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Small-scale quadrotors, typically defined as centimeter-scale in size and tens of grams in weight, 
are increasingly being utilized in applications such as agricultural monitoring or search and rescue 
operations. These vehicles are typically powered with lithium-ion batteries. However, vehicle 
operational efficiency and capability are often compromised by the limited energy density of these 
batteries, resulting in short operational duration. This work explores a high-energy chemistry, 
aluminum-air (Al-air), as a power source to significantly extend the operational duration of small-scale 
quadrotors. Rapid corrosion of the aluminum anode in existing Al-air systems has been a barrier to 
adoption in applications where long-term operation is required. However, corrosion is less of a concern 
in the small-scale quadrotor application, where the battery is typically under continuous use over a 
short period of time. The electrochemical and packaging design of a micro-Al-air pouch cell battery is 
optimized for two operating points: an energy density of 325 W h

kgbattery
 above a power density of 500 

W
kgbattery

, and an energy density of 240 W h
kgbattery

 above a power density of 800 W
kgbattery

, both of 

which far surpass the performance of equivalent commercial lithium-ion batteries. A 3D-printed small-
scale quadrotor platform is used to evaluate flight duration. The micro Al-air battery delivers 13.1 min 
of flight time, compared to the 4.5 min of flight time provided by the commercial micro lithium-
ion battery. This work demonstrates the feasibility of Al-air batteries that simultaneously possess 
sufficiently high power density to achieve small-scale quadrotor flight, and sufficiently high energy 
density to achieve extended duration of that flight.

The global drone market is growing at an unprecedented speed, and several forecasts predict that the market 
size could reach tens of billions by 20251. The surge in drone technology prominence is attributable to its 
diverse applications set, including surveillance, aerial photography, environmental monitoring, and precision 
agriculture2,3. The need for drones with improved capabilities has led to the development of smaller and lighter 
platforms that can perform tasks with greater precision and efficiency4. Consequently, this evolution has spurred 
an interest in the development of small-scale quadrotors, which are typically centimeter-scale in size and weigh 
tens of grams; such advanced small-scale quadrotors can, for example, navigate through confined spaces5–7. 
Concurrently, this quadrotor miniaturization has highlighted the importance of on-board power sources, 
resulting in significant research and development efforts. In particular, the need to develop power sources that fit 
within the miniature quadrotor platform and simultaneously provide sufficient power and energy performance 
for both small-scale quadrotor takeoff and extended flight duration has emerged as a critical need in this field8–10.

Electrochemical cells, or batteries (these terms will be used interchangeably in this work), are the typical 
power sources utilized for small-scale quadrotors. Among these batteries, Lithium-ion batteries (LIBs) have been 
a preferred power source, due to both LIB availability and scalability11–13. Despite these advantages, there is still 
a need to optimize the onboard power source with respect to two highly important design metrics: gravimetric 
energy density and gravimetric power density. The gravimetric energy density of the onboard power source 
determines the flight duration, while the liftoff and maneuverability of the small-scale quadrotor set a minimum 
requirement on the gravimetric power density of the onboard power source14. Micro-LIBs (mLIBs) can easily 
meet the power requirement of the small-scale quadrotor; however, the flight duration of the small-scale 
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quadrotor is limited by the mLIBs gravimetric energy density, especially at high power loads. The operational 
capability of small-scale quadrotors is often compromised by this resultant short operation duration.

Figure 1 (A) plots the energy density of commercial mLIBs as a function of the LIB mass, ranging from 0.04 
g to over 40 g. The dataset is collected from the specification sheets of the manufacturers of commercial LIBs 
as well as values reported values in the literature15–19. Figure 1 (A) shows that when the battery size exceeds 
10 g, no significant correlation between the cell size and energy density is observed. However, for batteries 
less than 10 g, the gravimetric energy density of the mLIB decreases as the battery size shrinks. Several factors 
contribute to this decline. As the size of the battery decreases, a more significant fraction of its total mass is 
dedicated to isolating the reactive components from the environment20. Such isolation is required because the 
electrolytes and electrodes of LIBs are not inherently stable under ambient conditions21,22. However, although 
these isolation materials have finite mass, they do not contribute to the electrochemical reactions that generate 
energy. For example, the packaging overhead (i.e., fraction of total cell mass attributable to the isolation package) 
for gram-scale mLIB pouch cells can exceed 30 weight% (wt%) (Digikey, 1568-1496-ND), while a 40-gram LIB 
has a significantly lower package overhead of approximately 10 wt%23. Additionally, the small-scale quadrotor 
places stringent demands on its onboard power sources, simultaneously requiring miniaturization, high energy 
density, and high power density14,24. However, most commercially available mLIBs are developed for low-power 
applications and are not optimized for the high power drains of small-scale quadrotors, further contributing to 
the short flight duration of the mLIB-powered small-scale quadrotor.

In order to extend flight durations and increase the efficiency of small-scale quadrotors, this study explores 
alternative chemistries for the on-board power system. Metal-air battery chemistry is a promising candidate 
for extending the flight duration of the small-scale quadrotor due to its exceptionally high theoretical energy 
density. Generally, metal-air batteries are categorized into two types based on electrolyte materials: aqueous-
electrolyte-based metal-air batteries, and organic-solvent-electrolyte-based metal-air batteries. Among these, 
aqueous-electrolyte-based metal-air batteries are particularly compelling for small-scale quadrotor applications 
due to their superior power performance25. This superior performance originates from the enhanced ionic 
conductivity and electrode reaction kinetics of the aqueous environment26. Figure 1 (B) compares the theoretical 
energy density of various aqueous-electrolyte-based metal-air battery chemistries with the theoretical energy 
density of conventional LIB chemistry27,28. All aqueous metal-air battery chemistries show a theoretical energy 
density above 1000 W h

kg , which is significantly higher than the theoretical energy density of 500 W h
kg  for the 

conventional LIB chemistry. In addition, the aqueous electrolyte chemistry is generally regarded as safer and 
more environmentally friendly compared to the organic electrolytes typically found in commercial Li-ion 
batteries29–31.

