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Abstract 

 

Aluminum-air batteries are promising energy sources due to their high 

theoretical voltage (2.7 V), high theoretical energy density (8.1 kWh/kg-Al), low cost, and 

safety and environmental friendliness etc.1,2,3,4 However Al self-corrosion is limitation in 

Al-air battery– in aqueous alkaline electrolytes, causing formation of passivating Al(OH)3 

layer from Al(OH)4
– – is a major obstacle preventing continuous electrochemical reaction 

during discharge. Moreover, direct contact between Al and water (H2O) results in 

parasitic hydrogen evolution reaction which, in turn, lowers the operating potential of the 

battery. Here, we, achieve inhibition of parasitic corrosion by using (i) a polyester anion 

transport layer with Zn particles embedded in it5,6,7 and, most importantly, (ii) a single 

crystal of rubidium-cyclodextrin-metal-organic framework (Rb-CD-MOF) which not 

only serves as an air-cathode reducing oxygen but also as a diffuser8,9 for Al(OH)4
– and 

OH– ions to minimize the formation of Al(OH)3 passivation layer on the anode. 

Furthermore, the Rb-CD-MOF itself exhibits bifunctional electro-catalytic effect 10,11 by 

supporting efficient and stable oxygen reduction reaction (ORR) close to the direct four-

electron process, and also oxygen evolution reaction (OER). This ORR/OER 

bifunctionality allows the battery to efficiently use humid air (i.e., oxygen and water) as 

“fuel” powering its operation. Because of the inhibition of Al corrosion and the MOF’s 

bifunctional electro-catalysis, the Al-air battery shows ultra-high discharge capacity. 

above 15,000 mAh/cm2. The use of single-crystal electrocatalytic MOFs is a novel concept 

in battery design and, as illustrated by this work, can enhance performance of traditional 

batteries often limited by interfacial processes. 
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1.1  Introduction 

1.1.1 Electrochemical energy storage system  

 
The demands of sustainable energy have been increased continuously due to limitation 

of fossil fuel. Moreover, emission of CO2 during combustion of the fossil fuels cause 

environmental pollution. Therefore, the researches of renewable energy such as solar, wind and 

tidal etc are rising. Among energy conversion systems, electrochemical conversion systems are 

popular owing to possibility to have high energy and power density for electrical vehicles and 

portable devices including mobile phone, note book etc. Batteries, fuel cells and supercapacitor 

are representative electrochemical systems. 

Batteries are widely used in for example autonomous, portable, micro heat power and 

automotive (ex.Tesla motors- model s) (Figure 1.1). 
 

 

 

 
 

 

Figure 1.1 (a) various batteries applications of industry and (b) electrical vehicles. 

 

The EVs are required to high energy, high power, small weight and safety. Several batteries 

were utilized to EVs that include lead-acid,NiCd,nickel metal hydride, Li-ion, Li-ion polymer, 

and, less commonly, zinc-air and molten salt batteries. These batteries are explained in next 

part. 

Basic conceptual models of batteries are Galvanic cell and Daniel cell (Figure 1.2). 

https://en.wikipedia.org/wiki/Lead-acid_battery
https://en.wikipedia.org/wiki/Nickel-cadmium_battery
https://en.wikipedia.org/wiki/Nickel_metal_hydride_battery
https://en.wikipedia.org/wiki/Lithium_ion_battery
https://en.wikipedia.org/wiki/Lithium_polymer_battery
https://en.wikipedia.org/wiki/Zinc%E2%80%93air_battery
https://en.wikipedia.org/wiki/Molten_salt_battery
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Figure 1.2 Schematic illustrations of (a) Galvanic cell (b) Daniel cell. 

 

In the Galvanic cell, redox reaction is happened at interface of electrodes and 

electrolyte. The metal is oxidized to cation at anode, the electron is transferred to cathode. The 

Galvanic cell is unable to operate long time because ions are attached electrode then, electrode 

are blocked that interrupt electron transfer. However, Daniel cell has salt bridge which protects 

to polarization by moving cations and anions for charge balance. The batteries are close system 

that means batteries are operated by reaction of ions in electrolyte. On the other hands, fuel 

cells are open system in electrochemical energy systems. Fuel cells can be supplied fuels from 

outside constantly from external source (ex. oxygen, hydrogen, alcohol etc as fuels). Fuel cells 

cannot electrical recharge, but after use, the fuels are supplied thus, fuel cell have high energy 

density (Figure 1.3). 

 

 
 

Figure 1.3. Simplified scheme of (a) battery and (b) fuel cell. 
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In the electrochemical energy systems, cell voltage, specific energy, specific power 

and specific capacity are significant factors for evaluating performance of the systems.  

In order to determine working voltage of batteries and fuel cells, thermodynamics is 

important. When a process is carried out at constant temperature and pressure, maximum 

work is equal to change in free energy: 

 

wmax = ΔG 

For electrochemical cell,  

wmax = -qEmax = ΔG (q = nF)  

 

q is charge, E is cell potential, n is number of electron and F is Faraday constant.  

 

ΔG = -qEmax = -nFEmax 

For standard condition  

ΔGo = -nFEo 

And from this process,  

ΔG = ΔGo + RT ln (Q) = -nFE = -nFEo + RT ln (Q) 

 

Q is Reaction quotient - The mathematical product of the concentrations of the products of 

the reaction divided by the mathematical product of the concentrations of the reactants. R is 

gas constant T is absolute temperature. 

 

Ecell = Ecell
o-RT/nF ln(Q) 

 

This Nernst equation which gives evidence to get cell potentials. 

 

 

 Specific energy (Wh/kg), energy density (Wh/L) are energy contents and specific 

power (W/kg), power density (W/L) are power contents. The electrochemical systems are 

classified depends on these factors. Following these factors, the electrochemical energy 

systems are displayed in ragone diagram (Figure 1.4). 

 
Figure 1.4. Ragone diagram for comparison of electrochemical energy conversion and 

storage systems 
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As the diagram has shown that capacitors have high power, fuel cells have high energy 

and batteries are intermediate of them. Supercapacitors are one of electrochemical energy 

system that is usually used to describe an energy storage system based on electrical double 

layer (EDL) with high surface of carbon. When an electrode that is, electrical conductor, is 

immersed into electrolyte, there is spontaneous organization of charges at surfaces of electrode 

and electrolyte is facing the electrode. This EDL is formed and released, which results parallel 

movement of electrons. The supercapacitors are capable of store energy and release the energy 

in a short time. but here, supercapacitors are not considered.  

lately, people have studied to improve electrochemical systems to make hybrid devices 

such as capacitor-batteries, batteries-fuel cells. 

In particular, fuel cells have high energy density but, lower power density than batteries 

due to slow kinetics of cathode side. For such reason metal-air batteries are studied to 

supplement disadvantages of batteries and fuel cells. Therefore, metal-air batteries are covered 

here. 

 

1.1.2 History of batteries markets 

 
In the batteries markets, a graphical representation of energy capabilities is shown in figure 1.5. 

Various batteries such as lead-acid, zinc/halogen, metal-air, sodium-beta, nickel metal hybrid, 

and lithium-ion have been used. Typically, the issues of batteries are not only batteries 

performance but weight, cost and safety. The batteries have developed toward satisfied these 

factors. 

