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ABSTRACT 

DEVELOPMENT OF FLEXIBLE NICKEL-ZINC  
AND NICKEL-IRON BATTERIES 

 
by 

Xianyang Meng 

The fabrication of flexible nickel-zinc batteries using a facile mixing of electroactive 

components for electrode preparation is presented. Polytetrafluoroethylene (PTFE) is 

found to be an effective binder by reducing concentration polarization, providing 

chemical/physical stability and enhancing flexibility. The zinc electrode containing PTFE 

maintains its original porous morphology even after hundreds of cycles while polymers 

such as PEO show morphology change. Each component, as well as the assembled 

flexible cells show desired flexibility and stability even under bending conditions. 

The fabrication of flexible nickel-iron batteries using printable composite 

electrodes embedded with multiwalled carbon nanotubes (CNT) is also presented. All the 

metal oxides composites are one-step prepared by precipitation method of the metal 

oxides on the CNTs. After the deposition process, high loading ratio of conductive 

materials increases the efficiency of electroactive materials. Compared with Ni(OH)2-

CNT, β-NiOOH increases FexO-CNT discharging voltage in flexible cells. All the 

components of flexible cells show good performance under bending conditions and even 

deeply bending conditions. Under low discharging currents, the Ni-Fe flexible battery 

shows a specific capacity of more than 300 mAh g-1 in 6 M KOH electrolyte saturated 

with LiOH, and 5% Co(NO3)2 in anode formulation. Furthermore, nickel-iron cell with 

FexO-CNT25.7 composite presents better results than using mixed Fe2O3 nickel-iron cell. 

Nickel-iron cells have better performance than nickel-zinc cells in rope batteries. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Batteries 

A battery is a device that converts its stored chemical energy directly into electric energy by 

electrochemical oxidation-reduction reactions. The rechargeable, also known as secondary, 

batteries can be recharged by a reversal chemical reaction process. A battery is composed of one 

or multiple cells, and a cell is the elementary electrochemical unit composed of electrodes 

(cathode/ positive electrode and anode/ negative electrode), separator (could be substituted by 

specific solid or gel electrolyte under circumstances), electrolytes, current collectors and container. 

During the discharge process, the anode gives up electrons to external circuit and is oxidized; the 

cathode accepts electrons via external circuit and is reduced. Either primary or rechargeable 

batteries are usually assembled and activated then ready for use. Reserve batteries is a kind of 

battery that at least one key component is separated from the rest of parts prior to activation for 

further use. Fuels cells require continuous feeding of active materials, which are not an integral 

part of the cell, into the cells when electrical energy is needed. 1  

For a cell with redox reaction shown in the below equations:  

aA + bB ⇌ cC + dD (overall) 

aA + ne- ⇌ cC  (cathode)  

bB ⇌ ne- + dD (anode) 

Generally, battery performance can be evaluated by capacity, energy, working voltage and 

cycle stability under various conditions.  
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The voltage of a battery, E, can be estimated by Nernst equation: 

 

where E0 is the standard cell potential (electromotive force) based on standard electrode potentials, 

R is the gas constant, T is the temperature in Kelvin, F is Faraday constant, n is the electrons 

transferred in the reaction. Hence in a certain system, the changes in species activity, by means of 

increasing active material concentration or surface area, can slightly increase the output voltage of 

a battery cell. Besides, the higher chemical reaction rate leads to faster power delivery (high 

discharge rate).  

Other factors affecting actual battery performance include, internal resistance, chemical 

deterioration (polarization, passivation, by-products, crystal structure change after cycles) of 

electrochemical materials and mode of charge/discharge. During storage and operation, self-

discharge and memory effect from some battery systems will require specific methods like 

trickling charging and specific material preparation method to elongate the battery shelf life and 

cycling life, or they will tend to limit the performance and their application types. Costs also need 

to be considered a lot in real battery production for applications. Other than battery working 

performance, it is important to study further characteristics or effects on leakage, shock resistance, 

flammability involved with safety aspects on human and environment. 

Zinc, iron, nickel, aluminum, magnesium and lithium are commonly used metals with 

relatively lower toxicity compared with lead, silver, cadmium and mercury. Zinc has been among 

the most popular anode material, especially in primary batteries, for its decent electrochemical 

behavior for battery reliability, proper solubility in aqueous solution, good availability for low cost. 

Iron has self-discharge properties and low discharge rate due to its low solubility in some alkaline 

battery environment. Nickel is a cost-effective metal for cathode and large surface area current 
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collector; Nonetheless, iron anode can usually provide the best cost-effective properties, extremely 

long battery life and safety for human and environment. Aluminum is also attractive for its 

electrochemical potential and abundance, but aluminum anode can be passivated easily under 

certain conditions. As a result, it requires more care than zinc and iron electrodes; Magnesium also 

has electropotential and is suitable for electrolyte with higher resistivity. Yet sometimes its negative 

electropotential can be a disadvantage on hydrogen generation during discharge and relatively poor 

storageability of a partially discharged cell. Lithium provides lightest weight for highest energy 

density and power density, though requires nonaqueous (some of them with certain toxicity) 

electrolytes in most cases and has safety issues after long-time cycling. Most common types of 

batteries include zinc-carbon batteries available as D, AA and AAA batteries; alkaline batteries in 

the form of AA, AAA, 9V batteries; lead acid batteries as car batteries; Ni-MH batteries also as 

rechargeable AA, AAA batteries; lithium ion batteries in cell phones, laptop computers and electric 

vehicles; zinc air and zinc silver batteries as button cells.  

Many battery systems employ zinc as active anode. Typical systems are zinc-carbon battery, 

zinc-alkaline-manganese dioxides battery, zinc-air battery, zinc-silver oxide battery, nickel-zinc 

battery, zinc ion battery 2, zinc bromine flow battery 3 and zinc periodate battery 4.  

Traditionally, the zinc-carbon is the most produced primary. Zinc-carbon cells use zinc 

anodes, MnO2 cathodes and ammonium chloride and /or zinc chloride water-based electrolytes. 

Carbon black is mixed with the MnO2 to improve conductivity and retain moisture. Zinc is 

oxidized and Mn(IV) is reduced to Mn(III). The chemical reactions are listed as follows depending 

on electrolytes:  

Zn + 2MnO2 + 2NH4Cl ⇌ 2MnOOH + Zn(NH3)2Cl2    (Leclanché) 

Zn + 2MnO2 + 2ZnCl2 + 2H2O ⇌ 2MnOOH + 2Zn(OH)Cl    (zinc chloride) 
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This type of primary battery has been used and thrived over 150 years. The systems are 

reliable and used in low-power applications including flashlights, remote controls, toys and 

portable radios. In 1866, the first prototype of modern dry cell was a wet cell developed by 

Georges-Lionel Leclanché. In the 20th century the zinc carbon batteries gradually evolve, with 

improved MnO2 and electrolytes. Especially, in the 1960s, zinc chloride cells were developed, 

improving heavy duty performance. The Leclanché zinc-carbon battery has advantages: low cost 

on cell, low cost per watt-hour, large variety of shapes, sizes, voltages, various formulations, wide 

distribution with availability and long tradition of reliability. At the same time, standard Leclanché 

battery also has many disadvantages: low energy density (65Wh/Kg in cylinder cell) and power 

density (100Wh/L), poor low-temperature performance, leakage problems under abusive 

conditions, low efficiency under high current drains, relatively low shelf life and steady voltage 

drop with discharge. Zinc chloride battery has higher energy density (85Wh/Kg) and power density 

(165Wh/L) than Leclanché zinc-carbon, wider working temperature range (-10 to 50 ºC), good 

lead resistance and high efficiency under heavy discharge loads. One of the disadvantages is 

mainly on requirement of excellent sealing system due to increased oxygen sensitivity. 