Among aqueous-electrolyte-based metal-air batteries, aluminum-air batteries (AABs) can deliver a 
remarkable theoretical specific energy of 8100 

W h
kg , which is an order of magnitude higher than the conventional 

LIB chemistry. The advantage of AABs is further augmented by the stability of AAB cell components when 
exposed to the ambient over the operational duration of the small-scale quadrotor, as well as the reliance of 
the cathode on oxygen from the air for its electrochemical reaction32. Therefore, the hermetic packaging that is 
often required for other battery types to mitigate rapid atmospheric degradation is not necessary for AABs. As 
a result, AABs can be housed in simpler packages that serve only to contain the electrolyte, markedly reducing 
the packaging weight. In addition, the AAB also shows a superior power performance to other aqueous-based 
metal-air batteries, which is partially due to the highest theoretical open circuit voltage (OCV)33. Therefore, the 
AAB chemistry is a promising approach to provide sufficient energy density and power density for the small-
scale quadrotor.

However, it should be noted that the aqueous AAB chemistry is typically a primary (non-rechargeable) 
energy source, which may limit their use in some scenarios34. Despite this, small-scale quadrotors are commonly 

Fig. 1.  (A) Correlation between LIB cell size and gravimetric energy density. The gravimetric energy density 
decreases with decreasing LIB weight; B) Theoretical energy density comparison between the conventional LIB 
chemistry and various metal-air battery chemistries.
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deployed in mission-critical tasks including search and rescue operations, mining exploration, or environmental 
monitoring in hazardous or remote locations35,36. In such cases, the primary operational requirement is not 
the rechargeability of the battery but the ability to sustain long-duration flights, as retrieving the small-scale 
quadrotor to recharge the battery is often impractical or impossible in some cases37. For example, in rescue 
missions or when collecting critical data from remote or hazardous areas, the focus shifts to maximizing flight 
duration to insure the safety of the data collection personnel.

A typical aqueous-electrolyte-based AAB is comprised of an aluminum (Al) anode, an aqueous alkaline 
electrolyte, and an air cathode. Figure 2 shows a schematic of the working mechanism of the AAB. The overall 
electrochemical reaction of the AAB is given in Eq. 7. Under discharge, the Al anode is oxidized to aluminum 
hydroxide, as shown in Eq. 8. Oxygen diffuses through the cathode and is reduced at the electrolyte-cathode 
interface, as shown in Eq. 9. The oxygen reduction reaction typically relies on expensive catalysts, such as 
platinum, to achieve high power density, which can significantly raise the overall cost. However, recent 
advancements have demonstrated the potential of cost-effective alternative catalysts to meet power requirements 
at a significantly lower cost8,38.

Despite all the advantages mentioned above, the aqueous AAB has long been criticized for rapid anode 
corrosion in its alkaline aqueous electrolyte. In parallel with the oxidation of Al, there is a parasitic reaction 
involving the reduction of water, resulting in hydrogen gas generation at the surface of Al anode, as shown in Eq. 
10. Equation 9 and Eq. 10 are competing reactions on the surface of Al exposed to the alkaline electrolyte. This 
undesirable parasitic reaction leads to anode consumption without contributing to electron flow in the external 
circuit, which in turn, reduces the anode utilization. Such rapid corrosion has been a barrier to the adoption of 
AAB technology in devices where long-term operation is required, such as electronics, electric vehicles, and off-
grid power supplies39. Interestingly, the typical corrosion issues that limit the use of AABs in intermittent, long 
duration applications are less of a concern in the small-scale quadrotor application, where the battery is typically 
under continuous use over a short period of time.

	 4Al + 3O2 + 6H2O → 4Al(OH)3� (1) 

	 Al + 3OH− → Al(OH)3 + 3e−� (2) 

	 O2 + 2H2O + 4e− → 4OH−� (3)

	 2H2O + 2e− → H2 + 2OH−� (4) 

Herein we exploit the potential of the AAB chemistry, namely minimal packaging overhead, high energy density, 
and high power density, to design gram-scale micro-AABs (mAABs). The mAABs studied here are based on a 

Fig. 2.  Schematic of the electrochemical mechanisms taking place in aqueous-electrolyte AABs. In the main 
reaction, oxygen is reduced at the cathode and Al is oxidized at the anode, forcing current through the external 
circuit. In the competing corrosion reaction, water is reduced to hydrogen and Al is oxidized without external 
current flow.
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pouch cell design. We present a weight-efficient packaging approach for mAAB fabrication, and engineer both 
the anode and the electrolyte to achieve the necessary gravimetric power density to ensure small-scale quadrotor 
liftoff while simultaneously maintaining high gravimetric energy density for extended duration operation. We 
then integrate the mAAB with a 3D printed small-scale quadrotor and characterize its performance to evaluate 
the practicality of the mAAB as an onboard power source, and compare the obtained results from a mLIB 
integrated on the same platform.