 

 

Figure 1.5. Energy storage capabilities of common commercial batteries. 
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Lead-acid batteries were oldest type of batteries that could be used to EVs due to 

improving of cycle-life, promising cost, and specific power15. However, the limiting factors of 

lead-acid batteries are relatively low cycle life and battery operational lifetime. The cycle life 

of lead-acid batteries is damaged by discharge and temperature16. 

NiMH batteries is rapidly emerged to substitute lead-acid batteries. NiMH batteries 

were correspondingly specific power and lifetime. However, NiMH batteries, which are limited 

expansion due to disadvantages of large size and heavy weight17. 

Li-ion batteries were replacement of NiMH batteries due to theirs high cell voltage, 

low self-discharge, high energy density and lighter weight. Li-ion batteries are currently 

favorite a mobile applications and EVs. However, Li-ion batteries are disadvantages such as 

high cost, low temperature tolerance, and need for protective circuity to prevent cell 

degradation and thermal runaway. Moreover, even if Li-ion batteries have high energy density 

which are less than gasoline. The Li-polymer batteries are made of same model with Li-ion 

batteries, only electrolyte is changed to solid polymer that provide safety and flexible cell 

design. However, the cost is increased and scale is larger.  

Above diagram, the metal-air batteries are expressed emerging technologies that means 

these studies are insufficient. Metal-air batteries are located in position where is the smaller 

size and lighter weight. Thus metal-air batteries have potential to make commercial batteries. 

For example, EVs are required to high energy density, high power density that means batteries 

inside of EVs are small and light. For such reason, currently, researches of metal-air batteries 

are glowing. 

 

 

1.2 Metal-air batteries 
 

Metal-air batteries are emerged from combination of batteries and fuel cells schemes to 

improve performance. Metal-air batteries consist of pure metal as an anode, and external 

cathode of ambient air with electrolyte. Metal-air batteries are attractive electrochemical 

energy system since the batteries are capable of using oxygen from air as reactant consistently18. 

Therefore, metal-air batteries can have high energy density (Figure 1.6) 

 

Figure 1.6 Comparison of energy density in various batteries.19 
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In addition, metal-air batteries have potentials of cheap price and reducing weight of 

the battery because the cathode is oxygen from air. Consequently, many researchers have 

concentrated on this system but, this studies are still in-process. 

 

 

 

 

1.2.1 Anode of metal-air batteries. 

Metal-air batteries are used pure metal as an anode such as Li, Zn, Al and Mg etc. 

Among the metals as anode, Li and Zn are representative metals for metal-air batteries (Figure 

1.7). 

Li-air batteries have ten times higher energy density than Li-ion batteries. However, 

Li-air batteries have many challenges which are incomplete porous carbon cathode blocking, 

unstable anode in vapor and lack of catalysts effect at cathode etc. Thus, Li-air batteries cannot 

have applied industry. Li-air batteries are divided two types depends on electrolytes: aprotic 

electrolyte and aqueous electrolyte. The Li-air batteries chemical reactions at each of aprotic 

and aqueous electrolytes are shown below. 

 

 

Figure 1.7. Representative metal-air batteries (a) aprotic electrolyte and (b) aqueous 

electrolyte Li-air batteries (c) Zn-air batteries. 
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In the cell with an aprotic electrolyte, lithium oxides are produced at the cathode: 

 

Li+ + e- + O2
 → LiO2 

Li+ + e- + LiO2 → Li2O2 

 

Lithium oxides are insoluble in aprotic electrolytes, which leads to cathode clogging20. 

In a cell with an aqueous electrolyte, lithium hydroxide is produced at cathode: 

 

Acidic electrolyte: 2Li + 1/2 O2+ 2H+→ 2Li++ H2O 

Alkaline aqueous electrolyte: 2Li + 1/2 O2 + H2O → 2LiOH 

 

Typically, Li metal react with moisture violently thus, there are many attempts for 

finding appropriate electrolytes. Even though the efforts for demonstration of Li-air batteries 

including to combine aprotic and aqueous electrolytes are continuing, water explosively is 

still hazard to employ Li-air batteries in industry. 

Zn-air batteries have theoretical energy density of 1086 Wh/kg about five times 

higher than lithium ion cells25. Zn-air battery is comprised of zinc metal as anode, oxygen as 

cathode and a membrane separator in alkaline electrolyte. The oxygen from ambient air 

flowed into the gas diffusion electrode. The oxygen reduction reaction (ORR) to hydroxyl ion 

is occurred at the air cathode and electrons are generated through metal anode reaction and 

hydroxyl ion is moved to metal anode. Overall electrochemical reaction is shown below. 

 

Anode: Zn → Zn2+ + 2e- 

Zn2+ + 4OH- → Zn(OH)4
2-, 

Zn(OH)4
2- → ZnO + H2O + 2OH-, Eo = 1.25 V. 

 

Cathode: O2 + 2H2O + 4e-→ 4OH-, Eo = 0.4 V. 

 

Overall reaction: 2Zn + O2 → 2ZnO, Eoverall = 1.65 V. 

 

Parasitic reaction: Zn + 2H2O → Zn(OH)2 + H2 

 

 

Al-air batteries are one of metal-air batteries which have high energy density. Al 

metal is attractive candidate to metal-air batteries due to low cost, environmental friendless, 

abundance of earth. Al-air batteries are made of Al metal as anode, porous carbons as cathode 

and electrolyte (Figure 1.8). 
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Figure 1.8. Scheme of Al-air batteries. 

 

 

 

 

The Al-air batteries are occurred following this redox reaction: 

 

Anode: Al→ Al3++3e- 

Al+3OH-→ Al(OH)3, Eo= -2.31V 

 

Cathode: O2+2H2O+4e-→ 4OH-, Eo= 0.40V 

 

Overall reaction: 4Al+3O2+6H2O
-→ 4Al(OH)3, Eoverall= -2.7 V 

 

Parasitic reaction: Al+3H2O → Al(OH)3+ 3/2H2  

 

Al-air battery has matter of self-corrosion that is major obstacle in making commercial 

scale. The oxidation is occurred on Al surface that hinder further battery process by forming 

Al to Al2O3 and Al(OH)3 passivation layer. Moreover, parasitic hydrogen evolution reaction 

drops potential of batteries. For such reason, some people used Al alloy such as Al-Zn, Al-In, 

Al-Ga and Al-Sn21,22,23,24as replacements of pure Al. In particular, the alloy of In, Zn and Al 

protects corrosion since Zn has proven to reduce hydrogen evolution by increasing hydrogen 

evolution potential. (cathodic protection). Typically, Al-air batteries are non-rechargeable due 

to stop generating electricity from formation of aluminum oxide layer. Therefore, many studies 

have made cathode material which has bifunctional electocatalytic effect to develop cell 

performance and fabricate rechargeable batteries. Next part, electrocatalysis materials as 

cathode are covered. 
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1.2.2 Air cathode  

The air cathode is one of key components in metal-air batteries. Even though metal-

air batteries have high theoretical energy density, practical energy density is demonstrated 

depends on cathode materials. In metal-air batteries or fuel cells, oxygen reduction 

reaction(ORR) and oxygen evolution reaction(OER) are most important reactions. Oxygen 

reduction reaction is that oxygen is reduced to hydroxide by electron from metal and 

combined with metal ion during discharge25. ORR chemical reaction is different depending 

on electrolyte: 

 

ORR, alkaline solution: O2 + 2H2O + 4e− → 4OH−, Eo = 0.40 V 

acid solution: O2 + 4H+ + 4e- → 2H2O, Eo = 1.229 V 

 

ORR has two pathways from moving number of electron. One is 4e- process which is oxygen 

directly reduced to H2O and another is 2e- process from oxygen to H2O2. 

