the areal capacity but also the utilization rate of active 
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material (44 mAh g-1 vs. 23 mAh g-1 at 4mA cm-2). Compared to conventional electrodes, the lower 

overpotential observed for semi-solid electrodes is likely due to an enhanced mass transport of 

ions through thick electrode and reveals a good electrical contact for the semi-solid electrodes. 

Indeed, the Warburg coefficients  (𝜎𝑊) (Figure 2b) extracted from electrochemical impedance 

spectroscopy measurements confirmed that effective diffusion coefficient in semi-solid electrodes 

is 1.8 times higher than that in conventional electrodes (see Section 6 in the ESI) resulting in 

batteries with lower overpotentials as observed in Figure 2a. Note that measurements were 

conducted at 50 % SOC for thick electrode (4 mm) to ensure mass transport limitation. 

 

 

Figure 2. (a) Voltage profile for battery cells using conventional and semi-solid electrodes 

(synthetic graphite powder). Thickness of 1 mm at 4 mA cm-2 in a volatge range of 0.3–2.35 V. 

(b) Estimatation of Warburg coeficients for conventional and semi-solid electrodefor a thickness 

of 4 mm at 50% of SOC.  

Thick semi-solid cathodes (1 mm) showed good capacity retention with the C-rate. Between 0.25 

C (1 mA cm-2) and 1.25 C (4 mA cm-2), the overpotential did not increase significantly (Figure 
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3a) enabling a capacity retention of 85 % (Figure 3b). In all cases, the areal capacities (3.35, 3.61, 

3.76 and 3.89 mAh cm-2 for 4, 3, 2 and 1 mA cm-2, respectively) are several times higher than the 

values reported in literature (0.5–1.5 mAh cm-2).In addition, the specific capacity that relates to 

the utilization rate of graphite was 51.9 mAh g-1 at 1 mA cm-2,which is closed to the average value 

obtained for conventional electrodes containing this graphitic material (≈63 mAh g-1).8 Similarly 

to conventional electrodes, the utilization rate of AIBs using semi-solid cathodes decreased with 

increasing thickness (Figure S5 and S6). However, compared to conventional electrodes with 

similar areal capacity, the utilization rate for semi-solid electrodes was in all cases 30 -80 % higher. 

For instance, although the areal capacity for 4-mm conventional electrodes is 6 mAh cm-2 (Figure 

S6), the utilization rate drops down to 20 mAh g-1 (Figure S5), compared to the 7 mAh cm-2 and 

51 mAh g-1 for semi-solid electrode. In terms of specific power, 1-mm thick semi-solid cathodes 

operating at a power of ca. 70 W m-2 (4 mA cm-2) delivered a specific power of 95 W kg-1 and a 

specific capacity of 45 mAh g-1 (Figure 3b and S5). On the other hand, 1-mm thick conventional 

cathodes operating at ca. 60 W m-2 delivered a specific power of 80 W kg-1 and a specific capacity 

of 25 mAh g-1 (Figure S5). The best compromise between areal capacity, utilization rate and 

current density needs to be found for a specific application of AIBs. In terms of cycle life, AIBs 

using semi-solid electrodes were able to operate for 500 cycles and 790 hours retaining >75 % of 

its initial capacity (Figure 3c) while maintaining a Coulombic and energy efficiency of  >99.5 % 

and >78 %, respectively, at 1.2 C (4 mA cm-2), which rules out sedimentation of active material. 
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Figure 3. (a) Galvanostatic charge-discharge cycles at different currents (1, 2, 3 and 4 mA cm-2) 

in a voltage range of 0.2–2.35 V.(b) Areal capacity and specific capacity for different applied 

current densities. (c) Capacity retention and Coulombic efficiency at 4 mA cm-2. Electrode 

thickness of 1 mm (76 mggraphite cm-2).  

The versatility of the semi-solid AIBs was demonstrated by implementing the concept to other 

graphitic cathode materials. Synthetic graphite powder (SGP), synthetic graphite flakes (SGF) and 

mixtures of these two graphites were evaluated as active materials for the cathode of semi-solid 

AIBs. Textural properties, e.g. differences in specific surface area,14,15 particle size and particle 

shape play an important role in the porosity and tortuosity of the resulting semi-solid electrodes. 