Results and discussion
Micro aluminum-air battery cell fabrication with lightweight package
To maximize the gravimetric energy and power density at the AAB cell level, it is imperative to minimize battery 
packaging that adds weight without contributing to electrochemical performance. For aqueous electrolyte AABs, 
the primary function of the battery package is to properly contain the electrolyte within the cell. Typically, the 
cathode of an AAB is constructed using a carbon cloth, impregnated with a layer of Polytetrafluoroethylene 
(PTFE). This hydrophobic carbon cloth cathode effectively retains the aqueous electrolyte. Supplementary 
Material Figure S1 shows an image of aqueous electrolyte beading on the hydrophobic PTFE-treated carbon cloth 
cathode. Figure 3 (A) shows a schematic exploded view of the proposed mAAB pouch cell, while Fig. 3 (B) shows 
a photograph of a 2-gram mAAB fabricated in this work next to a US quarter coin for size comparison6,40,41. The 
detailed fabrication process for the mAAB pouch cell can be found in Supplementary Material Figure S2. Briefly, 
the AAB consists of a 3D-printed polypropylene (PP) frame which acts as a support for both metal-catalyst-
bearing hydrophobic carbon cloth cathodes, as well as multiple layers of Al foil anodes. Each Al layer is 1 cm2 
in footprint area. Two punched holes, each 1 mm in diameter, are formed in the Al anodes to facilitate OH− 
transport within the multilayer anode structure.

The 3D-printed PP body frame was selected based on key factors such as mechanical integrity, lightweight 
construction, and thermal and chemical stability. 3D printing minimized material usage while maintaining 
robust electrode support. Since the frame does not contribute to electrochemical performance, reducing its 
weight enhances the battery’s gravimetric efficiency. PP, with its low density (~ 0.9 g

cm3 ), effectively reduces 
the overall weight without compromising strength. Despite electrolyte temperatures exceeding 80  °C during 
discharge (as shown in Figure S5, Supplementary Material), PP retains its mechanical integrity, ensuring 
stability throughout operation. Additionally, PP exhibits excellent chemical stability in the alkaline electrolyte 
environment, preventing degradation and further ensuring the battery’s structural integrity. Experimental tests 
confirmed the stability and performance of the 3D-printed PP frame during discharge, highlighting its suitability 
as a lightweight and durable component in this Al-air battery system.

Figure 3 (C) shows the weight breakdown of the 2-gram mAAB pouch cell. Note that the electrochemically 
inactive packaging materials, including the 3D-printed PP body frame and epoxy for cell assembly, contribute to 
less than 10 wt% of the total cell weight, compared to the 30 wt% packaging overhead of a gram-scale mLIB. This 
significant reduction in packaging overhead for the mAAB results from two key factors. First, AAB chemistry 
does not require hermetic packaging since it is stable in ambient environments over the operational duration of 
small-scale quadrotors. Second, the carbon cloth serves dual functions as both the battery cathode and the main 
part of the battery cell packaging, minimizing the amount of packaging material needed.

Aluminum anode optimization
Although the AAB chemistry shows promising theoretical energy density, the practical energy density and 
power performance of the mAAB must be engineered to support small-scale quadrotor operation. Herein we 
explore the effect of the Al anode structure on both the power and the energy performance of the mAAB. A 
commonly used 6M KOH  + 100mM sodium stannate ( Na2SnO3) aqueous electrolyte is utilized here, where 
the stannate serves as a corrosion inhibitor42. Sodium stannate acts as a corrosion inhibitor by preferentially 

Fig. 3.  (A) Exploded view of the mAAB; B) A photograph of a mAAB pouch cell next to a US quarter coin; C) 
Weight distribution of the fabricated 2-gram mAAB.
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depositing on the cathodic sites of the corrosion reaction on the aluminum surface, thereby reducing the rate 
of corrosion through the suppression of corrosion kinetics. To examine the effect of the Al anode structure on 
the power performance, the number of Al anode layers is increased while keeping the cathode area constant. 
The multilayer anode structure is supported by a multi-layer 3D printed PP cell frame, as shown in Fig. 3 (A). 
mAAB pouch cells with anodes comprising 1-layer, 2-layers, 4-layers, 6-layers, and 8-layers, in which each layer 
has a nominal footprint area of 1cm2, are fabricated. Thus, a one-layer AAB has an anode footprint area of 1 cm2. 
However, note that if both sides of an anode layer are exposed to electrolyte, the electrochemically interacting 
area of the anode will be double that of the footprint area. Footprint area is used as the anode area convention 
in this work.

The power performance of AABs with different anode structures is compared in Fig. 4 (A). For discharge 
currents below 0.75 A, the output power density curves for different anode structures tend to cluster together. In 
contrast, as the current exceeds 0.75 A, the power density curves diverge. The gravimetric power density of cells 
with different anode structures under a discharge current of 2.1 A is plotted in Fig. 4 (B). Power density increases 
with the anode electrode footprint area until it reaches 4 cm2 in footprint area, or 4-layers, at which point the 
dependence of power density with number of anode layers maintains a relatively constant value at approximately 
1000 W

kgbattery
, even with subsequent increases in anode area. This observation illustrates the importance of 

anode structure on mAAB power performance at the high current levels demanded for quadrotor operation.
To assess the suitability of the mAAB for powering a small-scale quadrotor, the power requirement for 

operating a commercial small-scale quadrotor, Holystone HS190, is analyzed. This analysis is detailed in the 
Supplementary Material. The analysis suggests that a discharge power density of 800 W

kgbattery
 at a 2 A discharge 

can meet the operational demands of this commercial small-scale quadrotor. Figure 4 (B) shows that the mAAB 
with 4 or more anode layers can achieve this power density requirement.