 Typically, oxygen kinetics is very sluggish. Thus cathode materials are required large 

surface area to make fast ORR kinetics. Many studies have found materials to speed up ORR 

kinetics such as Pt, Ru and Ir. 26,27 Although these materials have shown better ORR 

performance, high cost is matter in applying as commercial cathode materials. 

 Thus, several alternative materials such as nanocarbons28,29, metal oxides30,31, carbide 

or nitrides and their composite32,33,34,35.have been discovered as electrocatalysts however, the 

carbon materials still have less activities than Pt/C36. 

In general, ORR is preferred occurring potential which is closer reversible electrode 

potential and ORR occurs potential under reversible electrode potential. If anodic current 

equal to cathodic current, external current is zero in reversible reaction. That is exchange 

current(io): 

io: nFka [R] exp (αa nFEeq/ RT) or nFkc [O] exp (-αc nFEeq/ RT) 

 

n is number of electron transferred, F is faraday constant, ka and kc are rate constant, α is 

transfer coefficient, [O] and [R] are internal concentration of reactants, R is gas constant and 

T is absolute temperature. The exchange current density is described by reaction and on the 

electrode surface where is happened chemical reactions. 

The overpotential is η = E - Eeq, E is practical potential. 

Butler-Volmer equation gives information about relationship current and overpotential: 

 

ic = nFkc [O] exp (-αc nF(E-Eeq)/ RT) exp (-αc nFEeq)/ RT)  

= io exp (-αcnFη/RT) 

 

In this equation, to obtain high current density, low overpotential and large exchange current 

density are required. 

 

The oxygen evolution reaction(OER) is one of important reactions in 

electrocatalysis. OER arise as different chemical reaction depending on electrolyte. 

 

OER, alkaline solution: 4OH- → O2 + 2H2O + 4e- Eo = 0.40 V 

acid solution: 2H2O → O2 + 4H+ + 4e-  Eo = 1.229 V  
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The OER is occurred at metal oxide as an anode which is made thin film by Pt, Au, Ir 

and Rh. Because oxide film is generated at potential area where oxygen evolves. To use 

anode materials in the OER, low overpotential and stability are essential. For example, RuO2 

and IrO2 have good performance of OER, IrO2 needs be stabilized by thermal treatment. Ni is 

used widely for OER, but Ni4+ which is low conductivity and high potential formed during 

the reaction that read to drop OER performance.37 

The OER reaction pathway is complex and mechanisms are changed by electrode. 

Many intermediate states are existed OER steps. The OER is induced from Tafel plot. The 

tafel equation is shown relation of electrochemical kinetics and the overpotential and also 

give evidence of number of electron transferred the reaction (Figure 1.9). 

 
 

Figure 1.9. Tafel plot for anodic process. 

 

η = A x ln (i/io) 

 

η is overpotential, A is slope and i is current density and io is exchange current density. 

 

 

η = a + b log (i) 

 

b is Tafel slop (0.059/nα) n is electron transferred, α is transfer coefficient. 

 

 

 

Rotating disk electrode (RDE) is used to analyze these ORR and OER. In the 
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electrolyte, when anions and cations are diffused, these ions have same rate of diffusion. but, 

one is faster than another, equilibrium is broken. To protect breaking of equilibrium, RDE 

measure reaction with less effect diffusion rate by electrode rotation. The rotation of electrode 

generates centrifugal power that lead ions move to electrode. 

Another analyzer is rotating ring –disk electrode (RRDE) that is same model with 

RDE but additional ring is attached at electrode. RRDE have each of different potentials at 

ring disk and rotating disk. The reaction is occurred at rotating disk then, the products are 

moved to ring disk to react again. The products from rotating disk can be analyzed by this 

process. 

 

 

 

 

 

1.3 Metal Organic Frameworks (MOFs) 
 

Metal-organic frameworks (MOFs) are open metal framework with crystalline that are 

self-assembled by metal ions and organic linkers (Figure 1.10).38,39,40,41
. In 1990, Hoskins and 

Robson reported on the design of 3D metal-organic frameworks using Cu(I) metal and organic 

linker42,43
. After that, Moore44, Yaghi45 and Zaworotko46 offered possibilities of new structures 

and properties by publishing these coordination polymer. Particularly, bridging ligand react 

with metal ion which has vacant or labile site47
.Thus Metal-organic frameworks(MOFs) have 

large pore and large surface area. (Figure 1.11). Many studies of MOFs are using this large 

surface area to various applications. 

 
 

Figure 1.10. Mechanism of Metal-organic frameworks. 
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Figure 1.11. The Metal-organic framework with large pore (MOF-5). 

 

 

 

One of the issues in MOFs area was to design a stable framework. Inside of MOF pores, 

it has guest molecules from solvents or template. However, the attempts to remove guest 

molecules from pore were often failed due to collapse of framework. Therefore, rigidity and 

stability of MOF are significant factors. Yaghi and coworkers reported the synthesis of a MOF 

which remains crystalline and stable secondary building blocks (SBUs)48,49,50. The clusters of 

carboxylate are mulidentate linkers allow for the formation of more rigid frameworks since 

that can be aggregated with metal ions into M-O-C bridges39. MOFs are promising material 

for many applications in catalyst 51 , 52 , gas storage 53 , 54 , 55 , 56 , separation and molecular 

recognition57 due to their properties inherent to the building block such as geometry rigidity 

chemical functionality, or chirality. Particularly, storage applications such as gas, chemicals, 

toxic materials are studied. Furthermore, although people are interested in electrochemical 

energy storage applying MOFs58,59,60, this experiments were not insufficient. But successive 

researches dealing with this subject and proved possibilities of MOF applications for 

electrochemical energy storage61,62,63. 

 

 

 

1.2.2 Examples of Metal-Organic Frameworks batteries applications 

MOFs have large pore and large surface area. Thus, many applications using MOFs 

have studied including electrochemical applications. Particularly, MOFs are utilized to 

electrochemical systems. Electrochemical energy systems are considered in previous part. The 

MOF play role as electrode, electrolyte, catalysts and separator etc. For examples, some MOFs 

are used as electrode for Li-ion batteries64,69,65,66, Na-ion batteries67,68 and supercapacitors69. 

However, most of applications cannot be used pristine MOFs because MOFs are insulator. Thus, 

people have made carbon with high surface area from MOFs or metal oxide(MO) using MOFs 

as template. One of example is carbon from MOFs have shown electrocatalyst performance 
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(OER, ORR)70,71. Metal oxide(MO) is applied to batteries and supercapacitors. 

In particular, MOFs are used to Li-S batteries as separator. Sulfur is good material as 

a cathode for Li-ion batteries. Li-S batteries give high specific capacity and energy density. 