In the category of secondary zinc batteries, Zn-alkaline-MnO2 battery is a modified 

rechargeable version of primary zinc-MnO2 battery. Zn-alkaline-MnO2 battery uses zinc anodes, 

MnO2 cathodes and alkaline electrolytes (normally KOH). It was marketed in the mid-1970s for 

6V lanterns and portable TV sets. The half-reactions in alkaline environment are presented as 

follows:  

Zn + 2OH− ⇌ ZnO + H2O + 2e− 

MnO2 + H2O + e− ⇌ MnOOH + OH− 
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Apparent advantages like low initial cost, produced in charged state (no activation required), 

maintenance free, no “memory effect” and nontoxic in Zn-alkaline-MnO2 battery. For decades, the 

cycle life of a rechargeable Zn-alkaline-MnO2 battery is shorter than other rechargeable batteries, 

and its capacity fades after cycles, especially with deep discharge. It also has higher internal 

resistance than Ni-Cd and Ni-MH batteries. In 2016, mild aqueous ZnSO4-based electrolyte and 

α-MnO2 nanofibres changed performance on zinc and manganese dioxides combination. The 

improvements on higher capacity (285 mAh /g), capacity retention (92% after 5000 cycles) and 

higher zinc stability were achieved. 5 

Iron is a good resource for active materials (cathodes and anodes) and current collectors in 

battery systems. Commonly used battery reactions are iron-air, iron-silver oxide, nickel-iron and 

lithium ion batteries. 

Iron-air battery is a type of rechargeable metal-air battery, and the best sharing point of air 

related batteries is their cathode (air) need not to be sealed inside the batteries. In 1968, pioneers 

were working on Fe-air in NASA, and this type of battery reaction is still under further 

development on feasibility of automotive applications by European FP7 funded project, 

NECOBAUT.6 The half-reactions in alkaline environment are presented as follows: 

O2 + 2Fe+ 2H2O ⇌ 2Fe(OH)2 

6Fe(OH)2 +O2 ⇌ Fe3O4 + 3H2O 

Fe-air battery has the advantages on decent energy density (50-75 Wh/kg), low cost, safety 

for human and environment. However, self-discharge, hydrogen evolution on charge and poor low 

temperature performance hindered this battery becoming a widely used one in applications. 

When iron is used as cathode materials, the most widely used compounds are lithium iron 

phosphates in lithium ion batteries. During the charge-discharge cycles, other than the Li+ 
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intercalation, the iron valence is shifting between Fe3+ and Fe2+ redox couple.7  

The structure of LiFePO4 can provide high electronic conductivity, lithium ion and electron 

mobilities, and lithium iron phosphates are insoluble in the electrolyte with less flammability.1 The 

main reaction of lithium ion battery with LiFePO4 is describe below: 

LiFePO4 ⇌ FePO4 + Li+ + e- 

 

1.2 Flexible Power Sources and Their Applications 

Flexible battery concept came out around 1960 8-9, which contained the basic parts like ordinary 

batteries with flexible shape on all the parts, including anode, cathode, separator, electrolyte and 

current collector. Figure 1.1 is a basic design of flexible battery. Meanwhile, the challenging point 

is to keep parts continuously contacting with each other, maintaining the overall reaction rate and 

reversibility during bending and cycling processes. As the development of all kinds of thin/flexible 

electronic applications: flexible screens, smart cards, intelligent labels, medical devices 10-13, 

flexible batteries have been more intensively studied in recent ten years 14-21. Among these flexible 

batteries, lithium-ion batteries have high energy density 22 with certain limitations including safety 

issues 23-25. The flexible power sources can also be combined with energy harvest devices like 

attaching to the other side of solar cell surface or windows and roofs from buildings High efficiency, 

low cost, more widely applied stable materials, formulations and proper production methods are 

desirable for flexible batteries. According to the reactions, the aqueous battery systems are cheaper 

on production and maintenance, more friendly to the environment than organic battery systems, 

even though they have less capacity and lower voltage.  
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Figure 1.1 Basic design of a flexible battery. 
 

1.3 Additives Related to Flexible Nickel, Zinc, Iron Electrodes 

Additives are very important and widely used in both of rigid and flexible battery systems. The 

functions of additives vary according to their specific physical and chemical properties.  

Binding additives are for the contact of each parts in side electrodes. In some researches, 

binders can be mixed with active electrode materials and to hold them together directly. 

Polyethylene oxide (PEO) and polytetrafluoroethylene (PTFE) are widely used binding additives, 

which are more stable than PVDF in alkaline-based battery systems 18, 26-28.  

Conductive additives include two kinds: ionic and electric conductive additives. In some 

batteries, typical binding additives have the properties to react with each other, after absorbing 

active electrolyte, they served as gel electrolyte and separator at the same time 18, 29-30. 1 g of 

copolymer made from polyvinyl alcohol (PVA) and polyacrylic acid (PAA) has the property to 

hold about 2.3g of 9M KOH electrolyte, and the ionic conductivity is properly maintained for the 

main reaction of flexible battery. As a result, the physical stability and ionic conductivity levels 

have been achieved properly by using PVP-PVA copolymer. It is also feasible to adjust the ionic 
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and electric conductivity together by creating internal wicking of electrodes. Cellulose 31, inorganic 

fibers and chopped newsprint are suitable to provide wicking channels. For example, as zinc 

dissolves in the electrolyte during discharge, the charging process may not restore the original high 

surface area of zinc metal, which leads to low active material utilization; then cellulose, like methyl 

cellulose can solve this problem.  

More conductive additives are for electrical conductivity: carbon materials, conductive 

polymers, conductive metal and metal oxides are broadly employed in battery models. The 

prominent conductivity and stability with low cost properties keep them useful and developing. 

The layer structural graphite and grape shape carbon black provided decent conductivity and 

surface area for electrode active materials. Due to high electrical conductivity and large surface 

area, carbon nanotubes (CNTs) and graphene materials have attracted much attention as effective 

conductive additives in aqueous cells and metal ion batteries. 32 Additionally, the great mechanical 

properties, including high strength and flexibility, make CNTs very promising component for thin 

layer and flexible electrodes. 14, 16, 18, 33 With CNTs and graphene combined together, researchers 

also invented ultrafast rechargeable batteries. 34-35 Electrically conductive polymers are another 

subtype additive. Conductive polymers are amorphous (more elastic flexibility) with only a little 

diffraction. Then carbon materials like CNTs are more rigid, which has nanometer level scaffold 

functions. For instance, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) is 

a conductive polymer mixture of two ionomers. In PSS, part of the sulfonyl groups is deprotonated 

and negatively charged. PEDOT is a conjugated polymer and carrying positive charges. PEOT: 

PSS in aqueous zinc-carbon battery33 and lithium ion battery36, Polypyrrole (PPy) and Polyaniline 

(PANI) mixed with LiFePO4
37 showed excellent performance. However, conductive polymers 

have disadvantages on chemical and physical stabilities under high temperature and oxidizing 
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conditions. Metal and metal oxides also worked well as conductive additives. Micro size three-

dimensional nickel foam is a popular current collector to improve conductivity and utilization of 

active materials. In cathodes with oxidizers, nickel foam and carbon materials also could be 

oxidized on their surfaces, but nickel foam would not introduce carbonates that slowly destroy the 

alkalinity of electrolytes. Zinc oxide has low conductivity among metal oxides. ZnO and Zn(OH)2 

surface passivation occurs when the concentration of discharge products reaches a solubility limit. 