The conventional view of power performance of a typical air battery is that the cathode is the limiting factor 
due to the intrinsically sluggish oxygen reduction kinetics43,44. However, Fig. 4 reveals a different perspective: 
at high current levels (e.g., the 2 A utilized here), the power performance also depends on the anode structure. 
Considering that a single layer of an Al foil anode has a footprint area of 1 cm², when the mAAB pouch cell 
undergoes a 2 A discharge, the anode current densities based on footprint for 1-layer, 2-layer, 4-layer, 6-layer, 
and 8-layer mAAB pouch cells are 2 A/cm², 1 A/cm², 0.5 A/cm², 0.33 A/cm², and 0.25 A/cm², respectively. 
(Recall the anode areal current density used in this work is calculated based on the footprint area of the Al anode 
foil, which represents half of the electrochemically active surface area of the Al anode foil.) It is likely that these 
different current densities will result in different overpotentials or other factors in this high-power operational 
regime.

Anode overpotentials for various anode configurations are measured using a three-electrode system and an 
anode footprint area of 0.25 cm2. For each overpotential test, a fresh anode is used, and the discharge current is 
adjusted to be equal to the corresponding current density for one of the multilayer AABs discussed above. After 
equilibrating the Al anode with 6M KOH  + 100mM Na2SnO3 electrolyte for 5 min, the Al anode achieves 
a stable open circuit voltage (OCV) of −1.87 V vs. a Hg/HgO reference electrode. When a discharge current is 
applied, the voltage of the Al anode shifts to a more positive value due to the effect of overpotential. Figure 5 
(A) shows the measured Al anode voltage for different equivalent number of anode layers. The overpotential is 
defined as the difference between OCV and the discharge voltage, which is calculated for each anode structure 
and summarized in Fig. 5 (B).

Fig. 4.  (A) Power performance of mAAB pouch cells with different anode structures; B) Power density of 
mAAB pouch cells with different anode structures at 2.1 A.
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Fig. 5.  (A) and (B) Al anode voltage measured in a three-electrode system for different anode structures; C) 
Corrosion current density determined from anode mass loss measurements for different anode structures; D) 
Calculated energy performance for different anode structures; E) 2 A constant current discharge from mAAB 
pouch cells with anode structure of 2-layer, 4-layer, 6-layer and 8-layer; F) The measured discharge energy 
density above the 800 W

kgbattery
 power threshold compared with the calculated mAAB energy density. Note 

that the former is on a per-cell basis, while the latter is on a per-anode-mass basis; however, the functional 
forms are similar and lead to the same optimal number of anode layers.
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The overpotential of the Al anode monotonically decreases as the number of anode layers increases; however, 
the rate of this decrease begins to level off with the addition of more layers. This trend suggests the significant 
impact of anode structure on the anode overpotential of the mAAB. The overall anode area increases with 
the number of Al anodes, resulting in a lower anode current density and consequently reducing the anode 
overpotential. As the number of anode layers increases, the reductions in overpotential become less marked, 
suggesting that the optimization of power performance through anode structural engineering is nearing its 
practical limits.

Although increasing the anode area is beneficial for enhancing power performance, it can decrease 
energy performance due to corrosion. To investigate this effect, corrosion current densities for various anode 
configurations are measured using the three-electrode system. For each corrosion current test, a fresh anode 
is used, and the discharge current is adjusted to be equal to the corresponding current density for one of the 
multilayer AABs calculated above. We assume there are two dominant pathways for mass loss during the discharge 
of the mAAB: coulombic consumption of the Al anode from the discharge, and corrosion consumption of the Al 
anode. Under this assumption, the corrosion current, Icorr , can be calculated as follows:

	
Icorr =

(mfinal − minitial − mcoulumbic) × T ime

3000 mAh
g Al

where mfinal and minitial are the experimental masses of the Al anode before and after the corrosion testing, 
respectively, and mcoulumbic represents the mass loss of the Al anode attributable to the discharge current, 
which is calculated from the experimental current, time, and theoretical capacity of Al ( 3000 mAh

g Al
). Figure 5 

(C) shows the corrosion current density determined from mass and current-time measurements for 4-layer, 
6-layer, and 8-layer anode structures. The measurement for each anode structure is repeated two times to 
calculate the standard deviation error bar. It is observed that the corrosion current density increases with the 
number of anode layers. This trend can be attributed to the reduced overpotential in anodes with more layers, 
which consequently increases the driving force for the corrosion reaction. In addition, the anode structure with 
more layers leads to a larger Al electrode area, further amplifying the Al anode mass loss due to corrosion.

The discussion highlights a critical tradeoff in the anode structure design: while a higher anode area can 
increase the discharge voltage, it may simultaneously reduce the discharge capacity. Since the discharge energy is 
the product of the discharge voltage and the discharge capacity, the tradeoff of the anode structure might lead to 
an anode structure with optimal energy performance in this design space. Therefore, an optimal anode structure 
can be predicted from a calculated energy density using Eq. 5 to Eq. 7, where η  is the overpotential:

	 VCell = OCV − η Anode − η Cathode − η Electrolyte� (5) 

	
Discharge Capacity = Capacitythoeretical × IDischarge

IDischarge + ICorrosion
� (6)

 

	 Discharge Energy = VCell × Discharge Capacity� (7)

Assuming OCV − η Cathode − η Electrolyte = 1.5V and IDischarge = 2A, the discharge energy density is 
calculated. As shown in Fig. 5 (D), calculations suggest that the optimal energy density performance is achieved 
with a 6-layer anode structure.

To test this optimization, the experimental discharge performance of mAAB pouch cells with varying 
numbers of Al anode layers is evaluated. Figure 5 (E) shows the 2 A constant current discharge for pouch cells 
with anode structure of 2-layer, 4-layer, 6-layer, and 8-layer. The specific Al anode configurations for different 
anode structures are as follows:

•	 2-layer: two 500 μm thick Al foils.
•	 4-layer: four 200 μm thick Al foils.
•	 6-layer: two 200 μm Al foils and four 100 μm Al foils, with the four 100 μm Al foils positioned between the 

two 200 μm Al foils.
•	 8-layer: eight 100 μm thick Al foils.