However, sulfur has poor reversibility due to loss of active site during cycles72 because MOF 

can obtain soluble polysulfide which can be dissociation during batteries cycle, inducing 

capacity decay and low efficient battery performance. However, MOF is capable of using as a 

separator since MOFs are porous materials. Zhou et al.73  are reported Li-S batteries with 

MOFs separators enhanced battery cycle and structural stability.(Fig 1.12). 

 

 

 
 

Figure 1.12. Example of Li-S battery with MOFs separator95. 

 

As the mention previously, pristine MOFs have not described as an electrode. Nevertheless, 

Long et al., proved construction of dual ion prototype batteries using Fe2 (dobpdc) MOF as 

cathode which is shown topotactic oxidative insertion reaction with weak coordinated anions 

including BF- and PF-74 (Figure 1.13). 

 

 

 

 
 

 

Figure 1.13. Example for MOFs as anode in batteries application71. A- is weekly coordination 

anions, M+ is metal cations97. 
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In general, MOFs are included in porous coordination polymers (PCPs) extensively. 

Several of PCPs and MOFs have been found high proton conductivity. However, there is no 

report on the application of solid electrolyte because proton carriers are leached from porosity. 

Therefore, to overcome this problem, kitagawa et al.75 used defected nonporous coordination 

polymer as solid electrolyte for fuel cell (Figure 1.14). The defect site of coordination polymer 

crystal can encapsulate hydrogen carriers and improve hydrogen mobility that lead to high 

hydrogen conduction. 

 

 

 
 

Figure 1.14. Example of solid electrolyte using coordination polymer crystals for fuel cell. 

 

The above studies argued possibilities to applications for electrochemical energy system. 

MOFs can be electrode, electrolyte separator. In here, MOFs are considered to metal-air 

batteries system as air cathode. 

 

 

 

 

 

 

 

 

 

 

  



１６ 

 

 

 

 

 

 

 

Chapter II. Aluminum-MOF-air battery 

(AMA battery) 
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2.1 Introduction 
 

The Al-MOF-air (henceforth, AMA) battery was assembled (i) by coating a polished 

Al foil (99.99 % Sigma Aldrich) with a ~10 μm think layer of polyester (Allied High-Tech 

Products) containing 0.02 w/w% of Zn nanoparticles (Sigma Aldrich, average diameter 40 nm, 

dispersity 0.16), (ii) placing onto this film a single-crystal, rubidium-based γ-cyclodextrin 

MOF(Figure 2.1) soaked with 1M RbOH (1M RbOH@Rb-CD-MOF), and (iii) covering the 

top surface of the MOF crystal with conductive carbon paste (Figure 2.2). 

 

 

 

Figure 2.1. a) A unit cell of Rb-CD-MOF. (b) Coordination of Rb+ cations to the γ-

cyclodextrin (CD) scaffold and inclusion of OH- anions (just one is indicated for clarity) to 

balance MOF’s net charge. Optical micrographs of Rb-CD-MOF crystals 
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Figure 2.2. Image of MOF battery covering the top surface of the MOF crystal with 

conductive carbon paste. 

 

The Rb-CD-MOF single crystals were synthesized as described before76,77,78 and 

were typically ca. 200-600 m in each direction (with volumes on the order of 0.01~ 0.05 

mm3). These crystals harbored hydroxide anions (OH-) balancing the charge of Rb+ cations 

and enabling crystal’s ionic conductivity measured by AC impedance to be 7.27 ⅹ10-5 S/cm 

(Figure2.3).

 

Figure 2.3. Impedance of Rb-CD-MOF to measure ion conductivity. 

Moreover, this conductivity could be enhanced to 7.83ⅹ10-4 S/cm when the crystals 

were infiltrated with additional RbOH (by soaking in 1M RbOH solution of 70% MeOH and 

30 % H2O). Images in Figure 2.4 and the corresponding powder XRD spectra in Figure 2.5 

confirm that the MOFs do not lose their crystallinity upon soaking, which agrees with our 
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previous reports.78   

 

 

Figure 2.4. Optical micrographs of Rb-CD-MOF crystals (a) as-synthesized, and (b) 

infiltrated with 1M RbOH. Scale bars = 100 µm. 

 

 

 

Figure 2.5. Powder x-ray spectra of RbOH@CD-MOF crystals as synthesized (black 

line) and infiltrated with 1M RbOH (red line). 
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We note that the above conductivity values are higher than for other ionically-

conductive MOFs79,80,81, likely on account of the hydrophilicity of channels and hydrogen 

bonding network between water and OH- guests81,82 Also, the ionic conductivity of the as-

synthesized Rb-CD-MOF single crystals is one order of magnitude higher than that reported 

for polycrystalline CD-MOF pellets,83 emphasizing the role of long-range ordering of MOF’s 

channels and the lack of grain boundaries.82 

 

2.2 Results  

Figure 2.6 compares open circuit voltage (VOC) of the AMA battery under 

humidified conditions with a conventional galvanic cell in which 1M KOH aqueous solution 

was used instead of the MOF monocrystal. While the former maintains VOC at ca. 1.7 V for 

over 24 hrs, the latter exhibits rapid voltage drop. 

 

Figure 2.6. Red line plots the open circuit voltage of the AMA battery under humid 

conditions (99 % by bubbling dry air through a 3:7 v/v water/methanol mixture). The green 

line is for a galvanic cell comprising similar Al and glassy carbon electrodes but a 1M KOH 

solution instead of the electrolyte-infused Rb-CD-MOF crystal. 
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Figure 2.7 illustrates that the AMA battery under the same humidified atmosphere and 

discharge current as high as 100 mA/cm2 maintains non-zero potential for over a week with 

specific capacity > 18,000 mAh/cm2 and specific power > 11.7 Wh/cm2).  

 

 

 

Figure 2.7. Discharge performance of Al-MOF-Air battery at current density of 100 mA/cm2 

over 200 hours under 99% humidified conditions. 

 

The specific capacity of the AMA battery is unprecedented for any reported Al-air 

batteries.84 With these characteristics, AMA batteries based on MOF crystals just few hundred 

microns across are able to power for hours small electronic devices such as the timers or LEDs 

shown in Figures 2.8. 
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Figure 2.8. Schemes and experimental images of AMA batteries turning on various electronic 

devices: (a) AMA based on one MOF crystal (here, 600 µm x 450 µm x 250 µm) turns on a 

digital watch for ca. 30 min; (b) a dozen of similarly sized Rb-CD-MOF single crystals 

arranged in parallel can power the watch for about 7 hours; (c) an LED is powered for an hour 

with serial connection of three AMA microbatteries. The inset zooms on the LED. 
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To understand the mechanism underlying the operation of the AMA battery, it is 

important to consider the roles of the polymer/Zn NP layer, the MOF itself, and the humidity.  

Regarding the former, the layer of polyester on Al is known to support the transport of ions85 

(e.g., OH- or Al(OH)4
- ) while minimizing the direct contact between H2O and Al surface, so 

that potential-lowering hydrogen evolution reaction (HER: 2Al + 6H2O → 2Al(OH)3 + 3H2) is 

repressed. This effect is illustrated in Figure 2.9 which compares RbOH-loaded MOF crystals 

placed on bare aluminum turning opaque, evolving hydrogen bubbles, and even cracking after 

ca. 30-60 min, with the same crystals placed on Al coated with the polyester/Zn NP layer, on 

which the crystals remain transparent with no bubbles visible. 