Addition of bismuth and lead solved this kind of problem. 38 The electrical conductivity of titanium 

dioxide is top among metal oxides, making this kind of high conductive metal oxides and ceramics 

decent additives and frames for electrodes 39-40. 

To improve the performance of batteries on capacity, charge-discharge rate, cycle lives and 

voltages. Additives were used as side reaction and shape change inhibitors. Corrosion is one of the 

side reactions need to be avoided during storage. Zinc corrosion in alkaline solution is cathodic 

controlled, so the rate of the cathodic hydrogen evolution limits the zinc corrosion rate. Organic 

additives, typically polyethylene glycol like PEG400, was especially effective to inhibit corrosion 

41. In zinc anode batteries, calcium oxide introduced calcium zincate, which has lowered solubility 

than zinc hydroxides. Therefore, less zinc shape change and the longer cycle lives accomplished 

with addition of calcium. 42-43 

Functional groups like hydrophilic carboxylic groups can be generated on the surface of 

CNTs, changing many characteristics including the dispersibility in water, conductivity and redox 

properties. Microwave treatment of CNTs is known to cause in-situ super heating resulting in fast 

reaction rates and high degree of functionalization 44-45. Microwave method were also used to 

purify CNTs by removal of functional groups and metals. 46 The purification processes of CNTs 
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were commonly achieved in the microwave accelerated reaction system by dispersing pre-weighed 

CNTs into dilute strong acids like HNO3 and H2SO4.  

Consequently, researches have been focused on flexible Ni-Zn and Ni-Fe batteries under 

flat and bending conditions. The studies contain production processes, including design of the cells, 

active material preparation, additives, current collectors, separators and formulations.  



11 
 

CHAPTER 2 

REDUCING CONCENTRATION POLARIZATION AND ENHANCING THE 
PERFORMANCE OF FLEXIBLE NICKEL ZINC BATTERY USING 
POLYTETRAFLUORETHYLENE AS ELECTRODE ADDITIVE 

 

The objective of this research is to develop flexible electrodes by facile mixing of 

ingredients and study different binders. Of particular interest to this research is to 

investigate the potential use of PTFE as a binding additive for Ni-Zn batteries 

 

2.1 Nickel-zinc Batteries 

Compared to other nickel-based batteries, Ni-Zn cells can provide a higher discharge 

voltage and hence higher output power than Ni-MH batteries. The stable discharge voltage 

of Ni-Zn battery is around 1.5V, which is higher than 1.1V from Ni-MH. Ni-Zn battery has 

higher energy density than batteries like lead-acid and Ni-Cd. The energy density and 

power density level is lower than lithium ion battery, but it is still very comapreable with 

lithium ion battery by other advantages. Lower cost is caused by the abundance of active 

materials (zinc and nickel compounds), aqueous electrolyte and relatively easy production 

process. Water based, akaline, non flamable electrolyte also provide better safty level than 

electrolytes in lithium ion batteries. Nickel and zinc can be recycled from this aqueous 

battery, and they do not have tthat much burden like cadmium, lead and mecury 47. Decent 

working voltage and capacity can be achineved from -10 to 60℃. 1 
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2.2 Challenges of Making Flexible Nickel-zinc Batteries 

Fabricated into various shapes and sizes, conformal and flexible batteries have the potential 

to power up the next-generation flexible electronics 11, 48-51, medical, energy harvesting and 

wearable devices 52-55. Traditional batteries such as zinc-carbon 20, 56-57, alkaline 18, 58, zinc-

air 16, 59 and lithium-ion cells 17, 21, 60-61 can be converted into flexible designs by introducing 

novel material and formulations. Lithium-ion batteries have high energy density 22 but face 

certain limitations including safety issues especially when fabricated on polymer films 23-

25. At the same time rechargeable alkaline cells 62-65 show a drop in capacity after a few 

cycles. Secondary Nickel-Zinc batteries are safe, use aqueous electrolytes and both nickel 

and zinc are available in abundance. Compared to other nickel-based batteries, Ni-Zn cells 

can provide a higher discharge voltage and hence higher output power than Ni-MH 

batteries. There are a few reports on flexible Ni-Zn cells 50-51, 66-69, which are mostly binder-

free. However, the fabrication processes for these electrodes are complicated where 

nanomaterials are deposited or grown on conductive substrates such as carbon 51, 70-71 and 

metal 50 to achieve high surface area and conductivity. In the area of fabrication of printable 

flexible batteries, a key ingredient is the polymer binder that provides the desired flexibility, 

inhibits side reactions, and enhances conductivity. The binder should not dissolve in the 

electrolyte and they should not react with electroactive ingredients. 
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2.3 Flexible Nickel-zinc Cell Fabrication 

The active nickel pretreatment was carried out by mixing 9.27g Nickel (II) hydroxide 

(Strem Chemicals), 28.0 g KOH (Sigma, pellets, ≥ 85%) and 300 mL Clorox (9% chlorine). 

This process converted Ni(OH)2 to NiOOH. The solution was stirred and heated at 60 °C 

until no visible liquid was left. The solid was washed with 1 L 5% KOH solution, filtered 

and dried under vacuum at room temperature. Then dried solids were ground into a fine 

powder for future use. The cathode formulation comprised of nickel, polyethylene oxide 

(PEO, Sigma Aldrich, MW~400,000) binder and conductive additives such as multiwalled 

carbon nanotubes (MWCNTs, purity 95%, diameter 20-30 nm, length 10-30 µm, Cheap 

Tubes Inc. Brattleboro, VT, USA). After mixing the chemicals in DI water, the formed 

paste was sonicated for at least 30 minutes using an ultrasonic homogenizer (Omni Sonic 

Ruptor 250) and then stirred for 2 hours to form a homogenous slurry. A typical dry cathode 

contained 80% prepared NiOOH, 10% PEO and 10% MWCNTs. The chemicals were 

mixed in DI water and stirred for 2 hours before use. 
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Figure 2.1 (a) flexible cathode; (b) flexible anode; (c) structure of a flexible secondary Ni-
Zn battery; (d) flexible cells powering LED lights. 

 

Depending upon the formulations, the anode comprised of battery grade zinc 

powder (Umicore, BIA 100 200 65 d140, ≤ 425 µm), polymer binder, zinc oxide (Sigma 

Aldrich, ≥ 99%), methyl cellulose (Sigma Aldrich, Mn~40,000), bismuth (III) oxide 

(Sigma Aldrich, 90-210 nm particle size, ≥ 99.8%) corrosion inhibitors 38, and multiwalled 

carbon nanotubes (MWCNTs). The powders were mixed in the DI water and then stirred 

to form a homogeneous paste. The anode slurry was stirred for 1 hour to avoid extra zinc 
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oxide formation. A typical dry anode contained 4% MWCNT, 3% PTFE and 3% Bismuth 

(III) oxide. The mass ratio of zinc, zinc oxide, conductive additives were varied. Swagelok-

type cells used to optimize electrode formulation.  The electrolyte was the mixture of 8.5 

M KOH and 0.5M NaB4O7 with saturated ZnO 67. For cyclic voltammetry electrodes, 

micron-sized chemical grade zinc (Sigma Aldrich, ≤10 μm, ≥ 98%) was also used. 