Note that the mAAB cells with anode structures of 4-layer, 6-layer, and 8-layer maintain a constant total Al 
anode mass.

The 2-layer cell has the lowest discharge power density, beginning at 600 W
kgbattery

, but decaying rapidly 
within the initial 50 s of the discharge. As a comparison, cells with 4-layer, 6-layer, and 8-layer anode structures 
can sustain the 2 A discharge, with each demonstrating a discharge power density plateau well above the 800 

W
kgbattery

 threshold under the 2 A discharge. The plateau power density increases slightly as the number of 
anode layers increases. Figure 5 (F) compares the measured discharge energy density (terminating when the 
power density falls below the 800 W

kgbattery
threshold) with the calculated discharge energy density for 4-layer, 

6-layer, and 8-layer cells.
The discharge performance shown in Fig. 5 (E) agrees with the power performance data shown in Fig. 4 

(A), confirming that the 2-layer anode structure is not able to sustain a 2 A discharge above 800 
W

kgbattery ; and 
also that power performance increases with more anode layers. However, despite the 8-layer cell achieving the 
highest discharge power density plateau, it does not translate to the highest discharge energy density. Instead, 
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the 6-layer cell shows the highest energy density and the longest discharge duration. This trend aligns with the 
calculated result regarding corrosion optimization. This study suggests that when the mAAB is used in high-
power applications (e.g., small-scale quadrotors), the anode/cathode footprint ratio (A/C ratio) can significantly 
affect both energy and power performance. For this mAAB pouch cell design, when the discharge current is 2 A, 
an A/C ratio of 1.1, corresponding to the 6-layer anode structure, leads to improved discharge performance due 
to a balance of the Al anode overpotential and the corrosion at the Al anode. Moving forward, the 6-layer anode 
structure will be utilized for future steps in this work.

Electrolyte optimization
In this section, the impact of electrolytes on the electrochemical performance of mAABs is studied. The 
electrolyte serves as the medium for Al anode oxidation, Al anode corrosion, cathode oxygen reduction, and 
OH− ion transport, all of which have a significant impact on the energy and power performance of the mAAB. 
In theory, a smaller quantity of electrolyte is preferable for enhanced gravimetric performance; however, due to 
electrolyte degradation over discharge, especially under high-rate discharge, there is a minimum requirement 
on electrolyte quantity45.

Figure 6 (A) compares power performance between cells using fresh electrolytes, freshly prepared just 
before testing, and used electrolytes, taken after the discharge power density falling below 800 W

kgbattery
 under 

the 2  A discharge. A cell containing used electrolyte and fresh Al anode shows a marked decline in power 
performance compared to a cell with fresh electrolyte and fresh Al anode. Specifically, the cell with the used 
electrolyte has fallen from a peak power exceeding 1000 W

kgbattery
 to 500 W

kgbattery
. To understand the origin 

of the power performance decay, a OH− ion titration protocol is developed (see Supplementary Material). The 
titration results show that the used electrolyte has a KOH  concentration of only 3 M, a substantial drop from 
the 6M KOH  at the beginning of the discharge. To discern the impact of OH− ion depletion on the power 
performance and to separate its impact from other potential factors such as water consumption in the electrolyte 
or the buildup of side products in the electrolyte, a rejuvenated electrolyte experiment is conducted. KOH  solid 
pellets are introduced to the used electrolyte to rejuvenate its KOH  concentration to 6 M, and this rejuvenated 
electrolyte is used together with fresh Al anode. Figure 6 (A) compares the power performance of the cell with 
fresh 6M KOH , the cell with used 3M KOH , and the cell with rejuvenated 6M KOH . The power comparison 
shows that the power performance of the cell with rejuvenated 6M KOH  is significantly improved compared to 
that of the used 3M KOH  and aligns closely with that of the fresh 6M KOH  cell.

Figure 6 (A) suggests that the availability of the OH− ion in the electrolyte can significantly impact the 
power performance of the mAAB. When the OH− ion concentration drops from 6 M to 3 M, the kinetics of 
the mAAB can no longer support the 2 A discharge, thus halting the discharge. The OH− ion concentration 
in the electrolyte can affect the power performance in at least two ways. First, for AABs operating with alkaline 
electrolytes, cathode reaction kinetics are generally enhanced at higher OH− ion concentrations. Second, there 
is an optimal ionic conductivity observed at a 6M KOH  concentration46. Both these phenomena are negatively 
affected as the pH of the electrolyte falls due to OH− consumption.

There are two main pathways through which OH− ions are consumed. First, as the electrolyte is exposed 
to air, OH− ions can react with carbon dioxide, leading to carbonation, as illustrated in Eq. 8. Second, Eq. 9 
and Eq. 10 show the slow recovery of OH− ions from the decomposition of aluminate, Al(OH)−

4 . During 
the discharge, aluminate ions, serving as intermediate species, are generated at the Al anode. This generation 
process results in the consumption of OH− ions, which should ideally be regenerated when aluminate ions 
break down into aluminum hydroxide. However, under conditions of high current discharge, it is likely that the 
rate of aluminate decomposition is much slower than its generation rate, resulting in a net decrease in OH− 
ion concentration in the electrolyte. Given that the discharge duration of the mAAB is limited to approximately 
10 min, the impact of the electrolyte carbonation on OH− depletion is considered to be minor, and the slow 
recovery from Al(OH)−

4  is considered as the dominant consumption mechanism for the high-discharge-rate 
mAAB. Based on these insights, two strategies are proposed to prolong the discharge duration: increasing the 
OH− ion concentration in the electrolyte and adjusting the mass ratios between the electrolyte and the anode. 
The subsequent discussion investigates the optimal electrolyte composition, followed by the identification of an 
optimal mass ratio between the electrolyte and the anode.