 

 

 

Figure 2.9. The photograph on the left shows 1M RbOH@Rb-CD-MOF single crystal 

placed on bare aluminum – within minutes, the crystal turns opaque and loses structural 

integrity. When, however, the crystal is placed on Al protected with the polyester/Zn NP layer, 

the crystal remains transparent. Scale bars = 100 μm. 

 

 

In addition, without the polyester/Zn NP layer, the generated Al(OH)4- can diffuse 

throughout the MOF effectively making a short circuit between the Al anode and the carbon 

current collector. Indeed, EDS studies of the carbon electrode delaminated from the battery 

after discharge indicate that Al is present on this electrode when the polyster/Zn NP layer is not 

used; no Al signal is detected when the layer is applied. Furthermore, the Zn NPs can act as a 

sacrificial anode to suppress high rate of Al corrosion86,87 (Al(OH)4
– → Al(OH)3 + OH–). This 

is confirmed by the Tafel polarization plots in Figure 2.10, from which the corrosion rate of 
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bare aluminum is estimated to be almost three times higher than for Al protected with 

polyester/Zn NP layer. 

 

Table 1 Electochemical parameters for the Tafel plots shown in Figure 3b for the 

bare Al and Zn@polyester/Al (in both cases, immersed in 1M RbOH electrolyte in 3:7 v/v 

water/methanol mixture). 

 

Note: Corrosion rate can be calculated from following equation:88 

Corrosion rate (mpy) = 
𝑎∗ 𝑗𝑐𝑜𝑟𝑟∗ 𝐸𝑊

𝑑
 where 

mpy = milli-inches per year 

EW = equivalent weight of the corroding species, g. 

d = surface density of the corroding species, g/cm2. 

jcorr = corrosion current density, µA/cm2 

a = constant of corrosion rate, 0.13 

 

 

Figure 2.10. Tafel-polarization curves for bare Al and for Al coated with 

polyester/Zn NPs layer. Measurements were performed in 1M RbOH in 3:7 v/v 

methanol/water mixture 
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Turning our attention to the role of the MOF crystal, it is not only a reservoir of ions 

and a medium facilitating ionic transport but, above all, acts as a bifunctional electrocatalyst 

supporting both oxygen reduction reaction (ORR: O2 + 2H2O + 4e− → 4OH−, Eo = 0.40 V) 

and the oxygen evolution reaction (OER: 4OH- → O2 + 2H2O + 4e-; Eo = 0.40 V such 

bifuntional ORR/OER catalysts have been of longstanding interest for the development of 

metal-air batteries 89 , 90  We first discuss the ORR. Figures 2.11 show linear scan 

voltammograms (LSV). 

 

 

Figure 2.11. (a) Linear scan voltammograms, LSV, in the ORR region for: 1M 

RbOH@CD-MOF with 2 wt% carbon paste, CP, additive (khaki line); CD-MOF with 2 wt% 

CP (pink line); mixture of CD and RbOH powders (5mg : 5 mg) with 2 wt% CP (green line); 

CP only (blue line); glassy carbon (green line); and Pt/C (red line), all recored at 1600 r.p.m. 

with a rotating disk electrode (RDE) in O2-saturated 0.1 M RbOH methanolic solution 

(Arrows indicate onset poentials). The role of the CP is to facilitate electron transport to the 

MOF electrocatalysts91; for data without the CP, see Figure S7. (b) LSV curves for 1M 

RbOH@CD-MOF with 2wt% CP for RDE speeds ranging from 400 to 2500 r.p.m. The ring 

current of ~0.05 mA/cm2 is also plotted and compared to the much larger 0.6 mA/cm2 ring 

current recorded for the mixture of the CD and RbOH powders. 

 

 

characterizing the ORR performance of carbon paste (CP), glassy carbon, Pt/C powder, 

mixture of powdered CD and RbOH, grinded as-synthesized Rb-CD-MOFs, and grinded 1M 
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RbOH@Rb-CD-MOFs. As seen, powdered 1M RbOH@Rb-CD-MOFs and Rb-CD-MOFs 

show superior ORR performance compared to other electrodes even against Pt/C in methanolic 

electrolyte with positive onset potentials ~ 0.75 V vs. reversible hydrogen electrode (RHE) and 

a half-wave potential of 0.65 V vs. RHE. We note that the data shown was taken in 0.1 M 

RbOH dissolved in methanol – this choice was made to avoid dissolution of the CD-MOF 

crystals in pure water78; at the same time, experiments performed in a 10:90 v/v water/methanol 

mixture (see Figure 2.12) give similar results (i.e., similar onset voltages and kinetics) save 

higher current densities. Also of note is the fact that the CD-MOFs show superb methanol-

tolerant ORR activity compared to Pt/C electrodes on which ORR is repressed due to 

undesirable methanol oxidation reaction, MOR, and the CO poisoning effect.92,93   

 

 

 

Figure 2.12. RDE polarization curves for ORR in 0.1M RbOH electrolyte in a mixture of 10% 

water and 90% methanol (pH = 13) with pristine Rb-CD-MOF (purple line) powder, pristine 

Rb-CD-MOF powder mixed with 2 wt% carbon paste (CP) as conducting addictive (blue line), 

1M RbOH@Rb-CD-MOF powder (red line), 1M RbOH@Rb-CD-MOF powder mixed with 2 

wt% CP (orange line), Pt/C electrode (Green line) and CP only (Magenta line). Onset potentials 

vs. RHE electrodes are, respectively, 0.76 V, 0.76 V, 0.67 V, 0.72 V, 0.69 V, and 0.58V. Red 

curve is LSV curve of Pt/C electrode in 1M KOH aqueous solution (onset potential 0.9 V). 

None of the electrode shows ORR performance in N2 saturated electrolyte. The measurement 

of ORR behaviors was performed by RRDE at 1600 r.p.m. 
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Figure 2.13. Tafel plots (log j vs potential for linear voltammetry) for select ORR data from 

panel (scan rate: 5 mV/s; recorded in 0.1M RbOH methnolic solution). Gray line is for Pt/C 

measured in 1M KOH aqueous electrolyte. 

 

In this respect, Tafel plots in Figure 2.13 exhibit similar slopes for CD-MOFs in a 

methanolic electrolyte and for Pt/C electrode in an aqueous electrolyte, indicating that the 

former system has the ORR kinetics as good as the latter. Moreover, rotating ring-disk 

electrode (RRDE) measurements summarized in Figure 2.10 (b). and Figures 2.14 and figure 

2.15 evidence that both native CD-MOFs and 1M RbOH@CD-MOFs exhibit high disk-current 

densities (~3.2 mA/cm2) for O2 and much lower ring-current densities (~ 100 µA/cm2) for H2O2 

generation; on the other hand, the mixture of CD and RbOH powders exhibits much higher 

ring-current densities (~ 0.6 mA/cm2) for peroxide oxidation. These results indicate that the 

pathway for the generation of hydrogen peroxide (O2 + H2O + 2e− → HO2
−+ OH−) is 

suppressed in the CD-MOFs. Indeed, estimating the number of electrons transferred per oxygen 

molecule, n, from the LSV curves in RRDE experiments (see SI, Section 4 for the calculations 

and Figure S9) gives n ~ 3.75 for both CD-MOFs and 1M RbOH@CD-MOFs (with carbon, 

but only n = 2.25; for CD-RbOH mixed powders – in other words, the MOFs are performing 

close to the ideal ORR, four-electron-transfer limit.  
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Figure 2.14. The ORR characteristics with a 2 wt% conductive CP additive for (a,b) a CD and 

RbOH mixture powder (1mmol γ-cyclodextrin (1.03 g) and 4 mmol rubidium hydroxide 

hydrate (0.41 g)); (c,d) pristine Rb-CD-MOF powder; and (e,f) 1M RbOH@CD-MOF powder 

mixed with 2 wt% of carbon paste as a conducting additive in 0.1M RbOH methanolic solution. 