Flexible electrodes were prepared by spreading the electrode slurry onto the current 

collectors. The standard flexible electrode was 3 x 2 cm. Copper tapes (EMI Copper Foil 

Shielding Tape 1181, 6.35mm, 3M™) were attached to the current collectors to serve as 

electrode tabs. After the slurry was pasted on the current collectors, the anodes and 

cathodes were dried at room temperature for 2 and 4 hours, respectively; and their 

corresponding weights were 0.03 g and 0.05 g. In a flexible cell, all layers were sandwiched 

and thermal sealed.  

Figure 2.1 showed the structure of the battery, as well as photographs of flexible 

electrodes after drying. In all the cells tested, zinc was in stoichiometric excess to maintain 

the required anode conductivity. Silver ink, copper tape, copper mesh, stainless steel 304 

mesh (wire diameters 0.1651 mm and 0.03556 mm) and graphene ink (Tanfeng 

Technologies. Jiangsu. China) were tested as current collectors. Current collectors made 

from conductive inks were dried for 12 hours in fume hood at room temperature to avoid 

fast drying induced cracking. Silver current collectors were prepared by brushing silver ink 

(Circuit Writer, CAIG Laboratories. Inc.) with acetone (mass ratio 1:1) onto the adhesive 

side of polyethylene terephthalate (PET) film coated with ethylene vinyl acetate copolymer 
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(EVA) resin (CRC52005, 3 mil, Fellowes). Glass Fiber (Whatman, Grade GF/A 1.6µm), 

hydrophilic PTFE (Hangzhou ANOW Microfiltration, pore size 5µm) separators and their 

combinations were tested in this flexible battery model individually. 

 

2.4 Materials Characterization for Flexible Nickel-zinc Cells 

Figure 2.1a and b are photographs of typical thin-film electrodes showing flexibility. 

Structure of the battery is shown in Figure 2.1c. The flexible separator combination 

comprised of a glass microfiber on the cathode side and hydrophilic PTFE on the anode 

side. The flexible separator was placed between the electrodes, and the assembled cells are 

shown powering LED lights in Figure 2.1d. Figure 2.2 shows the SEM images of NiOOH 

and the prepared electrodes. The NiOOH particles used for cathode were in micron range. 

Carbon nanotubes can be seen distributed in the cathode leading to the formation of 

conductive networks. 

 

2.5 Optimization of Flexible Nickel-zinc Cells 

2.5.1 Nickel Oxyhydroxides and Multi-walled Carbon Nanotubes 

Oxidation state of the Ni was critical to the performance of the Ni-Zn cells. Commercial 

green Ni(OH)2 was pre-oxidized to black NiOOH and the resulting material was used as 

the active cathode material. The major benefit of pre-oxidation was that the NiOOH was 

in a charged state and the assembled battery was ready for use. Figure 2.2 shows the SEM 

images of NiOOH and the prepared electrodes. The NiOOH particles used for cathode were 
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in micron range. Carbon nanotubes can be seen distributed in the cathode leading to the 

formation of conductive networks. XRD results of the oxidized Ni is shown in Figure 2.3. 

The main peaks were at 19.01° (001), 33.09° (010), 38.56° (011), 52.10° (012) and66.02° 

(110) (ICSD 98-016-9978, ICDD 00-006-0141) indicated the existing of β-structured 

Ni(OH)2 and NiOOH 72-73. Like conventional Ni(OH)2 batteries, overcharging would lead 

to the transformation of β-NiOOH to the larger γ-NiOOH 25 particles, which is known to 

cause significant electrode size/shape change. This could lead to electrode cracking and 

disintegration, compromising the both performance and flexibility. In a flexible cell with 

limited space, even partial formation of γ-NiOOH could penetrate the separator and destroy 

the cell. 
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Figure 2.2 SEM images of (a) cathode materials; (b) anode with PEO before charge-
discharge cycles; (c) anode with PEO after charge-discharge cycles; (d) anode with PTFE 
before cycles; (e) anode with PTFE after cycles. (f) TEM image of cathode with MWCNTs. 
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Figure 2.3 XRD of pre-treated NiOOH. 

Due to the low conductivity of metal oxides and hydroxides, conductive additives 

are required, and as mentioned before MWCNTs were quite effective for electrode 

applications 74-78. It was found that high amount MWCNTs made the battery unstable 18. 

Furthermore, higher amount of non-reactive materials would occupy the valuable space in 

the electrochemical cell and 4% MWCNTs in cathode showed the best performance (Figure 

2.4). 

Stainless steel 304 mesh was found to be the best current collector and was better 

than silver paste, which tended to be corroded by high valence nickel. 
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Figure 2.4 Cathode conductive additive optimization in Swagelok cells. 

 

2.5.2 Effects of Polymer Additives and Separators 

Different polymers were tested as anode binding additives. PVP and PAA were found to be 

soluble in KOH, PVDF decomposed in KOH while PEO and PTFE showed adequate 

stability. PEO and PTFE were both electrically non-conductive; however, PEO is known 

to be ionic conductive in KOH 79-80. Although PEO is water soluble, it is insoluble in strong 

alkaline media such as concentrated KOH solution. PTFE is highly hydrophobic,  

chemically stable 81-83 and has been used in rigid batteries including Ni-Zn 66, 78, Li-O2 84 

and MnO2-Zn 85. In this study, PEO and PTFE were tested and compared as binding 

additives. After several cycles, the cells with PEO failed while those with PTFE lasted 

much longer (Figure 2.5). 
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Figure 2.5 Discharge capacities comparison in different flexible cells: 1. PEO only 2. 
PTFE binder in anode. 3. PTFE binder along with PTFE separator on anode side. 

 

The degradation of anode materials with cycling is an important issue for all 

rechargeable batteries. Another purpose of polymer additives, especially in zinc secondary 

anodes, was to provide channels for electrolyte and avoid the formation of an inert layer 

on anode surface. Methylcellulose has been added into zinc anode as a gelling agent to 

prevent the alteration of anode morphology 63, 65. In this study, the anodes with PEO showed 

significant changes in morphology after a few charge-discharge cycles (Figure 2.2b and c) 

with reduced pores and channels for electrolyte. However, the electrodes with PTFE 

remained porous (Figure 2.2d and e) and did not show as many alterations. No significant 

change in the color, hardness or shape change was observed after hundreds of cycles with 

the PTFE binder. At the micrometer scale, the zinc anode surface with PEO was rough after 

cycling (Figure 2.9a) while the anode surface with PTFE remained flat after many cycles 

(Figure 2.9b), as observed through optical coherence tomography (OCT) 86. Furthermore, 
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PTFE also increased the flexibility of the electrodes. Cells with a thin layer hydrophilic 

PTFE membrane separator on the anode showed more stable cycling than the ones without 

(Figure 2.5).  

 

 

Figure 2.6 Cyclic voltammetry of anode with 3% PTFE or PEO: a) regular zinc at 100 
mV/s, b) 10 mV/s scan rate, regular zinc, c) regular zinc at 0.5 mV/s scan rate, d) micron 
grade zinc at 1 mV/s, e) micron grade zinc at 0.5 mV/s. 