	 CO2 + 2OH− → CO2
3 + H2O � (8)

	 Al + 4OH− → Al (OH)−
4 + 3e−� (9)

	 Al (OH)−
4 → Al (OH)3 + OH−� (10)

Figure 6 (B) shows the 2 A constant current discharge curve across various electrolyte compositions, ranging 
from 4 M to 8M KOH , all with 100 mM Na2SnO3. Figure 6 (C) summarizes the energy density for cells with 
various electrolyte compositions when above the power threshold, 800 W

kgbattery
. Among these, the 7M KOH  

+ 100 mM Na2SnO3 electrolyte exhibits the highest energy density, achieving 230 W h
kgbattery

 when above 
the power density threshold, a 30% improvement over the commonly used 6M KOH  + 100 mM Na2SnO3
electrolyte.

The trend observed from 4 M to 7 M shows that discharge energy density increases with higher concentrations 
of OH− ion, supporting the theory that the availability of the OH− ion is critical for extending discharge 
duration under the 2 A discharge. However, a decline in energy density occurs as the concentration increases 
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Fig. 6.  (A) Power performance comparison between mAAB cells using fresh electrolytes, used electrolytes 
and rejuvenated electrolytes; B) 2 A discharge curves for cells across various electrolyte compositions, ranging 
from 4 M to 8M KOH , all with 100 mM Na2SnO3; C) Summarized discharge energy density of cells with 
different electrolyte compositions when the power density is above the power threshold value – 800 W

kgbattery
; 

D) Discharge energy output of cells, under a 2 A discharge when above 800 W
kgbattery

, with different EA 

ratios for both the 7M KOH  + 100 mM Na2SnO3 electrolyte and the 6M KOH  + 100 mM Na2SnO3 
electrolyte; E) Discharge energy density output of cells under a 2 A discharge when above 800 W

kgbattery
 with 

different EA ratios for both the 7M KOH  + 100 mM Na2SnO3 electrolyte and the 6M KOH  + 100 mM 
Na2SnO3 electrolyte.
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beyond 7 M to 8 M. Although increasing the concentration of OH− ion from 7 M to 8 M has been shown to 
have slightly reduced electrolyte ionic conductivity, this level of decrease is likely insufficient to explain the 
significant decrease in power performance46. Instead, the observed decline in energy density may be attributed to 
accelerated Al anode corrosion at higher KOH  molarities. Moreover, the Al anode corrosion is an exothermic 
reaction, leading to temperature increases that can further increase the corrosion rate. When the rate of the 
corrosion reaches or exceeds an apparent threshold, as seen in the 8M KOH  + 100 mM Na2SnO3 electrolyte, 
the cell initiates a self-heating mechanism, which can in turn further accelerate the corrosion rate, potentially 
placing the cell in a corrosion-limited operational regime. This corrosion limitation theory is supported by 
measurements of the cell electrolyte temperature and the OH− concentration of the electrolyte at the end of 
discharge (see Supplemental Material). Thus, the electrolyte composition of 7M KOH  + 100 mM Na2SnO3 
is identified as the optimal electrolyte composition for the mAAB under a 2 A discharge.

As discussed previously, due to the OH− consumption during discharge, increasing the amount of OH− 
ion in the electrolyte is promising for enhanced electrochemical performance. However, despite an increased 
amount of OH− ion, raising the KOH  concentration beyond 7  M will not necessarily lead to enhanced 
electrochemical performance due to the corrosion. Therefore, increasing the amount of OH− ions through 
loading more electrolyte is investigated. Figure 6 (D) shows the discharge energy of cells under a 2 A discharge 
when above 800 W

kgbattery
with different mass ratios between the anode and the electrolyte (EA ratio) for both 

the 7M KOH  + 100 mM Na2SnO3 electrolyte and the 6M KOH  + 100 mM Na2SnO3 electrolyte. To 
adjust the EA ratio, the mass of the electrolyte is varied while maintaining a constant Al anode mass. The cells 
with the 7M KOH  + 100 mM Na2SnO3 electrolyte consistently demonstrate higher discharge energy across 
all investigated EA ratios compared to the 6M KOH  + 100 mM Na2SnO3. Figure 6 (E) shows the energy 
density under the 2 A discharge above 800 W

kgbattery
, that both electrolyte compositions demonstrate a peak 

energy density at an EA ratio of 8.8. However, the energy density for both electrolytes drops to zero when the 
EA ratio increases beyond 12. Note that an energy density of zero on this graph does not mean no cell output; 
instead, it means that the cell could not achieve a power density exceeding 800 W

kgbattery
.