The plots are for rotational speeds of the RRDE ranging from 400 rpm to 2500 r.p.m. 

Characteristics under oxygen and nitrogen are also included. The plots (b,d,f) evidence that Ir 

currents for Rb-CD-MOF and 1M RbOH@Rb-CD-MOF are much lower (approximately 100 

µA/cm2 at 0 V vs. RHE) than for the mixture of CD and RbOH (0.6 mA/cm2). Furthermore, 

plots in (c,e) indicate that the Rb-CD-MOF and 1M RbOH@Rb-CD-MOF retain stable ORR 

behavior . On the other hand, the mixture of CD and RbOH does not give stable ORR cycles 

in CV (plot in a). (g) Dependence of the electron transfer number, n, on the potential for 1M 

RbOH@ Rb-CD MOF, Rb-CD MOF, and mixture of CD and RbOH. 1M RbOH@Rb-CD-

MOFs shows the most efficient ORR process, with the highest number of electrons transferred, 

n = 3.75 (cf. n = 3.72 for pristine Rb-CD-MOF and n =2.4 for the mixture of CD and RbOH). 
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Figure 2.15. The histogram gives the values of the number of electrons transferred, n (red bars) 

and electrochemical activity (given as the fully diffusion-limited current density, jL, at 0 V vs. 

RHE; empty bars) for ORR performance of reported MOFs94,95, mixtures of CD and RbOH, 

and Rb-CD-MOFs with and without the RbOH electrolyte. Note: The comparison for the ORR 

electrocatalytic performance is for pristine MOFs not carbonized MOFs (e.g., ref 9; ORR 

catalyst based on Fe-P MOF composite, ref 10; ORR catalyst based on Cu MOF, GO, and Cu 

MOF@GO). 

 

Finally, the K-L plots in Figure 2.16 show linear relationship between the inverse 

kinetic current, jk
-1, and the inverse square root of the electrode’s angular velocity, ω-1/2, which 

is typical for first-order reaction kinetics with respect to the diffusion of O2 into the 

electrocatalysts.96. Lower slopes of such dependencies indicate faster kinetics. participating in 

the ORR – reassuringly, the slope of 1M RbOH@CD-MOF is lower (9.13) than the slopes for 

either pristine Rb-CD_MOF (11.20) or mixture of CD and RbOH powders (12.22).   
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Figure 2.16. Corresponding K-L plots j-1 vs. ω-1/2, where j denotes current density  

and ω angular velocity of the RDE. 

 

 

Overall, the efficient, almost four-electron ORR performance of CD-MOFs can be 

reasonably ascribed two interrelated effects: (1) the presence of open Rb+ coordination sites97 

binding O2 and H2O and, as suggested in previous works 98, capable of making rubidium 

superoxide ([Rb+-O2
-]), which can be an intermediate in oxygen reduction; and (2) hydrophilic 

nature of channels within Rb-CD-MOF monocrystals facilitating adsorption of O2 and H2O 

“fuels” for ORR, and enabling their long-range transport (i.e., without clogging or through 

grain boundaries, as in the much less efficient CD-MOF powders. 99  Together with the 

corrosion of Al, the ORR reaction completes the net electrochemical reaction of the AMA 

battery as follows: 4Al + O2 + 6H2O +4OH− → 4Al(OH)3  E0 = 2.75 V (eq.1) (Fig. 1f). 

In addition to these two processes, MOF crystals also support the oxygen evolution 

reaction (OER: 4OH- → O2 + 2H2O + 4e-), as evidenced by the rapid increase of anodic current 

in the LSV curve extended into the OER region (above ~ 1.40 V vs. RHE, Figure 2.16-a).The 
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slopes of the Tafel plots in Figure 2.16-b indicate that the catalytic activity and kinetics of 1M 

RbOH@CD-MOF are better than for as-synthesized CD-MOF or CD-RbOH powder mixture, 

better compared to many other reported electrodes electrodes (Fe-MOF, Cu-MOF, graphene 

oxide,GO, and chemical mixture of Cu-MOF and GO, see Figure S9), and comparable with the 

characteristics of the Pt/C loaded electrode. While the role of OER is not as clear as that of 

ORR, the discharge experiments described below suggest that it might be important for the 

regeneration of the water and oxygen “fuels”. 

 

 

 

Figure 2.16 (a) LSV curves for the OER performance, all recorded in N2-saturated 

0.1M RbOH electrolyte. (b) Corresponding Tafel plots of the OER. 

 

 

In this context, Figure 2.17 illustrates the performance of the AMA battery under 10-3 

mTorr vacuum, with no inflow of water and oxygen. Interestingly, the battery still operates 

though the potential drops more rapidly (from ~ 1.4 V to ~ 0.4 V at 100 mA/cm2 discharge 

current) than under humidified conditions (compare with Figure 2.6). 
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Figure 2.17 Discharge curves of the AMA battery under vacuum (10-3 mTorr). Gray, 

black, red and blue are, respectively, the first, second, third, and fourth discharge curves with 

100 mA/cm2 discharge current. Black, red, and blue dots are, respectively, first (1 hr), second 

(1hr) and third (5hrs) charging curves. 

 

 

 It is reasonable to assume that the ORR assists in this operation by utilizing adsorbed 

water and oxygen in the single crystal MOF and regenerating oxygen inside from the hydroxide 

anions present inside of the crystal. Moreover, the potential can be recovered again when the 

battery is exposed to water vapor (note: typically, the vapor is obtained by bubbling air through 

a 3:7 v/v mixture of water and methanol; while methanol does not play the role as fuel, there 

is no methanol oxidation peak which can be observed from ~ 1.4 V to ~ 1.6 V vs RHE in Fig 

3g100, such a mixture is not causing crystal’s dissolution, as can happen over time in pure water). 

Interestingly, the battery cannot be recharged electrically as high reduction potential required 

for reducing Al(OH)3 to Al this observation suggests that the ORR and OER might occur at 

separate locations within the MOF, as previously suggested for a construction model of 

bifunctional oxygen electrodes101 and illustrated in Figure 2.18. 
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Figure 2.18. Scheme of the AMA battery and the key chemical processes underlying its 

operation. 

 

 

Specifically, the ORR should take place predominantly at the interface between the 

MOF crystal and the carbon electrode and the OER, close to the Al electrode with discharge 

current creating internal electrical potential therein. The OH- generated by the ORR can help 

dissolve the Al(OH)3 passivation layer formed on the Al surface by the anodic oxidation (Fig 

2.19), 
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Figure 2.19. SEM images of Al surfaces and EDS spectra mapping for oxygen 

contents on the Al surfaces (a,b) before discharge and (c,d) after discharge of the AMA battery. 