 

The membrane maintained high ionic conductivity and stability and resisted attack 

from the KOH. The single layer of thin hydrophilic PTFE separator could be penetrated 
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with dendrites from the anode side, so another layer of glass fiber separator was employed 

on the cathode side. At the same time, the glass fiber worked as a partial separator and a 

proper medium for small amount electrolyte storage. The combined separator maintained 

its own chemical and psychical stability with good flexibility. The anode also contained 4% 

MWCNTs, which was dispersed among micron-sized zinc and PTFE bridged the 

conductive particles (Figure 2.2 d). 

Cyclic voltammetry was carried out to find the role of PEO and PTFE as the binders 

in the electrode. The results are shown in Figure 2.6. Various scan rates were tested and 

electrodes with PTFE showed more pronounced redox peaks than PEO. A sharp current 

drop could be observed between -1.2 V and -1.3 V which was attributed to the depletion of 

OH-, which were held by PEO molecules. Compared other studies using nano-grade 

particles 71, 87, the redox peaks are less obvious indicating poorer cyclability. Indicating the 

influence from particle size. To further prove this, zinc powder with a smaller particle size 

(micron grade, Figure 2.6e and 2.10) were tested. Once again, PTFE electrodes showed 

better cyclability especially under low scan rates when more time was available for the ions 

to migrate and the reaction to take place. Notably, the PEO electrodes also showed 

improved electrochemical performance after micron grade zinc was used (Figure 6c&e). 

The larger surface provided more contact between zinc and the electrolyte mitigating the 

reaction inhibition caused by ion accumulation/ exhaustion.  However, the smaller zinc 

particles were also prone to more corrosion and generated hydrogen gas. Commercial 

battery-grade zinc used in this research had a particle size of the order of hundreds of 
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microns, which had been characterized before 16. The PTFE electrodes showed better 

reversibility during the CV scans without concentration polarization. This was consistent 

with the results obtained from the battery analyzer and OCT 3D images (Figure 2.9). The 

anode containing PTFE showed more stable cycles and relatively smooth surfaces 

compared to the anode containing PEO. Minor peaks around -0.7 V and -0.84 V were due 

to the additive bismuth (III) compounds 88. PEO-KOH has lower  

 

 

 

Figure 2.7 Schematic structure of electrodes with (a) PEO and (b) PTFE. 

ionic conductivity (less than 3.10 ×10–5 S/cm) compared to pure water 89. OH- 

a 

b 
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accumulated on the anode surface during the reaction (Figure 2.7), leading to relatively 

strong concentration polarization (around -1.3 V) and caused a sharp drop of current 

(Figure 2.6a). This was not observed with PTFE electrodes. Electrode with mixtures of 

PEO and PTFE were also tested. As the amount of PEO increased, the current drop became 

more pronounced (Supporting information, Figure 2.11). The pure PTFE electrode 

maintained the reversibility and showed no current drop but showed less capacitive 

behavior, while PEO showed poor reversibility and higher capacitance. The results from 

thin layer cyclic voltammetry were consistent with the performance of flexible Ni-Zn 

batteries, where PEO showed poor performance. 

 

2.6. Effects of Polymer Additives and Separators 

Different polymers The Swagelok and flexible cells had the open circuit voltage of 1.5 V 

for the first-time discharge. The performance of the flexible cell under different bending 

conditions is shown in Figure 2.8. Cells were bent in different bending radius: 5 cm, 10 cm 

and 20 cm. The flexible cells remained functional under bending although the performance 

was compromised. 
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Figure 2.8 The discharge capacities of flexible cells under different bent radius conditions. 

 

In our opinion, the performance could be further enhanced by improving the 

packaging of the flexible cells and optimization of electrode materials. During bending, 

parts of the electrodes and separator were probably stacked together while other parts lost 

contact. This caused fluctuations and drop in cell performance. The use of solid or gel 

electrolytes would avoid leakage and water evaporation and thus improve performance 90-

91. There have been several reports where metal oxides were loaded directly onto carbon 

material 19, 21, 68, carbon fiber cloth/ yarns 20, 71, 87, 90, or graphene 19. Such direct loading can 

lead to higher conductivity and electron transfer efficiency; however, such approaches are 

more difficult to scale up as batteries cannot be fabricated by inexpensive printing 

techniques. Furthermore, reducing particle size to nano-scale could also improve capacity 

69. 
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Figure 2.9 3D surface images of flexible anode for Ni-Zn cell with different polymer after 
cycles: (a) PEO and (b) PTFE. 

a 

b 
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Figure 2.10 SEM image of micron-grade Zn used for cyclic voltammetry. 
 

 
Figure 2.11 Cyclic voltammetry under 0.1 V/s scan rate for electrodes with PTFE replacing 
PEO as additives: (a) with and without additives, (b) mixed PEO and PTFE additives. 
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CHAPTER 3 

FABRICATION OF PRINTABLE, FLEXIBLE NICKEL-IRON BATTERIES 
BASED ON CARBON NANOTUBE-METAL HYDROXIDE COMPOSITE 
ELECTRODES 

 
 

The objective of this research is to further study and utilize the CNT implanted metal oxides. 

Another target is to develop flexible Ni-Fe batteries using simple, safe and inexpensive 

fabrication methods. 

 

3.1 Nickel-iron Batteries 

Even though the lithium ion battery currently has the highest energy density among all the 

chemical batteries, unsafe Li accumulation after cycles, toxic and flammable organic 

electrolytes keep scientists seeking more solutions on relatively safe water-based batteries. 

Alternates such as nickel-iron battery, originally invented around 1900 92, has many 

interesting properties 93: it endures overcharge and deep discharge during cycling; the iron 

electrode does not require charge state storage like lead acid battery. Compared with similar 

systems like Ni-Zn and Ag-Zn, Ni-Fe battery has less burden on the separators because of 

less significant dendrites due to low solubility of nickel and ferric oxides 94-96. As a result, 

low electrode solubility is the key to provide rigid Ni-Fe battery system to have more than 

30 years lifetime with some easy electrolyte refill procedures. The applications on flexible 

electronics, especially wearable sensors, implanted medical devices, bendable screens and 

smart cards 11-13, have brought more attention to Ni-Fe battery reaction because of its good 
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performance in long-term conditions and earth abundance of electrode materials. 

 

3.2 Challenges of Making Flexible Nickel-iron Batteries 

Various flexible batteries have been studied in recent years, including but not limited to 

zinc-carbon 20, 33, alkaline 18, 58, 97, metal-O2 16, 90, 98, nickel-iron 19, 99, nickel-zinc 14, 51, 71, 100 

and lithium-ion systems 17, 21, 101. At the same time, there are still some challenging issues 

to be addressed corresponding with specific electrochemical reactions. Under bending 

conditions, all the parts in flexible cell need to be stay in contact and kept chemically 

reactive. Otherwise, additives, coatings, proper design and packaging need to be applied to 

solve problems including dendrite formation, low electronic/ionic conductivity, and 

electrode disintegration 15, 102-103. Previously reported batteries were involved with roll-to-

roll printing and inkjet printing methods 104-105. Decent electrode electric conductivity can 

be achieved using metallic reactants or conductive additives. The electroactive materials 

can be added/ deposited using various ways such as powder simply mixing, fiber weaving, 

dip-coating, electrochemical methods, vapor deposition 106-109. The deposition processes 

vary a lot according to specific reactions and techniques. Electrodes made from chemical 

vapor deposition/ atomic layer deposition, and chemical bath deposition/ dip coating have 

good performance with high material utilization; yet such methods are also facing short-

comings such as high costs, low productivity and high surface area requirements 100. 