The enhanced energy performance of the 7M KOH  + 100 mM Na2SnO3 electrolyte compared to the 6M 
KOH  + 100 mM Na2SnO3 is consistent with earlier discussions regarding optimal electrolyte composition. 
For the 7M KOH  + 100 mM Na2SnO3 electrolyte curve in Fig. 6 (E), the maximum energy density suggests that 
the EA ratio of 8.8 results in a good balance of electrolyte performance and Al anode performance. Furthermore, 
the anode utilization rate, which is a critical indicator of the Al anode’s efficiency and is calculated from dividing 
discharge capacity by the total available capacity of the Al anode, reaches over 70% for the mAAB. Therefore, the 
EA ratio of 8.8 is identified as optimal. Further increases in the EA ratio beyond the optimal lead to a decline in 
energy density, resulting from inefficient electrolyte usage due to disproportionate EA ratios. When the EA ratio 
further increases above 12, the excess electrolyte significantly reduces the gravimetric performance, resulting 
in the mAAB being unable to discharge above 800 W

kgbattery
. While the corrosion challenges associated with 

Al-air batteries have historically limited their application, this experimental result, showing over 70% utilization 
of the aluminum anode during flight, indicate that the engineered cell design can mitigate the corrosion issue 
in this specific application. However, it should be noted that the current cell design may not be fully optimized, 
and a comprehensive simulation study on the cell design could potentially further enhance its performance. In 
addition, although the present system achieves anode utilization above 70%, further improvements in anode 
utilization are possible. Strategies such as employing aluminum alloys, incorporating corrosion inhibitors, or 
exploring organic electrolytes could reduce corrosion and enhance anode-use efficiency, thereby extending the 
discharge duration of the battery.

Figure 7 (A) presents a Ragone plot comparing the energy and power performance between the mAAB and 
the mLIB. Two commercially available mLIB cells of different sizes, 6.8 g and 2.8 g, which are used in powering 
commercial small-scale quadrotors (HolyStone HS190 and Cheerson CX10), are examined. Figure 7 (A) shows 
that the larger 6.8-gram mLIB cell outperforms the smaller one, likely due to reduced packaging overhead. The 
package overhead for the LIB is often less significant in larger cells. In contrast, the smaller 2.5-gram mAAB 
cell, using 7M KOH  + 100 mM Na2SnO3 electrolyte with an EA ratio of 8.8, exhibits significantly superior 
performance. Under a discharge power density of 800 W

kgbattery
, the 2.5-gram mAAB cell demonstrates an 

energy density of 240 W h
kgbattery

, which is a threefold improvement in energy density over the 2.8-gram mLIB 

cell. Furthermore, it is reported that 500 W
kgbattery

 is sufficient for powering more power-efficient small-scale 

quadrotors14. When the power density requirement is lowered to 500 W
kgbattery

, the energy density of the 

mAAB increases further. A 2-gram mAAB cell delivers an energy density of 325 W h
kgbattery

 when above 500 
W

kgbattery
. This represents a substantial 4.3-fold increase in energy density compared to the 2.8-gram mLIB 

cell. Additionally, Fig. 7 (B) presents a Ragone plot comparing the energy and power performance of the mAAB 
from this work with those reported in the literature47–51. The comparison shows that the mAAB from this work 
simultaneously achieves both high energy density and high power density, outperforming previous AABs.

Micro aluminum-air battery performance assessment using a commercial small-scale 
quadrotor
The practical flight duration of the mAAB is assessed using a commercial small-scale quadrotor, Holy Stone 
HS190. The HS190 small-scale quadrotor weighs 23 g, including a 6.8-gram mLIB cell. Utilizing 3D printing 
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technology, a customized quadrotor body is created, allowing facile integration of the HS190 operational 
components and the mAAB. Four mAAB cells are connected in series to meet the voltage requirement of the 
HS190. The off-the-shelf HS190 propulsion system and control circuitry are transplanted to the 3D-printed body 
frame. The term body frame refers to the only the body frame of the micro-quadrotor, not including battery, 
motors, propellers and wiring. Subsequent tests confirm that the 3D-printed small-scale quadrotor platform can 
maintain a stable flight. Figure 8 (A) shows a photo of the integrated platform with the HS190 onboard control 
system and propulsion system, together with the mAAB pack. The integration of Al-air batteries with micro-
quadrotors imposes some challenges as the Al-air battery has a larger volume compared to lithium-ion batteries 
of equivalent mass. However, through optimized design and component arrangement, the Al-air battery pack 
is successfully into the quadrotor frame without significantly impacting its balance or performance. The weight 
distribution of components was similar to that of other micro-quadrotor platforms powered by lithium-ion 
batteries, as shown in Fig. 8 (B)14.

The flight duration of the small-scale quadrotor is evaluated using two versions of the mAAB pack: an 8-gram 
mAAB pack and a 10-gram mAAB pack. The 8-gram mAAB pack comprises four 2-gram AAB connected in 
series, each with an EA ratio of 6.5. The 10-gram mAAB pack consists of four 2.5-gram mAABs connected in 
series, each with an EA ratio of 8.8. Figure 8 (C) shows a successful flight of the small-scale quadrotor powered 
by the mAAB. When equipped with the 8-gram mAAB pack, the small-scale quadrotor achieves a flight duration 
of 8.75 min. The small-scale quadrotor powered by the 10-gram mAAB pack further extends this duration to 
13.1 min. Both mAAB pack configurations significantly surpass the flight duration of 4.5 min provided by the 
small-scale quadrotor powered by the off-the-shelf 6.8-gram mLIB. Figure 8 (D) plots the discharge duration 
under a 2 A discharge when above 800 W

kgbattery
 and the flight duration for both the mAAB and the mLIB. 

Under both testing conditions, the mAAB shows consistently improved performance compared to the mLIB. 
This finding suggests that the Al-air battery system achieves a comparable level of overall efficiency, particularly 
when applied to small-scale quadrotor operations.