Appearance of a porous surface and increase of oxygen content after battery discharge indicate 

that Al surface is oxidized forming Al(OH)3
 during the discharge process. 

 

Interestingly, the fluctuations in the discharge curves in Figures 2.6 and 2.17 point to 

a cyclic nature of Al(OH)3 formation and its subsequent dissolution by OH- ions – as, indeed, 

described earlier works102 Additional evidence for the dissolved Al comes from the elemental 

mapping indicating Al being present in the Rb-CD-MOF single crystal (Figure 2.20). 
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Figure 2.20. SEM image within cross-section view of artificially sheared Rb-CD-

MOF single crystal adjacent to Al anode and EDS mapping for Al (green dots). Inset scale bar 

denotes 1 μm 

 

Additional experiment 1. Further characterization of the Zn@polyester layer and its role as 

corrosion-inhibitor/separator. 

 

 

 
Figure 2.21. FTIR spectroscopy of the polyester layer with embedded Zn nanoparticles 

(Zn@polyester) and coated on Al surface (cf. Section S1). The strong 1722 cm-1 C=O stretch 

is due to ester groups and the weak O-H stretch around 3500 cm-1  due to OH’s, indicating 

linear-type polyester.103,104  
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Figure 2.22 (a) Cross-sectional SEM image and (b) energy dispersive spectrum (EDS) of the 

Zn@polyester layer coated on Al. 

 

 

Fig. 2.23. SEM image of the “top” carbon electrode delaminated from (a) AMA battery with 

Zn@polyester layer coated on the Al anode and (b) AMA battery with just bare Al anode, not 

coated with Zn@polyester. The corresponding EDS spectra in (c,d) indicate that no Al is 

present on the carbon electrode only if the Zn@polyester separator is used. 
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Additional experiment 2. Additional considerations for the oxygen reduction reaction 

(ORR) and the oxygen evolution reaction (OER). 

 

Electrode preparation 

 

Catalyst inks were prepared by dispersing grinded MOF single crystals (10 mg) in 450 μL of 

methanol, and adding 50 μL of 5 wt. % nafion solution (Sigma-Aldrich 274704). In order to 

increase diffusion-limited current density (jL) of the catalysts, 2 wt% carbon paste was added 

as a conducting agent. 5 μL of the catalyst ink thus prepared was dropped onto the ring-disk 

electrode, and then dried at ambient conditions.  

 

Electrochemical characterization  

 

Cyclic and linear sweep voltammograms (CVs and LSVs) were obtained on disk and ring 

electrodes simultaneously by a potentiostat (PARSTAT MC, Princeton Applied Research). 

Ring-disk electrodes (RRDE) of glassy carbon disk and platinum ring was used as the working 

electrode (disk area = 0.125 cm2) while a platinum wire and a Ag/AgCl electrode were used as 

the counter and reference electrodes, respectively. The RRDEs were rotated at various 

controlled speeds (1600 r.p.m. unless otherwise indicated) by a RRDE controller (ALS RRDE-

3A). An aqueous solution of 0.1M RbOH as the electrolyte is isostructural system with MOF 

battery. Encapsulated RbOH can be anchored at the ligand of cyclodextrin walls in MOFs by 

coordination between Rb+ and the hydroxyl groups. ORR and OER polarization curves were 

obtained on the disk electrode from a cathodic sweep from +0.1 V to -0.7 V (vs. Ag/AgCl) at 

10 mV s-1 after twenty cycles of CVs (Figure 3c,3g, S6, S7a-c, and S8). The electrolyte was 

saturated by oxygen for ORR and was purged with nitrogen to measure background currents. 

+0.4 V was applied to the ring electrode to estimate the amount of peroxide generated from the 

disk electrode. The values of potential were converted from “vs. Ag/AgCl” to “vs. the 

reversible hydrogen electrode (RHE)” by: ERHE = EAg/AgCl + 0.059pH + E0(Ag/AgCl) (0.1976 V at 

298 K).  

 

Number of electrons transferred (n) 

  

There are two kinds of ORR behaviors (4e- and 2e- ORR processes). The disk current (Id or 

Idisk) can result from both 4e and 2e ORR. Hydrogen peroxide (HO2
-) can be produced from 

the 2e ORR process, which is detected on the ring electrode (as Ir or I ring) by re-oxidizing the 

hydrogen peroxide. Therefore, both n (number of electrons transferred) and the amounts of 

peroxide production (HO2
- %) are easily determined by comparing the values of Id and Ir via 

the following equations:  

n = 4 
Id

(Id+
Ir

N
)
  

 

HO2
- (%) = 200

𝐼𝑟

𝑁

𝐼𝑑+
𝐼𝑟

𝑁
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where N is the collection efficiency measuring the fraction of hydrogen peroxide produced on 

the disk electrode to be detected on the ring electrode.  

The value of N for the RRDE we used was measured by using 10 mM aqueous 

electrolyte of potassium ferricyanide (K3[Fe(CN)6]) in 0.1M KOH in a three-electrode 

configuration (RRDE as the working electrode, Pt wire as the counter electrode, and Ag/AgCl 

as the reference). The disk potential was swept from 0.6 V to -0.5 V at various rotating speeds 

while the ring potential was fixed at 0.6V. The value of N = 0.412 was estimated from the ratio 

of the limiting ring current to the limiting disk current (note: this value was close to the 

theoretically calculated value of 0.424 based on the dimensions and geometry of our RRDE). 

The calculated values of n are summarized in Figure S9. The value of n approaching 

4 means less generation of hydrogen peroxide and preference for a one-step process to generate 

OH- (i.e., akin to Pt).  

 

Koutecky-Levich (K-L) equation  
 

The kinetic parameters of ORR can be analyzed on the basis of the K-L equations. The linearity 

in diffusion-limiting current (jL) vs. square root of rotation rate (ω-1/2) (Fig. 3f and Fig. S7d) 

signifies a simple and reversible half-reaction without complications due to sluggish kinetics 

or coupled chemical reactions. 

 
1

j
=

1

jK
+

1

jL
=

1

jK
+

1

𝐵𝜔1/2   

B = 0.2nF(𝐷𝑂2
)

2

3
   𝛾−1/6𝐶𝑂  

𝑗𝐾 = 𝑛𝐹𝑘𝐶𝑂  
where j = the measured current density, jK = the kinetic limiting current density, jL = the 

diffusion-limiting current density, ω = the angular velocity of the rotating disk, n = the overall 

number of electrons transferred in ORR, F = the Faraday constant, CO = the bulk concentration 

of O2, D0 = diffusion coefficient of O2, γ = the kinematic viscosity of the electrolyte, and k = 

the electron transfers rate constant.  