Among all flexible battery fabrication methods, aqueous phase based simple deposition of 

electroactive materials has the advantages on relatively high-utilized efficiency and low 
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cost at the same time. Typical flexible substrates for flexible batteries are hierarchical 

carbon cloth, nanofibers 100, cotton textile 17, nylon 97 and polyester fabrics 110. It is also 

important to have proper surface areas, coatings, additives or other modification to prompt 

the principal reactions and inhibit undesired side reactions such as corrosion. Materials 

with high electrical conductivity, large surface area and chemical/ physical stability have 

been employed, such as graphene 19, 111-112, CNTs 21, 113, carbon microfibers 99, 114, carbon 

black 115, porous materials from plants 116-117 and organic conductive polymers 118. 

 

3.3 Preparation of Metal Oxides-CNT and Active Electrode Materials 

FexO-CNT composites were prepared through a controlled precipitation process with 

NaOH and Fe(NO3)3. Certain amount of multiwall carbon nanotubes (MWCNTs, purity 

95%, diameter 20-30 nm, length 10-30 µm, Cheap Tubes Inc. Brattleboro, VT, USA) was 

stirred in 2 M NaOH solution, before 0.1 M Fe(NO3)3 (nonahydrate, ≥98%, Sigma) solution 

was added into the solution at the rate of 0.8 ml min-1. Then extra NaOH was removed 

from the composites by filtration, and composites were completely dried in a vacuum oven.  

The FexO-CNT composites with 1:3 (CNT:FexO) and 1:6 mass feeding ratio were prepared 

separately. Similarly, Ni(OH)2-CNT was prepared by 2 M NaOH and 0.194 M Ni(NO3)2 

solutions 14. The preparation method of NiOOH cathode was described in a previous paper 

from our group 103. Briefly, Ni(OH)2, KOH and Clorox were mixed, stirred and heated 

under 60 Celsius until totally dried. Resulted sample was filtered, washed with 5% KOH 

solution, and dried under vacuum condition at room temperature. 
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3.4 Flexible Nickel-iron Cell Fabrication 

The anode comprised of iron powder (Iron ≥ 99%, powder, Sigma), polymer binder, FexO-

CNT and multiwalled carbon nanotubes (MWCNTs). A typical dry anode contained 30% 

FexO-CNT, 68% iron powder and 2% PTFE. Swagelok-type cells used to optimize 

electrode formulation, when the mass ratio of iron, iron oxide, conductive additives were 

varied. 5% of Co(NO3)2 were also added on anode side for tests after slurry dried on current 

collectors, then iron powder weight was adjusted to 63% percent. 

Both Ni(OH)2 and NiOOH were tested as cathode materials. The former typically 

contained 98% Ni(OH)2-CNT and 2% PEO, while the latter contained 98% β-NiOOH and 

2% PEO. The weighed electrodes materials were mixed in the DI water, and stirred to form 

inks. Electrodes material mixtures with precipitated metal oxides were stirred for 2 hours. 

The cathodes with β-NiOOH were stirred uniformly in high speed for 30 min and applied 

right away onto current collectors with an area of 3 cm × 2 cm. Anti-corrosion stainless 

steel mesh was the current collectors, then they were attached to polyethylene terephthalate 

(PET) layers to serve as electrode tabs. The slurries for Swagelok-type cells contain less 

DI water compared with the ink for flexible cells. After the inks/slurries were applied onto 

the current collectors, the electrodes were dried at room temperature slowly in fume hoods 

for 6 hr. The being studied electrodes were always the limiting reagent, which was 0.036 

g, with the other side electrode weight 10% more in stoichiometry. The electrolyte was 6 

M KOH (sigma), sometimes saturated with LiOH whereas mentioned. 
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Figure 3.1 (a) flexible anode; (b) flexible cathode; (c) Structure of a flexible secondary Ni-
Fe battery. (d) LED lights powered by two flexible Ni-Fe battery 

 

Anti-corrosion stainless steel 304 mesh (wire diameters 0.1651 mm and 0.03556 

mm, 31% open area) were used as current collectors. Glass Fiber (Whatman, Grade GF/A 

1.6µm), hydrophilic PTFE (Hangzhou ANOW Microfiltration, pore size 5µm) separators 

and their combinations were tested in this flexible battery model individually. In a flexible 

c d 

a b 
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cell, all layers were sandwiched as shown in Figure 3.1c and thermally sealed. 

 

3.5 Materials Characterization for Flexible Nickel-iron Cells 

Scanning electron microscope (SEM) images were collected on a LEO 1530 VP Scanning 

Electron Microscope. X-ray powder diffraction (XRD) patterns were taken on Philips, 

EMPYREAN. Thermal gravity analysis (TGA) was done on PerkinElmer Pyris 1. The 

electrochemical performances of the cells were measured by discharging and charging 

them under constant current modes using an MTI Battery Analyzer (Richmond, CA).   

Electrode was used to study electrochemical properties. The working electrodes (5 mm × 

2 mm) had smaller surface area than the platinum counter electrode. The electrode was 

prepared in the same way as flexible battery electrodes; and then a hydrophilic PTFE 

membrane was thermally laminated to fortify the electrode layer. Typical mass of the thin-

layer working electrode for cyclic voltammetry was 0.005g after drying. 

 

3.6 Optimization of Flexible Nickel-iron Cells 

3.6.1 Active Electrochemical Materials and MWCNTs Implanted Materials 

Figure 3.1a is the photographs of metal oxide-CNT inks. 2b shows the flexible electrodes 

under bended conditions respectively. Structure of the layered flexible battery is shown in 

Figure 3.1c. The flexible separator combination has a hydrophilic PTFE on the cathode 

side and glass microfiber on the anode side. Figure 3.2 presents the SEM images of FexO-

CNT, Ni(OH)2-CNT and β-NiOOH. Carbon nanotubes can be seen imbedded inside 
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electroactive material related to the formation of conductive networks. 

 

 

Figure 3.2 (a) and (b) SEM images of FexO-CNT, (c) β-NiOOH (d) Ni(OH)2-CNT 

  

Figure 3.3 TGA of (a) FexO-CNT 3:1 (feeding ratio) and (b) Ni(OH)2-CNT 3:1 

Nickel hydroxides and nickel oxides have relatively poor electrical conductivity. The metal 

hydroxides implanted with MWCNTs solved this kind of problems. The preparation and 

optimization procedures of Ni(OH)2-CNT composites were described in a paper from our 

a b 

d c 

a b 
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group previously. Based on previous studies, the best performing Ni(OH)2-CNT29.7 was 

used directly for this flexible nickel-iron system 14. The overall XRD pattern of Ni(OH)2-

CNT showed amorphous shape as shown in Figure 3.8. It did not represent any specific 

identical peaks of nickel hydroxides or nickel oxides like reported elsewhere 119. Simple 

mixing of commercial Ni(OH)2 with CNTs were also tested yet yielded very poor 

performance. 

 
Figure 3.4 Discharge (a) capacity and (b) energy of different cathode materials in 
Swagelok cells. 

 

Figure 3.4 showed that Ni(OH)2-CNT29.8 brought higher discharge capacity and 

more stable discharge energy than β-NiOOH by using the same method. Ni(OH)2-CNT has 
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the ideal conductive high surface area MWCNT network inside the active reactants.  

Ni-Fe battery has two reactions: 

Reaction 1: Fe + 2NiOOH +2H2O ⇌ Fe(OH)2 + 2Ni(OH)2 

Reaction 2: 3Fe(OH)2 + 2NiOOH ⇌ Fe3O4 +2Ni(OH)2+2H2O 

 

In tested Ni-Fe cells, β-NiOOH provided the stable discharge plateau around 1.2 V. 