Despite using the same customized small-scale quadrotor platform in all flight duration tests, the variations 
in the battery size pose challenges in accurately quantifying the flight duration improvement attributable to the 
superior performance of the mAAB. To isolate the mAAB’s improvements from the impact of the battery size, 
hypothetical flight durations for 8-gram and 10-gram mLIB cells are calculated, under the assumption that mLIB 
gravimetric electrochemical performance does not change with a slightly increased size. In this calculation, it is 
assumed that both the battery energy density ( E Wh

kgbattery
) and the platform-level power density ( P W

kgtakeoff
) 

remain constant. The relationship between the mass ratio ( r = mbattery

mtakeoff
) and the flight duration ( t) is described 

by Eq. 11, which shows that the flight duration linearly increases with the mass ratio ( r) when both the battery 
energy density and platform-level power density are held constant.

	
t = E

P

mbattery

mtakeoff
� (11)

Based on the actual flight duration measured using the 6.8-gram mLIB, hypothetical flight durations for 8-gram 
and 10-gram mLIB configurations are calculated to be 5.05  min and 5.9  min, respectively. In contrast, the 
measured flight durations for the 8-gram and 10-gram mAAB packs are 8.75 min and 13.1 min, respectively, 
reflecting improvements of 73% and 122% over their mLIB counterparts of comparable size. These findings not 

Fig. 7.  (A) Ragone plot comparing the mLIB and the mAAB; B) Ragone plot comparing mAABs from this 
work with mAABs reported in literature.
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only demonstrate the enhanced flight duration offered by the mAAB but also mark the first successful attempt at 
powering a small-scale quadrotor in untethered flight conditions using mAABs.

Conclusion
AAB chemistry is identified as a promising chemistry for extending the flight duration of small-scale quadrotors. 
A lightweight battery cell packaging approach is developed for gram-scale mAABs, which has only < 10 wt% 
of the packaging overhead. The mAAB cell is engineered for powering a commercial small-scale quadrotor, 
demonstrating a 3-fold energy density improvement over the required flight power threshold for the HS190 
commercial small-scale quadrotor. The mAAB has also demonstrated an inaugural flight with a notable increase 
in flight duration using a customized 3D printed small-scale quadrotor platform, with a 13.1-minute flight time 
compared to a 4.5 min flight time for a commercial mLIB. This work underscores the potential of mAABs to 
substantially extend operational durations of small-scale quadrotors.

Materials and methods
mAAB materials and assembly
High purity aluminum foils (purity > 99.99%) with thicknesses of 100, 200, and 500 micrometers are obtained from 
Thermo Fisher and Laurand Associates. These foils are precisely cut and shaped using aviation snips and a 1 mm 
hole punch cutter. The cut Al foils are then flattened by a hydraulic press to re-planarize any edge deformation 
from the cutting and punching process. Following the pressing process, the samples undergo sonicator cleaning 
to remove any surface contaminants or impurities. This cleaning process involves three 15-minute rounds using 
the following solvents in sequence: distilled water, ethyl alcohol, and acetone. After cleaning, the aluminum foil 
anodes are dried at 70 °C for 4 h. Potassium hydroxide (99.99% purity, Sigma-Aldrich) and sodium stannate 
trihydrate (96% purity, Thermo Fisher) are used for electrolyte preparation. Unless otherwise specified, freshly 
prepared electrolyte was used within 2 h of preparation. The cathode comprises platinum-based carbon cloth 
(4 mg

cm2  Platinum Black - Carbon Cloth Electrode, Fuel Cell Store), which is trimmed to the required size using 
a hollow punch. The mAAB cell body frame is fabricated using a Creality Ender-3 S1 filament 3D printer. The 
filament used is polypropylene with a 1.75 mm diameter FL105PP Natural Color from Braskem Company. High 

Fig. 8.  (A) A photo of the customized small-scale quadrotor powered by the mAAB pack; B) Weight 
distribution of the customized small-scale quadrotor powered by an 8-gram mAAB pack; C) A mAAB-
powered small-scale quadrotor in untethered flight; D) Discharge duration and flight duration comparisons 
between the mLIB and the mAAB.
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temperature epoxy (J-B Weld High Heat Epoxy Syringe, Dark Grey) is used to attach the anode and the cathode 
to the PP body frame.

mAAB testing and characterization
30 gauge Cu wire (99.9% Purity, Craftwire USA) is used to electrically connect the mAAB to external 
components such as potentiostats and small-scale quadrotors. Cu wires are wrapped on aluminum anode foil 
handles and attached to the surfaces of carbon cloth cathodes. The connections between the copper wires and 
both the cathode and anode materials are coated with silver paste (2spi) for enhanced electrical connection. 
Three-electrode tests are carried out using a Gamry 600 Potentiostat, with a platinum electrode as the counter 
electrode and a Hg/HgO reference electrode. The power and discharge performance tests are conducted using 
a Rigol DL3021 DC load. In the power performance test, the current was scanned from 0 to 2.5 A at a rate of 
0.5 A/sec, with a cutoff voltage of 0.4 V. Given that corrosion can also occur during battery storage, electrolyte 
is introduced immediately prior to battery use. This approach effectively limits aluminum corrosion before the 
battery becomes operational, ensuring optimal anode utilization and preserving the energy density for discharge. 
In all testing, electrolytes are preheated to 60 ◦C, which are then injected to the cell using plastic syringes. The 
small-scale quadrotor body frame is fabricated using a Formlabs 3 + resin 3D printer with High Temp resin 
(Formlabs). The battery is attached to the 3D-printed small-scale quadrotor platform using the high temperature 
epoxy. During the flight duration measurement, the RF controller of the HS190 is used to maintain the small-
scale quadrotor in the same lateral and vertical position to the largest extent possible. The duration for which the 
small-scale quadrotor remains airborne is defined as the flight duration. The reported battery mass in this study 
refers to the mass before testing. During discharge, the battery mass may increase due to aluminum oxidation 
reaction, but the magnitude is small (around 5% of the total mass in the battery) and does not significantly affect 
packaging design or cell structure optimization.

Data availability
All data needed to evaluate the conclusions in the paper are available in the main text or the Supplementary 
Materials.
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