 

Tafel equation 

 
From the Tafel plot and equation (Fig. 3e and f), the slope (b) and other important kinetic parameters 

can be determined. Lower slopes correspond the faster kinetics.105   

 

𝜂 = a + blog(i)  
 

a =   𝑅𝑇lni0/(𝛼 𝑛𝑅𝐷𝑆𝐹); b = -2.3RT/(𝛼 𝑛𝑅𝐷𝑆𝐹) ; 𝜂  = overpotential; i = current; i0 = 

exchange current; nRDS = number of electrons transferred in RDS; 𝛼 = transfer coefficient, F 

= faradaic constant (96485 C/mol)  R = ideal gas constant (8.314 J/mol K); T= absolute 

temperature (K). 
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Figure 2.24. The ORR performance (without conducting CP additive) of (a) mixture of CD 

and RbOH (1mmol γ-cyclodextrin (1.03 g, >98 %, TCI) and 4 mmol RbOH rubidium 

hydroxide hydrate (0.41 g, 85%, Sigma Aldrich)); (b) Rb-CD-MOF, and (c) 1M RbOH@CD-

MOF in 0.1M RbOH methanolic solution all at rotational speeds of the RRDE ranging from 

400 r.p.m. to 2500 r.p.m. Note that the mixture of CD and RbOH exhibits higher ring current 

(Ir, 0.4 mA/cm2) than either pristine Rb-CD-MOFs (Ir = 0.28 mA/cm2) or 1M RbOH@Rb-CD-

MOFs (Ir = 0.25 mA/cm2). (d) The Koutecky-Levich, K-L, plots (jk-1 vs ω-1/2) at various 

electrode potentials exhibits good linearity5. (e) 1M RbOH@Rb-CD-MOFs shows the most 

efficient ORR process with the highest number of electrons transferred among the catalysts 

without carbon addictive, n = 3.23 (vs. n = 2.9 for pristine Rb-CD-MOF and n = 2.5 for the 

mixture of CD and RbOH).  
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Section 5. Additional data on the performance of Al-MOF-air batteries. 

 

 
 
Figure 2.25. (a) Discharge characteristics of (red line) the AMA battery under 99% humidified 

conditions with 100 mA/cm2 discharge current and (green line) Al-air battery fabricated with glass filter 

paper instead of a MOF single crystal and with 10 mA/cm2 discharge current. (b) Discharge 

performance of the Al-MOF-Air battery at current densities of 1 mA/cm2, 1 mA/cm2, and 100 mA/cm2. 
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2.3 Conclusion 

  

we have described a new type of an aluminum-MOF-air battery whose key element is 

a single crystal MOF crystal supporting both ORR and OER processes powered by oxygen and 

water fuels. The combination of MOF’s porosity, its bifunctional catalytic properties, and 

suppression of anode oxidation result in the battery’s very high discharge capacity, > 15,000 

mAh/cm2. From a practical point of view, the AMA battery is interesting because it enables an 

efficient use of the abundant Al metal and platinum-group free air cathode (platinum-group 

metals have widely used as catalysts for ORR and OER in air-cathode of metal-air batteries). 

Currently, the sub-millimeter crystals we use point at microbattery applications. However, our 

recent effort in large area (up to six-inch wafers), freestanding MOF films106 as well as the 

growth of large (up to cm) single crystals of CD MOFs107 suggest possible scale-up of the 

concepts we described here. 
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2.4 Experimental section 

 

 

Synthesis of Rb-CD-MOF single crystals 

In a scintillation vial, 1 mmol γ-Cyclodextrin (1.03g, >98 %, TCI) and 8 mmol Rubidium 

hydroxide hydrate (0.82 g, 85%, Sigma Aldrich) were dissolved in 20 mL of deionized (DI) 

water by sonication for 10 minutes. The clear solution was divided evenly into 5 prewashed 

vials (4 mL per vial). Methanol (ca. 50 mL) was allowed to vapor diffuse into the vials slowly 

over a period of 4 days. From submillimeter- to millimeter-sized (up to ca. 2*2*1 mm), 

colorless cubic Rb-CD-MOF single crystals were produced in the vial (Fig. 1c).108109 

 

Preparation of Al anodic electrode 

To prepare flat and clean aluminum anode, aluminum surface (99.99%, 0.25 mm thickness, 

Sigma Aldrich) was grinded with sandpapers which grit size of P1200 and P4000 sequentially, 

then polished with discs of micro abrasive wetted with diamond suspension (diameter of 

diamond particles is ca. 3 ~ 9 µm, PRESI) and lubricant (PRESI). The diamond suspension and 

lubricant stained Al electrode was washed with DI water and acetone. The grinding and 

polishing process were performed by polishing machine (Mecatech 234, PRESI). 

In order to deposit layer of zinc nanoparticles (NPs) embedded polyester (Zn 

NPs@polyester) as a corrosion inhibitor and separator on the polished Al electrode, following 

preparation steps were required: 6 wt% mounting wax in 10 mL acetone and zinc nanopowder 

(20mg, <50nm particle size, ≥99%, Sigma Aldrich) was added in the solution. 2) To disperse 

the zinc NPs in acetone, the mixed solution was stirred for 24h and then, aggregated particles 

were filtrated by syringe filter (PTFE, average pore size: 0.45 µm, FluoroporeTM). 3) The 

polished aluminum foil was put into the solution for 1h and washed by isopropanol and DI 

water alternately, then dried by blowing nitrogen gas. In this step the Zn NPs@polyester film 

was deposited on the polished Al. 4) The Zn NPs@polyester coated Al was immersed into 0.1M 

potassium hydroxide (0.048g, ≥85%, Sigma Aldrich) aqueous solution for 30s. The thickness 

of Zn NPs@polyester layer on Al is around 10 µm in thickness which was confirmed by a 

Scanning Electron Microscope (S-4800, Hitach High-Technologies). 

 
Fabrication of Al-MOF-air battery 

A single crystal of Rb-CD-MOF was sandwich packed with Zn@polyester coated Al electrode 

and conductive carbon paste (TED PELLA) (Figure S5). Mostly selected MOF single crystals’ 

size were ca. 300 µm: 300 µm: 50 µm = width: length: thickness for the Al-MOF-air battery 

fabrication. For stable positioning of the MOF single crystal on the Al electrode, the MOF 

crystal was fixed by plastering epoxy (Araldite) only two side walls of the single crystal (Other 

faces of the cubic single crystal were utilized as channels for water and oxygen adsorption). 

Each end of the electrodes (Al and carbon) were connected with copper wire (0.001 in diameter, 

Alfa Aesar). In order to dry the carbon paste and harden the epoxy, the Al-MOF-air cell was 

heat at 65℃for 1 hour. Before performing electrochemical measurements, the baked Al-MOF-

air cell was filled out vapor from mixed solvent with 70 % methanol and 30 % DI water for an 

hour with dry air. 

 

Electrochemical measurements 

Electrochemical measurements were performed at room temperature using potentiostat 

(PARSTATMC, Princeton Applied Research) instrument with VersaStudio TM analyst software. 
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Performances of Al-MOF air battery were tDested in Schleck flask connected with vaporizing 

system or vacuum. Fig. S1. 

Tafel plots of bare aluminum and Zn NPs@polyester coated aluminum were obtained from Al 

electrodes as a working electrode, Ag/AgCl as a reference electrode, and platinum wire as a 

counter electrode. The surfaces were exposed to 0.6 wt% NaCl in aqueous solution (pH 5.6). 

Scan rate is 5 mVs-1.110 

 

 
 

Figure 2.26 Schematic views and photographs of set up for Al-MOF- air battery. (A and B) 

For measurement of Al-MOF-air battery perfomance under 4 mTorr vacuum condition and (C 

and D) under 99% humidified condition with injection of vapor from methanol and water 

mixture (methanol:water = 70:30). 
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