(Figure 3.9), favoring 1st reaction. Yet the stability of β-NiOOH turned out to be lower 

compared with Ni(OH)2-CNT. 

The FexO in the anode was also loaded onto CNTs via co-precipitation to form a 

composite as shown in Figure 3.2a and b. A reaction between Fe(NO3)3 and NaOH was 

used to synthesize Fe(OH)3, which was then dehydrated to FexO by heating at 200 ℃ 

overnight. The EDX results from the final composite showed the presence of Fe, C and O. 

The concentration of FexO in the composite could be varied by varying the amount of the 

reactants during precipitation. Anodes tended to crack at high CNT concentration and 

during bending when all of the composites are simply mixed. This has also been reported 

before 18. Compared with simple mixing of ferric oxide and MWCNTs, incorporating 

MWCNTs into FexO prevented electrode cracking with slow room temperature drying 

process. After the TGA test, the actual composition of the working FexO-CNT25.7 (3:1 

feeding ratio) has 70% Fe2O3, 25.7% CNTs and 4.3% H2O. The major drop at 400 Celsius 

was due to the burning of CNTs. A similar drop was also observed in the Ni(OH)2-CNT  

composite, which was calculated to contain 29.7% CNTs. The drop before 200 Celsius was 
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attributed to removal of adsorbed and crystalline water, as well as the decomposition of 

Ni(OH)2 to NiO. XRD pattern of FexO-CNT and Ni(OH)2-CNT were shown in Figure. 3.8. 

No obvious peaks were observed even when the scanning speed was low. Possibly, because 

of the existence of large amount of CNTs, the composites showed amorphous rather than 

crystalline structure. 

 
Figure 3.5 Cyclic voltammetry of anode paste with FexO-CNT25.7 (3:1 feeding ratio) 

 

Cyclic voltammetry analysis of FexO-CNT composites showed the conversion 

among Fe, Fe(II) and Fe(III) in Figure 3.5. Oxidation peaks were always shown around -

1.13 V and -0.78 V, the latter more prominent. Reduction peaks were appeared around -

1.33 V and -1.16 V. Significant hydrogen evolution was observed at the lower potential 

end.  

These FexO-CNT composites were used to make anodes for nickel-iron cells. 

Proper ratio of iron powder was added to anode to benefit the cycling performance. The 

charge-discharge method was as this: charging at 4 mA current for 120 min; then cell was 
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discharged at 0.2 mA to 0.4 V. Composites with different CNT percentages were also tested. 

FexO-CNT25.7 with 25% CNT feeding showed decent electrochemical performance. FexO-

CNT with 6:1 ferric oxide:CNT feeding ratio could hardly be charged, possibly due to the 

high electric resistance. Higher percentage of MWCNTs would greatly increase the ink 

viscosity as well as cracking during drying process, and decrease the amount of active 

materials.  

 
Figure 3.6 Flexible Ni-Fe cell performance with different electrolytes and composition 
using NiOOH cathode and FexO-CNT25.7 anode 

 

3.6.2 Effects of LiOH in Electrolytes and Co(NO3)2 on Anode 

Other modifications also benefited the performance of flexible nickel-iron cells as shown 

in Figure 3.6: introduction of α-Co(OH)2 in the anode and using 6 M KOH saturated with 

LiOH improved cell performance. The presence of α-Co(OH)2 improved conductivity and 

consequently cell performance 120, and at the same time, the conversion between Co(II) 

and Co metal could benefit the electrode rechargeability 121. It is also believed that the 

small diameter lithium ions led to the formation of LixFeyOz intercalation-compounds, 
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which helped its further reduction to iron metal and improved overall cell performance 122. 

Lithium also decreased the carbonate content in electrolyte since Li2CO3 solubility was 

much lower than that of K2CO3, thus decreasing the amount of CO3
2- in electrolyte and 

protecting the cathode 123 

 

3.7 Flexible Nickel-iron Cell Performance 

The Swagelok and flexible cells had the initial voltage of 1.2 V and open circuit voltage of 

1.4 V after the first-time charging. The performance of the flexible cell under different 

bending conditions is shown in Figure 3.7. Flat cells were bent at different radius: 4 cm, 

8cm. The flexible cells remained functional under bending although the performance was 

compromised. When bent, parts of the electrodes and separator were stacked together while 

other parts lost contact, causing voltage fluctuations and a drop in cell performance. 

Performance could be further improved by having better internal contacts, electrolyte 

storage and more advanced packaging. 
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Figure 3.7 The discharge capacities of flexible cells under different bended radius 
conditions. 
 

Compared to the co-precipitated Ni-Fe battery presented here, the Ni-Zn battery 

made by a somewhat similar approach 103 showed lower specific capacity. This was 

attributed to the higher stability of iron compared with zinc electrodes. It is known that zinc 

oxide dissolves in alkaline to form zincates. The dynamic equilibrium between zincates 

and zinc oxide, as well as the charge-discharge process change the morphology of zinc 

anode so that additives had to be added to inhibit such processes 63, 103. This type of 

transformation on zinc electrodes does not take place the same way on iron electrode 

surfaces, as Fe2O3 is more stable and insoluble in alkaline environment. The iron 

oxides/hydroxides redox follows a relatively slow two-step process which leads to higher 

material utilization; the low solubilities of iron hydroxides and iron oxides define the small 

and low concentration diffusive layer of iron related active materials. Zinc corrosion is 

another problem encountered with Zn electrodes where the hydrogen produced 
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compromises battery performance 41, 124. These problems are not encountered in an iron 

electrode which is more stable 125. These allow the battery to be stored for longer periods. 

 

Figure 3.8 XRD of pretreated (a) Ni(OH)2-CNT and (b) FexO-CNT. 
  

a b 
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Figure 3.9 Discharge voltage graph of (a)NiOOH in Swagelok cell (b) Ni(OH)2-CNT in 
Swagelok cell.  

a 

b 
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CHAPTER 4 

DEVELOPMENT OF NICKEL IRON ROPE/CABLE BATTERY WITH IRON 
OXIDE CARBONNANOTUBE RESERVE ELECTRODES 

 

After the development of metal oxide-CNT composites, the aim of this research is to utilize 

the them for rope shape battery by simple painting methods. 