The use of SGF enabled the preparation of slurries with lower porosity (57 %) than that obtained 
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with SGP (72 %). The higher content of active material for SGF (149 mggraphite cm-2) compared to 

SGP (76 mggraphite cm-2) for a 1-mm semi-solid electrode resulted in a larger areal capacity of 5.5 

mAh cm-2 (Figure 4). On the other hand, the utilization rate decreased from 52 mAh g-1 to 37 mAh 

g-1 for SGP and SGF, respectively. This points out a detrimental effect in the mass transport of 

ions through the electrode in the case of SGF-based semi-solid electrodes which is likely due to 

the combination of two factors: i) higher through-plane tortuosity due to graphite flakes alignment 

that has been shown for conventional Li-ion battery electrodes16,17and ii) lower electrode porosity 

(57 % vs. 72 %). To rule out the former factor, a mixture of graphitic materials with low content 

of SGP (95 % SGF + 5 % SGP) was prepared in an attempt to decrease the tortuosity expected for 

pure flake-based electrodes while maintaining a comparable electrode porosity. Since the electrode 

porosity (58 % and 46 wt.% of electrolyte) of the battery containing 95 % SGF + 5 % SGP was 

very similar to that (57 %) containing 100 % SGF, the differences in the electrochemical 

performance between these two cells can be attributed to a decrease in tortuosity promoted by the 

addition of spherical graphite particles to the flake-based semi-solid electrode. Indeed, the semi-

solid battery containing a mixture of active materials delivered excellent performance in terms of 

mass loading of active material (137 mggraphite cm-2), electrode porosity (58 %), amount of 

electrolyte (46 wt.%), utilization rate (specific capacity of 51 mAh g-1), specific capacity of the 

cathode including the mass of electrolyte (28 mAh gc+electrolyte
−1 ) and areal capacity (7 mAh cm-

2). On the other hand, the utilization rate (20 mAh g-1) and specific capacity of the cathode 

including the mass of electrolyte (13 mAh gc+electrolyte
−1 ) was drastically lower for conventional 

electrode (34 wt.% of electrolyte) of similar areal capacity (6 mAh cm-2). In addition, the cost 

breakdown (Section 9 in ESI) shows that the contribution of the electrolyte increases for semi-
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solid based batteries, which should benefit from the significant advances in the production cost of 

ionic liquids.  

 

Figure 4. Galvanostatic voltage profiles for 100SGP (black), 100SGF (red) and 95SGF:5SGP 

(blue) at 1 mA cm-2 in the voltage range of 0.2–2.35 V for 1-mm semi-solid electrodes. 

In terms of specific energy and energy density, the penalty related to the higher electrode porosity 

is compensated by the higher areal capacity and the lower amount of inactive materials. Figure 5a 

and 5b shows the evolution of specific energy and energy density, respectively, with the areal 

capacity for two electrode porosities (45 and 58 vol%). In terms of specific energy, the increase in 

areal capacity from 1 mAh cm-2 to 7 mAh cm-2 outweighs the effect of the increase in electrode 

porosity from 45 % to 58 vol% resulting in a 2-fold increase in the specific energy for semi-solid 

AIBs. On the other hand, the effects of the changes in area capacity and electrode porosity cancel 

each other out for the energy density leading to similar values for AIBs based on both conventional 

and semi-solid electrodes.  
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Figure 5. Evaluation of (a) specific energy and (b) energy density with the areal capacity of AIBs 

for two electrode porosities: 45 vol% (black squares – conventional electrodes) and 58 vol% (blue 

circles – semi-solid electrodes). The values were calculating for a thickness of 50 μm for the Al 

and W current collectors and a specific capacity of 80 and 50 mAh g-1 for conventional and semi-

solid electrodes, respectively. An electrode porosity of 45 vol% and 58 vol% are used for 

conventional and semi-solid electrodes, respectively. It should be noted that 1 mAh cm-2 is 

considered as state-of-the-art value for conventional AIBs while a value of 7 mAh cm-2 is 

demonstrated in this work. 

 

In conclusion, the specific areal capacity is a critical battery parameter for the commercial 

development of Al-ion batteries since it has a tremendous impact on the battery cost. Due to the 

high viscosity and low ionic conductivity of employed ionic liquids, relevant values of areal 

capacity are challenging to be achieved using conventional battery electrodes. On the one hand, 

issues of poor wettability related to viscous electrolytes can be overcome by the use of semi-solid 

cathodes. On the other hand, the mass transport of ions that limits the maximum areal capacity is 

increased by using semi-solid electrodes. In this work, the increased mass transport (at least 1.8 

times) enable the demonstration of Al-ion batteries with high areal capacities of up to 7 mAh cm-
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2 at relatively high C-rate (0.2 C – 2 C), compared to 0.5 – 1.5 mAh cm-2 as state-of-the-art, while 

maintaining a good utilization rate (51 mAh g-1) and electrode porosity (58 %). The versatility of 

the innovative concept is demonstrated by implementing it to two different graphitic active 

materials, but easily transferred to advanced material designs. This proof of concept for semi-solid 

Al-ion batteries represents a breakthrough for the commercialization of this technology.   
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