 

4.1 Rope Batteries and Suitable Applications 

The first mature rope battery design came out on 1985 126, the inventor claimed the design 

is for high voltage, long working time and relative low cost by activation using fresh, salt 

water and other electrolytic medium. By using fiber-shape active materials and membrane 

separator, another type of fibrous battery cell was invented in1995 which could also be 

packed into rope shape batteries127. The shape advantage of rope and flexible batteries 

improved their adaptivity, so they could have more chances to wrap around or attach to the 

surface, to insert into the empty part of the applications without changing their main 

functions. The potential circumstances would substitute some of the package, connection 

or physical supporting parts. Other than the applications on short or long cable surfaces, 

these batteries are also appropriate for sensor carriers sending to somewhere unsuitable for 

human operation. Typical applications would be gas controlled robots and snake robot fire 

extinguishing and signaling 128. Recently, the prominent skin controlling robots 129 are also 

suitable for cable batteries when they are directly combined with controlling skin in the 

future, so the power source need not to be supplied that much from outside. 
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4.2 Challenges On Rope/Cable Battery 

Like the previous chapters mentioned, many electrochemical systems including but not 

limited to zinc-carbon 20, 33, alkaline 18, 58, 97, metal-O2 16, 90, 98, nickel-iron 19, 99, nickel-zinc 

14, 51, 71, 100 and lithium-ion systems 17, 21, 101 have been studied for fabrication of flexible 

battery models. Other than under bending conditions, rope/cable battery also need to 

maintain all the parts in contact and active on much longer shape applications. Good 

performance in terms of capacity, energy, working voltage and cycle stability under 

challenging conditions are desired. As a result, the selection of proper chemical reaction is 

important for cable battery to meet these requirements. In the description of this designed 

rope patent in 1985 126, the inventor not only claimed to be comprehensive on primary and 

secondary batteries, but also covered usage or selective usage of elements like magnesium, 

aluminum, zinc, lead, silver, platinum, palladium, ruthenium, nickel and alloys thereof，

but low cost and safe iron was not listed in the design. The fibrous cell design 127 invested 

more efforts on micro level structure of electrodes; however, the specific volumetric power 

density would be decreased by using many layers of membrane separators packed in cells. 

Considering applicable situations, nickel-iron battery is still a proper candidate for 

rope/cable batteries application with its advantages: extremely long shelf lives with life 

maintenance, durability under regular using and special conditions, including overcharge, 

over-discharge, short circuit, overheating and resistance to shock/vibration 1, 94.  
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4.3 Design and Fabrication of Metal Oxides-CNT Based Rope Battery 

4.3.1 Electrode Materials Selection 

For nickel-iron rope/cable battery, FexO-CNT25.7 composites were produced through a 

controlled precipitated process with NaOH, Fe(NO3)3  mentioned in chapter 3. β-NiOOH 

cathode active material was described in a previous paper from our group 103. The 

electrolyte was 6M KOH (Sigma) with saturated LiOH.  

To evaluate the rope battery model, same compound ratio simply mixed nickel-iron 

and nickel-zinc rope battery without metal oxides precipitated composites.  

 

4.3.2 Production of Reserve Electrodes and Rope Battery 

In nickel-iron composite rope battery, the anode comprised of iron powder (Iron ≥ 99%, 

powder, Sigma), polymer binder, FexO-CNT25.7 and multiwalled carbon nanotubes 

(MWCNTs). The dry composite iron anode contained 30% FexO-CNT25.7, which was 

optimized in chapter 2, 68% iron powder and 2% PTFE. In nickel-iron mixture rope battery, 

anode formulation is 23% Fe2O3, 7% CNT, 68% iron powder and 2% PTFE. In nickel-zinc 

mixture rope battery, the dry mixture anode was 20% ZnO (Sigma), 7% CNTs, 68% zinc 

powder 3% Bi2O3 and 2% PTFE.  

The cathode formulation is 98% β-NiOOH and 2% PEO for all these three rope 

batteries. Anode formulations need to be physically stirred for at least 1 hour to form stable 

mixture slurry. The cathode β-NiOOH must be stirred with high speed magnetic stirrer for 

30mins and applied to the surface of anti-corrosion 304 stainless steel mesh current 
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collector right away. The electrodes especially the cathode with Ni(III) had to be dried at 

room temperature slowly in fume hoods for 6 hr. In this research, anodes were still 0.04 g 

as the limiting reagents, and NiOOH cathode weight is 30% more stoichiometrically. For 

a single reserved electrode, a layer of polyethylene terephthalate (PET) with ethylene vinyl 

acetate (EVA) coating inside were serving as the inner spring and current collector holding 

sheet at the same time. After drying process of active materials on the current collector, 

only one layer of the whole 2mm* 11cm strip with active material were thermally sealed 

in between the PET-EVA copolymer sheet and hydrophilic modified PTFE membrane 

(Hangzhou ANOW Microfiltration, pore size 5µm). One-layer active material, which was 

different from commonly used rigid battery stacked cells, was to assess the difference on 

formulations. 

To assemble the whole rope battery, anode and cathode reserved electrodes were 

attached together with a layer of proper size glass fiber separator, which also can store 

electrolyte, in the middle. The whole set can be twisted to form a helix, after adding the 

electrolyte, then they could be either thermally sealed together inside a package, or on the 

surface of a cable to have a rope shape. Nonconductive liquid tape (Performix LT14023) 

was also applied to the ending sites when needed.  
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Figure 4.1 (a) flexible reserved electrodes; (b) flexible electrodes before laminating; (c) 
Structure of a flexible rechargeable Ni-Fe rope/cable battery. 

 

4.4 Flexible Rope Nickel-iron Cell Performance 

After at least one fully charged step, the Ni-Fe rope battery open-circuit voltage level was 

around 1.4 V for the first-time discharge, and Ni-Zn rope cells had 1.5 V open-circuit 

voltage. All the cell performances were checked with MTI Battery Analyzer (Richmond, 

CA). Ni-Zn cells In Figure 4.3, Ni-Fe rope battery with reserved electrodes with 

precipitated FexO-CNT25.7 had more than 90mAh/g specific discharge capacity under 

straight condition and 60mAh/g with 8cm bent radius condition. The bended Ni-Fe cell 

result is sensible because under bending condition it was challenging the contact of each 

parts in the same cell. The Ni-Fe rope cell using simple mixing method with the same 

compound ratio only had a 40mAh/g level discharged capacity, probably due to less 

wicking and surface area effect without coated CNTs. 

 

a b c 
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Figure 4.2 The discharge capacities of Ni-Zn rope cells with reserved electrode packing 
method and direct lamination method. 

 

 
Figure 4.3 The discharge capacities of Ni-Fe rope cells under different straight and bended 
conditions. 
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CHAPTER 5 

CONCLUSIONS 

 

The development of simple, flexible Ni-Zn batteries where the electrodes were synthesized 

via facile mixing of electrode slurry was showed. Charge-discharge stability was improved 

by using PTFE as a binding material in the anode. Detailed cyclic voltammetry showed 

that PTFE did not introduce concentration polarization which was observed in the case of 

PEO. Additionally, PTFE did not change zinc electrode morphology like PEO did after 

long-time cycling. This makes PTFE an attractive material for flexible electrode fabrication. 

Paintable nickel-iron flexible batteries and their production processes were 

presented. FexO-CNT25.7 provided proper amount of high surface area MWCNT conductive 

network avoiding cracking during bending process. Compared with β-NiOOH, Ni(OH)2-

CNT ensured better cycling stability for higher capacity in cells. β-NiOOH provided more 

stable discharge plateau than Ni(OH)2-CNT at around 1.1 V. For the initial cycles, a high 

specific capacity of 331 mAh g-1 was achieved by introduction of blue layer structured α-

Co(OH)2 on anode side and 6M KOH electrolyte saturated with LiOH, even when the cells 

were over charged and discharged. 

Ni-Fe and Ni-Zn rope batteries of the same dimensions were fabricated using the 

same method (except anode formulation) and tested on the battery analyzer. Ni-Fe rope 

battery with reserved precipitated FexO-CNT25.7 electrodes (90mAh/g straight and 

60mAh/g with 8cm bended radius) showed better discharge capacity than Ni-Fe cell using 
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mixed Fe2O3 electrodes (40mAh/g) and Ni-Zn cell with mixed ZnO and CNTs. Therefore, 

rope/cable battery model is more suitable for less soluble Fe2O3-CNT composite electrodes 

than zinc electrodes. 
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